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Quantum teleportation—the transmission and reconstruction over arbitrary distances of the state of a quantum
system—is demonstrated experimentally. During teleportation, an initial photon which carries the polarization thatis to
be transferred and one of a pair of entangled photons are subjected to a measurement such that the second photon of
the entangled pair acquires the polarization of the initial photon. This latter photon can be arbitrarily far away from the
initial one. Quantum teleportation will be a critical ingredient for quantum computation networks.

The dream of teleportation is to be able to travel by simply
reappearing at some distant location. An object to be teleported
can be fully characterized by its properties, which in classical physics
can be determined by measurement. To make a copy of that object at
a distant location one does not need the original parts and pieces—
all that is needed is to send the scanned information so that it can be
used for reconstructing the object. But how precisely can this be a
true copy of the original? What if these parts and pieces are
electrons, atoms and molecules? What happens to their individual
quantum properties, which according to the Heisenberg’s uncer-
tainty principle cannot be measured with arbitrary precision?

Bennett et al.' have suggested that it is possible to transfer the
quantum state of a particle onto another particle—the process of
quantum teleportation—provided one does not get any informa-
tion about the state in the course of this transformation. This
requirement can be fulfilled by using entanglement, the essential
feature of quantum mechanics”. It describes correlations between
quantum systems much stronger than any classical correlation
could be.

The possibility of transferring quantum information is one of the
cornerstones of the emerging field of quantum communication and
quantum computation’. Although there is fast progress in the
theoretical description of quantum information processing, the
difficulties in handling quantum systems have not allowed an
equal advance in the experimental realization of the new proposals.
Besides the promising developments of quantum cryptography*
(the first provably secure way to send secret messages), we have
only recently succeeded in demonstrating the possibility of quan-
tum dense coding®, a way to quantum mechanically enhance data
compression. The main reason for this slow experimental progress
is that, although there exist methods to produce pairs of entangled
photons®, entanglement has been demonstrated for atoms only very
recently’ and it has not been possible thus far to produce entangled
states of more than two quanta.

Here we report the first experimental verification of quantum
teleportation. By producing pairs of entangled photons by the
process of parametric down-conversion and using two-photon
interferometry for analysing entanglement, we could transfer a
quantum property (in our case the polarization state) from one
photon to another. The methods developed for this experiment will
be of great importance both for exploring the field of quantum
communication and for future experiments on the foundations of
quantum mechanics.

The problem
To make the problem of transferring quantum information clearer,

suppose that Alice has some particle in a certain quantum state | )
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and she wants Bob, at a distant location, to have a particle in that
state. There is certainly the possibility of sending Bob the particle
directly. But suppose that the communication channel between
Alice and Bob is not good enough to preserve the necessary
quantum coherence or suppose that this would take too much
time, which could easily be the case if |{) is the state of a more
complicated or massive object. Then, what strategy can Alice and
Bob pursue?

As mentioned above, no measurement that Alice can perform
on |¢) will be sufficient for Bob to reconstruct the state because the
state of a quantum system cannot be fully determined by measure-
ments. Quantum systems are so evasive because they can be in a
superposition of several states at the same time. A measurement on
the quantum system will force it into only one of these states—this
is often referred to as the projection postulate. We can illustrate this
important quantum feature by taking a single photon, which can be
horizontally or vertically polarized, indicated by the states |«)and |{).
It can even be polarized in the general superposition of these two
states

) = =)+ BIT) &

where o and 8 are two complex numbers satisfying |a|* + |8]> = 1.
To place this example in a more general setting we can replace the
states | <) and |) in equation (1) by |0) and | 1), which refer to the
states of any two-state quantum system. Superpositions of |0) and
| 1) are called qubits to signify the new possibilities introduced by
quantum physics into information science®.

If a photon in state | ) passes through a polarizing beamsplit-
ter—a device that reflects (transmits) horizontally (vertically)
polarized photons—it will be found in the reflected (transmitted)
beam with probability | «|* (| 8]%). Then the general state |y} has
been projected either onto | <) or onto |1) by the action of the
measurement. We conclude that the rules of quantum mechanics, in
particular the projection postulate, make it impossible for Alice to
perform a measurement on | ) by which she would obtain all the
information necessary to reconstruct the state.

The concept of quantum teleportation

Although the projection postulate in quantum mechanics seems to
bring Alice’s attempts to provide Bob with the state |{) to a halt, it
was realised by Bennett et al." that precisely this projection postulate
enables teleportation of |¢) from Alice to Bob. During teleportation
Alice will destroy the quantum state at hand while Bob receives the
quantum state, with neither Alice nor Bob obtaining information
about the state | ). A key role in the teleportation scheme is played
by an entangled ancillary pair of particles which will be initially
shared by Alice and Bob.
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Suppose particle 1 which Alice wants to teleport is in the initial
state |{), = o] <), +B|1), (Fig. 1a), and the entangled pair of
particles 2 and 3 shared by Alice and Bob is in the state:

1
|¢7)23: |‘_’>2|I)3_|I)z|‘_’>3 (@)

That entangled pair is a single quantum system in an equal
superposition of the states | <),|1); and |1),| <);. The entangled
state contains no information on the individual particles; it only
indicates that the two particles will be in opposite states. The
important property of an entangled pair is that as soon as a
measurement on one of the particles projects it, say, onto | <) the
state of the other one is determined to be |1), and vice versa. How
could a measurement on one of the particles instantaneously
influence the state of the other particle, which can be arbitrarily

. teleported

Figure 1 Scheme showing principles involved in quantum teleportation (a) and
the experimental set-up (b). a, Alice has a quantum system, particle 1, in an initial
state which she wants to teleport to Bob. Alice and Bob also share an ancillary
entangled pair of particles 2 and 3 emitted by an Einstein-Podolsky-Rosen (EPR)
source. Alice then performs a joint Bell-state measurement (BSM) on the initial
particle and one of the ancillaries, projecting them also onto an entangled state.
After she has sent the result of her measurement as classical information to Bob,
he can perform a unitary transformation (U) on the other ancillary particle resulting
in it being in the state of the original particle. b, A pulse of ultraviolet radiation
passing through a nonlinear crystal creates the ancillary pair of photons 2 and 3.
After retroflection during its second passage through the crystal the ultraviolet
pulse creates another pair of photons, one of which will be prepared in the initial
state of photon 11to be teleported, the other one serving as a trigger indicating that
a photon to be teleported is under way. Alice then looks for coincidences after a
beam splitter BS where the initial photon and one of the ancillaries are
superposed. Bob, after receiving the classical information that Alice obtained a
coincidence countin detectors f1 and f2 identifying the [y )1, Bell state, knows that
his photon 3 is in the initial state of photon 1 which he then can check using
polarization analysis with the polarizing beam splitter PBS and the detectors d1
and d2. The detector p provides the information that photon 1 is under way.
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far away? Einstein, among many other distinguished physicists,
could simply not accept this “spooky action at a distance”. But this
property of entangled states has now been demonstrated by numer-
ous experiments (for reviews, see refs 9, 10).

The teleportation scheme works as follows. Alice has the particle 1
in the initial state |y}, and particle 2. Particle 2 is entangled with
particle 3 in the hands of Bob. The essential point is to perform a
specific measurement on particles 1 and 2 which projects them onto
the entangled state:

|\[/7)12 = L

VE

This is only one of four possible maximally entangled states into
which any state of two particles can be decomposed. The projection
of an arbitrary state of two particles onto the basis of the four states
is called a Bell-state measurement. The state given in equation (3)
distinguishes itself from the three other maximally entangled states
by the fact that it changes sign upon interchanging particle 1 and
particle 2. This unique antisymmetric feature of |, will play an
important role in the experimental identification, that is, in mea-
surements of this state.

Quantum physics predicts' that once particles 1 and 2 are
projected into | )5, particle 3 is instantaneously projected into
the initial state of particle 1. The reason for this is as follows. Because
we observe particles 1 and 2 in the state | );, we know that whatever
the state of particle 1 is, particle 2 must be in the opposite state, that
is, in the state orthogonal to the state of particle 1. But we had
initially prepared particle 2 and 3 in the state | ),3, which means
that particle 2 is also orthogonal to particle 3. This is only possible if
particle 3 is in the same state as particle 1 was initially. The final state
of particle 3 is therefore:

|\[/>3 = a|‘_’>3 + 6] I)s 4)

We note that during the Bell-state measurement particle 1 loses its
identity because it becomes entangled with particle 2. Therefore the
state |¢), is destroyed on Alice’s side during teleportation.

This result (equation (4)) deserves some further comments. The
transfer of quantum information from particle 1 to particle 3 can
happen over arbitrary distances, hence the name teleportation.
Experimentally, quantum entanglement has been shown'' to survive
over distances of the order of 10 km. We note that in the teleporta-
tion scheme it is not necessary for Alice to know where Bob is.
Furthermore, the initial state of particle 1 can be completely
unknown not only to Alice but to anyone. It could even be quantum
mechanically completely undefined at the time the Bell-state mea-
surement takes place. This is the case when, as already remarked by
Bennett et al.', particle 1 itself is a member of an entangled pair and
therefore has no well-defined properties on its own. This ultimately
leads to entanglement swapping'>".

Itis also important to notice that the Bell-state measurement does
not reveal any information on the properties of any of the particles.
This is the very reason why quantum teleportation using coherent
two-particle superpositions works, while any measurement on one-
particle superpositions would fail. The fact that no information
whatsoever is gained on either particle is also the reason why
quantum teleportation escapes the verdict of the no-cloning
theorem'. After successful teleportation particle 1 is not available
in its original state any more, and therefore particle 3 is not a clone
but is really the result of teleportation.

A complete Bell-state measurement can not only give the result
that the two particles 1 and 2 are in the antisymmetric state, but with
equal probabilities of 25% we could find them in any one of the
three other entangled states. When this happens, particle 3 is left in
one of three different states. It can then be brought by Bob into the
original state of particle 1 by an accordingly chosen transformation,
independent of the state of particle 1, after receiving via a classical
communication channel the information on which of the Bell-state

(|‘_')1|I)z_ |I)1|‘_')2) (3)
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results was obtained by Alice. Yet we note, with emphasis, that even
if we chose to identify only one of the four Bell states as discussed
above, teleportation is successfully achieved, albeit only in a quarter
of the cases.

Experimental realization

Teleportation necessitates both production and measurement of
entangled states; these are the two most challenging tasks for any
experimental realization. Thus far there are only a few experimental
techniques by which one can prepare entangled states, and there
exist no experimentally realized procedures to identify all four Bell
states for any kind of quantum system. However, entangled pairs of
photons can readily be generated and they can be projected onto at
least two of the four Bell states.

We produced the entangled photons 2 and 3 by parametric down-
conversion. In this technique, inside a nonlinear crystal, an incom-
ing pump photon can decay spontaneously into two photons which,
in the case of type II parametric down-conversion, are in the state
given by equation (2) (Fig. 2)°.

To achieve projection of photons 1 and 2 into a Bell state we have
to make them indistinguishable. To achieve this indistinguishability
we superpose the two photons at a beam splitter (Fig. 1b). Then if
they are incident one from each side, how can it happen that they
emerge still one on each side? Clearly this can happen if they are
either both reflected or both transmitted. In quantum physics we
have to superimpose the amplitudes for these two possibilities.
Unitarity implies that the amplitude for both photons being
reflected obtains an additional minus sign. Therefore, it seems
that the two processes cancel each other. This is, however, only
true for a symmetric input state. For an antisymmetric state, the two
possibilities obtain another relative minus sign, and therefore they
constructively interfere™'. It is thus sufficient for projecting
photons 1 and 2 onto the antisymmetric state | ¥7);, to place
detectors in each of the outputs of the beam splitter and to register
simultaneous detections (coincidence)'’~".

To make sure that photons 1 and 2 cannot be distinguished by
their arrival times, they were generated using a pulsed pump beam
and sent through narrow-bandwidth filters producing a coherence
time much longer than the pump pulse length®. In the experiment,

Horizontal

Vertical

Figure 2 Photons emerging from type Il down-conversion (see text). Photograph
taken perpendicular to the propagation direction. Photons are produced in pairs.
A photon on the top circle is horizontally polarized while its exactly opposite
partner in the bottom circle is vertically polarized. At the intersection points their
polarizations are undefined; all that is known is that they have to be different,
which results in entanglement.
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the pump pulses had a duration of 200fs at a repetition rate of
76 MHz. Observing the down-converted photons at a wavelength of
788 nm and a bandwidth of 4 nm results in a coherence time of
520fs. It should be mentioned that, because photon 1 is also
produced as part of an entangled pair, its partner can serve to
indicate that it was emitted.

How can one experimentally prove that an unknown quantum
state can be teleported? First, one has to show that teleportation
works for a (complete) basis, a set of known states into which any
other state can be decomposed. A basis for polarization states has
just two components, and in principle we could choose as the basis
horizontal and vertical polarization as emitted by the source. Yet this
would not demonstrate that teleportation works for any general
superposition, because these two directions are preferred directions
in our experiment. Therefore, in the first demonstration we choose
as the basis for teleportation the two states linearly polarized at —45°
and +45° which are already superpositions of the horizontal and
vertical polarizations. Second, one has to show that teleportation
works for superpositions of these base states. Therefore we also
demonstrate teleportation for circular polarization.

Results

In the first experiment photon 1 is polarized at 45°. Teleportation
should work as soon as photon 1 and 2 are detected in the | ¢ ),
state, which occurs in 25% of all possible cases. The |y ), state is
identified by recording a coincidence between two detectors, f1 and
{2, placed behind the beam splitter (Fig. 1b).

If we detect a f1f2 coincidence (between detectors f1 and £2), then
photon 3 should also be polarized at 45°. The polarization of photon
3 is analysed by passing it through a polarizing beam splitter
selecting +45° and —45° polarization. To demonstrate teleportation,
only detector d2 at the +45° output of the polarizing beam splitter
should click (that is, register a detection) once detectors f1 and f2
click. Detector d1 at the —45° output of the polarizing beam splitter
should not detect a photon. Therefore, recording a three-fold
coincidence d2f1f2 (+45° analysis) together with the absence of a
three-fold coincidence d1f1f2 (—45° analysis) is a proof that the
polarization of photon 1 has been teleported to photon 3.

To meet the condition of temporal overlap, we change in small

Theory: +45° teleportation

Three-fold coincidence probability

0.10
+45°
0,05
b _,
000 -100 -0 0 50 100

Delay {um)

Figure 3 Theoretical prediction for the three-fold coincidence probability between
the two Bell-state detectors (f1, f2) and one of the detectors analysing the
teleported state. The signature of teleportation of a photon polarization state at
+45° is a dip to zero at zero delay in the three-fold coincidence rate with the
detector analysing —45° (d1f1f2) (a) and a constant value for the detector analysis
+45° (d2f112) (b). The shaded area indicates the region of teleportation.
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steps the arrival time of photon 2 by changing the delay between the
first and second down-conversion by translating the retroflection
mirror (Fig. 1b). In this way we scan into the region of temporal
overlap at the beam splitter so that teleportation should occur.

Outside the region of teleportation, photon 1 and 2 each will go
either to f1 or to f2 independent of one another. The probability of
having a coincidence between f1 and f2 is therefore 50%, which is
twice as high as inside the region of teleportation. Photon 3 should
not have a well-defined polarization because it is part of an
entangled pair. Therefore, d1 and d2 have both a 50% chance of
receiving photon 3. This simple argument yields a 25% probability
both for the —45° analysis (d1f1f2 coincidences) and for the +45°
analysis (d2f1f2 coincidences) outside the region of teleportation.
Figure 3 summarizes the predictions as a function of the delay.
Successful teleportation of the +45° polarization state is then
characterized by a decrease to zero in the —45° analysis (Fig. 3a),
and by a constant value for the +45° analysis (Fig. 3b).

The theoretical prediction of Fig. 3 may easily be understood by
realizing that at zero delay there is a decrease to half in the
coincidence rate for the two detectors of the Bell-state analyser, f1
and 2, compared with outside the region of teleportation. There-
fore, if the polarization of photon 3 were completely uncorrelated to
the others the three-fold coincidence should also show this dip to
half. That the right state is teleported is indicated by the fact that the
dip goes to zero in Fig. 3a and that it is filled to a flat curve in Fig. 3b.

We note that equally as likely as the production of photons 1, 2
and 3 is the emission of two pairs of down-converted photons by a
single source. Although there is no photon coming from the first
source (photon 1 is absent), there will still be a significant con-
tribution to the three-fold coincidence rates. These coincidences
have nothing to do with teleportation and can be identified by
blocking the path of photon 1.

The probability for this process to yield spurious two- and three-
fold coincidences can be estimated by taking into account the
experimental parameters. The experimentally determined value

+45° teleportation -456° teleportation

00. 600.
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Figure 4 Experimental results. Measured three-fold coincidence rates difif2
(-45°) and d2f1f2 (+45°) in the case that the photon state to be teleported is
polarized at+45° (a and b) or at—45° (c and d). The coincidence rates are plotted as
function of the delay between the arrival of photon 1 and 2 at Alice’s beam splitter
(see Fig. 1b). The three-fold coincidence rates are plotted after subtracting the
spurious three-fold contribution (see text). These data, compared with Fig. 3,
together with similar ones for other polarizations (Table 1) confirm teleportation
for an arbitrary state.
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Table 1 Visibility of teleportation in three fold coincidences

Polarization Visibility

+45° 0.63 = 0.02
—45° 0.64 = 0.02
0° 0.66 = 0.02
90° 0.61 +0.02
Circular 0.57 +0.02

for the percentage of spurious three-fold coincidences is
68% = 1%. In the experimental graphs of Fig. 4 we have subtracted
the experimentally determined spurious coincidences.

The experimental results for teleportation of photons polarized
under +45° are shown in the left-hand column of Fig. 4; Fig. 4a and
b should be compared with the theoretical predictions shown in
Fig. 3. The strong decrease in the —45° analysis, and the constant
signal for the +45° analysis, indicate that photon 3 is polarized along
the direction of photon 1, confirming teleportation.

The results for photon 1 polarized at —45° demonstrate that
teleportation works for a complete basis for polarization states
(right-hand column of Fig. 4). To rule out any classical explanation
for the experimental results, we have produced further confirmation
that our procedure works by additional experiments. In these
experiments we teleported photons linearly polarized at 0° and at
90°, and also teleported circularly polarized photons. The experi-
mental results are summarized in Table 1, where we list the visibility
of the dip in three-fold coincidences, which occurs for analysis
orthogonal to the input polarization.

As mentioned above, the values for the visibilities are obtained after
subtracting the offset caused by spurious three-fold coincidences.
These can experimentally be excluded by conditioning the three-fold
coincidences on the detection of photon 4, which effectively projects
photon 1 into a single-particle state. We have performed this four-
fold coincidence measurement for the case of teleportation of the
+45° and +90° polarization states, that is, for two non-orthogonal

45° teleportation 90° teleportation
100 120
N LI (L YR LT
5 4o b
g o o
% 100 g 120 {\
§ w H/*‘WVYHj A " f(}y*w? tiy,
he) 8
g @ o
£ :Z +45° | +90°
b 2 d

0 O
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150

Delay (um) Delay (pm)

Figure 5 Four-fold coincidence rates (without background subtraction). Con-
ditioning the three-fold coincidences as shown in Fig. 4 on the registration of
photon 4 (see Fig. 1b) eliminates the spurious three-fold background. a and b
show the four-fold coincidence measurements for the case of teleportation of the
+45° polarization state; ¢ and d show the results for the +90° polarization state. The
visibilities, and thus the polarizations of the teleported photons, obtained without
any background subtraction are 70% = 3%. These results for teleportation of two
non-orthogonal states prove that we have demonstrated teleportation of the
quantum state of a single photon.
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states. The experimental results are shown in Fig. 5. Visibilities of
70% = 3% are obtained for the dips in the orthogonal polarization
states. Here, these visibilities are directly the degree of polarization of
the teleported photon in the right state. This proves that we have
demonstrated teleportation of the quantum state of a single photon.

The next steps
In our experiment, we used pairs of polarization entangled photons
as produced by pulsed down-conversion and two-photon inter-
ferometric methods to transfer the polarization state of one photon
onto another one. But teleportation is by no means restricted to this
system. In addition to pairs of entangled photons or entangled
atoms””', one could imagine entangling photons with atoms, or
phonons with ions, and so on. Then teleportation would allow us to
transfer the state of, for example, fast-decohering, short-lived
particles, onto some more stable systems. This opens the possibility
of quantum memories, where the information of incoming photons
is stored on trapped ions, carefully shielded from the environment.
Furthermore, by using entanglement purification*’—a scheme of
improving the quality of entanglement if it was degraded by deco-
herence during storage or transmission of the particles over noisy
channels—it becomes possible to teleport the quantum state of a
particle to some place, even if the available quantum channels are of
very poor quality and thus sending the particle itself would very
probably destroy the fragile quantum state. The feasibility of preser-
ving quantum states in a hostile environment will have great advan-
tages in the realm of quantum computation. The teleportation scheme
could also be used to provide links between quantum computers.
Quantum teleportation is not only an important ingredient in
quantum information tasks; it also allows new types of experiments
and investigations of the foundations of quantum mechanics. As
any arbitrary state can be teleported, so can the fully undetermined
state of a particle which is member of an entangled pair. Doing so,
one transfers the entanglement between particles. This allows us not
only to chain the transmission of quantum states over distances,
where decoherence would have already destroyed the state comple-
tely, but it also enables us to perform a test of Bell’s theorem on
particles which do not share any common past, a new step in the
investigation of the features of quantum mechanics. Last but not
least, the discussion about the local realistic character of nature
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could be settled firmly if one used features of the experiment
presented here to generate entanglement between more than two
spatially separated particles™*. O
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We report on a quantum optical experimental implementation of teleportation of unknown pure
guantum states. This realizes all of the nonlocal aspects of the original scheme proposed by Bennett
et al.and is equivalent to it up to a local operation. We exhibit results for the teleportation of a
linearly polarized state and of an elliptically polarized state. We show that the experimental results
cannot be explained in terms of a classical channel alone. The Bell measurement in our experiment can
distinguish between all four Bell statsgnultaneoushallowing, in the ideal case, a 100% success rate
of teleportation. [S0031-9007(97)05275-7]

PACS numbers: 03.65.Bz, 03.67.—a, 42.50.—p, 89.70.+c

In Ref. [1], Bennettet al. showed that an unknown more straightforward. However, this approach does place
guantum state can be “disassembled into, then later re restriction on us in that the preparer must prepare his
constructed from, purely classical information and purelystate on one of the EPR photons, and so the unknown
nonclassical Einstein-Podolsky-Rosen (EPR) correlastate cannot come from outside (i.e., this means that
tions.” They called this procedsgleportation. In their  Alice is presented with an unknown pure state rather
scheme, a sender, traditionally called Alice, is given ahan with part of an entangled state). Nevertheless, the
state unknown to her. She also has one of two particlescheme described here realizes all the nonlocal aspects
prepared in an EPR state (such as a singlet state). Sloé the original teleportation scheme, and is equivalent to
performs a Bell measurement on the combined system dhe original scheme up to a local operation (since, in
the unknown state and her EPR particle, and transmits tharinciple, any unknown state of a particle from outside
result of this measurement by a classical channel to Bolgould be swapped onto the polarization degree of freedom
who has the second of the EPR particles. Depending oaof Alice’s EPR particle by a local unitary operation [4]). In
the result of the measurement, Bob performs one of fouparticular, as in the original scheme, we emphasize that if
possible unitary transformations on his particle and it willthe preparer does not tell Alice what state he has prepared
now be in the unknown state. then there is no way Alice can find out what the state is.

In the experiment reported in this paper we take an It is worthwhile mentioning that this leads to a 100%
approach first suggested in [2] in which a total of twosuccess rate for the Bell measurement in the ideal case
photons, rather than three, are used. The EPR statather than 50% as in previously suggested schemes [5].
is realized byk-vector (or path) entanglement, and the No experiment is perfect, so we need to known how
polarization degree of freedom of one of the photons iggood the experiment has to be before we can say we
employed for preparing the unknown state [3]. This avoidshave quantum teleportation. Our objective is to show that
the difficulties associated with having three photons andthe experimental results cannot be explained by a classi-
as will be seen below, makes the Bell measurement muctal channel alone (that is, without an EPR pair). Thus,

0031-900798/80(6)/1121(5)$15.00 © 1998 The American Physical Society 1121
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consider the following scenario. With a probability ﬁ—)f
the preparer prepares one of the stdteg (a = 1,2,3)
which corresponds to equally spaced linearly polarized
states at @ 12C°, and —120°. He then gives this state
to Alice (without telling her which one it is). Alice makes

a measurement on it in an attempt to gain some informa-
tion about the state. The most general measurement she‘f‘L
can make is a positive operator valued measure [6]. She |
will never obtain more information if some of the posi- i
tive operators are not of rank one, and thus we can take
them all to be of rank one, that is proportional to projec- !
tion operators. Let Alice’s measurement hdveutcomes
labeled! = 1,2,...,L and let the positive operator asso-
ciated with outcomé be|g;)(g;|. We require that

L
D leneld = 1. (b
=1 FIG. 1. Diagram of experimental setup showing the separate

. . roles of the preparer, Alice, and Bob.
Note that, in general, the states) are neither orthogonal prep !

to each other or normalized but rather form an overcom-
plete basis set. The probability of gettinzg outcohgiven
that the state prepared figh,) is |{¢.|e;)|*. Alice sends .
the informationl to Bob over the classical channel and Bobfor exa”?p'e' represents Fhe state qf photon 1 in path
prepares a staieb;) (thec denotes that the state has beenand having ver_tlca_l po_Iarlzat|on. Since each photon has
“classically teleported”). This state is chosen so as to giv%ge same_pol_arlzatlon in each of the two paths it can take,
the best chance of passing a test for the original state. Bo € polarization part of the state f_actors out of ke .
now passes this state onto a verifier. We suppose that gygctor entapglement. The EP.R pair for the teleportation
preparer has told the verifier which state he prepared al ocedure is provided by thik-vector entanglement.
the verifier sets his apparatus to measure the projection o 'y means of (zero order) quarter-wave plates oriented
erator,|¢,){¢.|, onto this state. The probability that the t some angley to the horizontal and Fresnel rhomb

classically teleported state will pass the test in this case igolarlzatlon rotators (R) acting in the same way on paths

c\|2 o . a; andb; as shown in Fig. 1, the polarization degree of
(¢al$i)I". The average probability of passing the test freedom of photon 1 is used by the preparer to prepare the

g = 1 O Kb 2 2 general statef¢) = a|v); + Blh);. This is the state to
Z 3K al DI Kpalen] @ be teleported. The state of the whole system is now

a,l

Lr:;:loec(,)él\pngﬁgtd;&?yshow that this classical teleportation \/LZ (la) laz) + 1) 1b2)) (alv)y + BI) k). (B)
g<=3 3) We now introduce four orthonormal states which are
4 directly analogous to the Bell states considered in [1]:
To show that we have quantum teleportation we must show 1
that the experimental results violate this inequality [7]. le«) = —= (la1) lv) = |b1) A1), (6)
The experiment is shown in Fig. 1. Pairs of polariza- V2
tion entangled photons are created directly using type-ll 1
degenerate parametric down-conversion by the method ld=) = —= (lay) |h)1 = |b1)|v)r). @
described in Refs. [8,9]. Thg-barium borate (BBO) V2
crystal is pumped by a 200 mW UV cw argon laser withWe can rewrite (5) by using these states as a basis:
wavelength 351.1 nm. The down-converted photons have 1
a wavelength of 702.2 nm. The state of the photons ale+) (@laz) + Blba) [ + 5le-)(alaz) = Blb2)) k)

this stage isj5(|v)1 k), + [h)ilv)). However, we want + 3ld.) (Bla) + alby)) |k,

ak-vector entangled state so next we let each photon pass 1 _
through a calcite crystal (C), after which the state becomes + 3ld-) (Blaz) — alb)) [h),. (8)
1 For Alice, it is simply a question of measuring on the basis
NG (lar)laz) + 161)162)) [v)1]R), . (4)  |cx), |d=). To do this we first rotate the polarization of

pathb; by a further 90 (in the actual experiment this was
By this method a polarization entangled state has beedone by setting the angle of the Fresnel rhomb in gath
converted into &-vector entangled state. Hetle;)|v);, até + 90° rather than by using a separate plate as shown
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in the figure) so that the statk;) |v); becomes-|b,)|h);  wave plate oriented at an angle; with respect to the

and the stat¢b,) |h), becomegb,)|v);. Thus, horizontal direction.
| Wide filters (AX = 20 nm) were placed just before
lex) = —= (la1) = |b1) o), (9) each detector. Wide, rather than narrow, filters were
V2 used so that the count rate was high enough to allow
1 measurements to be made in a few seconds in order that
ld+) — 7 (lar) = |b1)) k)1 . (10)  problems associated with phase drift were minimized.

The beam splitter and the back reflecting mirror act-
Pathsa; andb; now impinge on the two input ports of an ing on pathb, were each mounted on a computer con-
ordinary50:50 beam splitter (BS). At this BS each of the trolled micrometrical stage which could be incremented
two polarizationsh andv interfere independently. After in 0.1 um steps. To align the system, a half-wave plate
BS, there are two sets of detectors.Band Dy, which are  oriented at 45 to the vertical was placed before one of
coupled, respectively, to the andv polarizations, being the calcite crystals to rotate the polarization by.9 his
the ones selected by two polarizing beam splitters (PBShad the effect of sending both photons to Alice’s end or
A click registered at @1 corresponds to a measurementBob’s end. The correct values af; andAy were found
onto |c+) while a click registered at P corresponds to by looking for an interference dip in the coincidence count
a measurement ont@s). Furthermore, the positioAz  rates between P and D, at Alice’s end, and between
of BS is set in such a way that the detectorg, and  D(45°) and O(—45°) at Bob’s end. After alignment, the
Dy, are excited by the photon in the sta}%g(lag + |by))  half-wave plate was rotated @ the vertical so that it had

while D, and D are excited by state\/%(lal) — |byy. Mo effect on the polarization of photons passing through

In this way each of the four Bell states [(6) and (7)] can't‘ The distance between the Allge s and_ BOb-S appara-
be measured tuses was about 2.5 m. The coincidence time window was

1.6 ns and each measurement was taken over runs lasting
The pathsa; andb,, taken by the photon sent to Bob, 10 s. Typically, there were about X 10? coincidence

originate from backreflections at the end of the two caIC|teCountS during each run.

crystals and are transmitted through the BBO crystal. The We will re ;

. port separately on two aspects of the experi-
path azb'.s rgtat%(]jbthr?ugh ?Oby a T)alf—wavlgttpl‘iltée and ment. First, using three equally spaced linear polarization
is combined withb, at a polarizing beamsplitdPBS;) settings (0, +120°, —120°), we will see that the classi-

oriented to transmit horizontal and to reflect verticaIC‘,le teleportation limit in Eq. (3) is surpassed. Second we
polarizations. The state in (8) becomes will see that, for some arbitrary states (linear and ellipti-

%|C+> (Blh), + alv)y) + %|C_> (—=Blh)s + alv)) cally polarized), we see all of the expected features.
. Let I(6p) be the coincidence count betweendp)
+ 3ldi) (alh), + Blv)s) and one of Alice’s detectors. L€} be the coincidence

1 rate whendp is oriented so as to measure the projection
*ald-) (zalhn + Blv)). (11) operator onto the corresponding termin (11). For example,
Bob’s photon can be transformed back to the originalf 6 = 120°, then Alice’s output|d.) corresponds to
state a|v) + B|h) by applying an appropriate unitary 6z = —30°. (In the present work all polarization angles
transformation, depending on the outcome of Alice’sare referred to the horizontal direction.) LEt be the
measurement. However, we are simply interested igount rate wherd; is rotated through 90from the value
verifying that the appropriate state has been producedsed to measurd;. We will have Ij = k(¢ |peic)l

at Bob's end so, rather than performing these unitan@ndl, = k(¢ | |d1c)|*, Where|e) is the prepared state
transformations, we will simply orient (by acting on a and|ée) is the state that is actually produced at Bob’s
polarization rotator R and on a quarter-wave plate) the side by the teleportation process. If the state produced
measuring apparatus at end 2 appropriately for each @ft Bob’s end is not pure then this analysis is easily
Alice’s outcomes (the transformations can either be seeddapted by summing over a particular decomposition of
as active transformations or as @assivereorientation the impure state. The normalization constandepends

of our reference system, with respect to which theon the detector efficiencies. Singe+ I, = k, we show
verification measurements are made). In the case dhat [(¢ldwie)l* = 1)/(Iy + 1.). To beat the classical
linear polarization the verification measurements can béeleportation limit the average value of this quantity must
accomplished by rotating the polarization of the stateexceed;. This average is taken over three equally spaced
through an angl®@z by means of a Fresnel rhomb device linear polarizations (each weighted with probabiﬁWand
(Rp), then letting it impinge on a polarizing beam splitter over each of the four possible outcomes of Alice’s Bell
followed by two detectors @g) (a photon originally state measurement (each Weightecﬂ)yWith the average
incident with polarizatiorfz would certainly be detected understood to be in this sense we can wite= [1;/(f +

at this detector) and @3 ). In the more general case of 1,)],,. This quantity was measured, and we found that
elliptical polarization we can add, beforegRa quarter- S = 0.853 = 0.012. This represents a violation of the
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classical teleportation limit by eight standard deviations.To verify that the state had been teleported according
Note, if I = Imaxandl, = Inin (@s we would expect, and to Eq. (11) a quarter-wave plate was used at Bob’s end,
as is indeed true for the data to be discussed below), aratiented at angleyg. A different setting of this was
if the quantity in (12) is greater thai1 then the visibility used corresponding to each of Alice’s outcomes. For
is greater than 50% (and vice versa). outcomes|d+) we setyg = *vy + 90°. This converts
Now consider in more detail one linear polarizationthe corresponding state at Bob’s sidé#9. For outcomes
case. All of the quarter-wave plates were removed ifc-) we setyg = *vy. This converts the corresponding
this case. In Fig. 2, we show the count rates relatedtate at Bob's side tdn). The state was then analyzed
to four simultaneouscoincidence experiments betweenin linear polarization over a range of values&f. The
each outcome of Alice’s Bell state measurement &nd  results, shown in Fig. 3, demonstrate that the state after the
d-+) and Bob's detector @) as a function offg for  quarter-wave plate is vertically or horizontally polarized,
the particular case where the preparer prepared lineas required.
polarization withe = 22.5°. Note that the displacements In this paper we have seen how a state, which is
of the maxima are 22% 67.5, —67.5°, and —22.5°.  totally unknown to Alice, can be disassembled into purely
These are consistent with Eq. (11), wheake= sin(#)  classical and purely nonlocal EPR correlations and then
and 8 = cod#). In the present experiment the detectorreconstructed at a distant location. In the reconstruction
D(#3 ) is used only for the alignment of Bob’s apparatus. procedure we took an essentially passive view of the
To prepare an elliptical polarized state we 8et= 0°  unitary transformations. Work is currently in progress to
and insert the quarter-wave plates at anglequal to 20.  implement the transformations in an active way by using
This produced the elliptically polarized state, fast Pockels cells fired by Alice’s detectors.
1 We thank G. Di Giuseppe, V. Mussi, and D.P. Di
—[(1 + ico92y)) |v) + sin(2y) |A)]. (12) Vincenzo for discussions, and the CEE-TMR (Con-
V2 tract No. ERBFMRXCT96-066) and INFM (Contract
No. PRA97-cat) for funding. L.H. thanks the Royal
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FIG. 2. Results for a linear polarized state at 2216 9]3

the horizontal obtained by fousimultaneouscoincidence

experiments involving the four detectors, @t Alice’s site and FIG. 3. Results of four coincidence experiments the same as
Bob’s detector @93). The graphs show the coincidence ratesfor Fig. 2 but for an elliptically polarized case generated by
as a function of the angléz. The error bars are smaller than using a quarter-wave plate at angle°20ith respect to the
the dots. horizontal.
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Unconditional Quantum
Teleportation

A. Furusawa, J. L. Serensen, S. L. Braunstein, C. A. Fuchs,
H. J. Kimble,* E. S. Polzik

Quantum teleportation of optical coherent states was demonstrated experi-
mentally using squeezed-state entanglement. The quantum nature of the
achieved teleportation was verified by the experimentally determined fidelity
Fe® = 0.58 * 0.02, which describes the match between input and output states.
A fidelity greater than 0.5 is not possible for coherent states without the use
of entanglement. This is the first realization of unconditional quantum tele-
portation where every state entering the device is actually teleported.

Quantum teleportation is the disembodied
transport of an unknown quantum state from
one place to another (/). All protocols for
accomplishing such transport require nonlo-
cal correlations, or entanglement, between
systems shared by the sender and receiver.
John Bell’s famous theorem on the incompat-
ibility of quantum mechanics with local hid-
den variable theories establishes that entan-
glement represents the quintessential distinc-
tion between classical and quantum physics
(2). Recent advances in the burgeoning field
of quantum information have shown that en-
tanglement is also a valuable resource that
can be exploited to perform otherwise impos-
sible tasks, of which quantum teleportation is
the prime example.

Teleportation of continuous quantum
variables. To date, most attention has fo-
cused on teleporting the states of finite-di-
mensional systems, such as the two polariza-
tions of a photon or the discrete level struc-
ture of an atom (7, 3—8). However, quantum
teleportation is also possible for continuous
variables corresponding to states of infinite-
dimensional systems (9, 10), such as optical
fields or the motion of massive particles (17).
The particular implementation of teleported
optical fields is noteworthy in four ways.
First, the relevant optical tools are power-
ful and well suited for integration into
an evolving communication technology. Sec-
ond, these methods apply to other quantum
computational protocols, such as quantum er-
ror correction for continuous variables using
linear optics (/2) and superdense coding of
optical information (/3). Third, finite-dimen-
sional systems can always be considered as
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subsystems of infinite-dimensional systems
where the above advantages can be put to use.
Finally, a relatively simple design is imple-
mented that eliminates the need for some
nonlinear operations (/0); these nonlinear op-
erations constitute the main bottleneck to the
efficacy of other teleportation schemes.

This teleportation scheme uses the proto-
col described in (/0). The experimental setup
(Fig. 1) consists of a sending station operated
by Alice, a receiving station operated by Bob,
and a station for producing beams of entan-
gled photons [labeled EPR (Einstein-Podol-
sky-Rosen) beams (1, 2)]. Alice and Bob
each receive half of the EPR photons. Alice’s
station consists of two homodyne detectors
D, , (including two local oscillators LO, ),
where x and p denote the real and imaginary
components of the (complex) electric field.
These detectors measure an entangled com-
bination of the input state [v, ) and Alice’s
half of the EPR beam. Classical lines of
communication are used to transmit Alice’s
measurement results to Bob, who then uses
that information to transform the second half
of the EPR beam (at the mirror my_, ) into an
output p_ . that closely mimics the original
unknown input.

In our scheme, a third party, Victor (the
verifier), prepares an initial input in the form
of a coherent state of the electromagnetic
field |v,,), which he then passes to Alice for
teleportation. Likewise, the teleported field
that emerges from Bob’s sending station is
interrogated by Victor to verify that telepor-
tation has actually taken place: At this stage,
Victor records the amplitude and variance of
the field generated by Bob, and is thereby
able to assess the “quality” of the teleporta-
tion protocol. This is done by determining the
overlap between input and output as given by
the fidelity F = (v, |poulvi)- As discussed
below, for the teleportation of coherent states,
F_ = 0.5 sets a boundary for entrance into the
quantum domain in the sense that Alice and
Bob can exceed this value only by making use
of entanglement (/4). From Victor’s measure-
ments of orthogonal quadratures (see below),

our experiment achieves F'**P = (.58 = 0.02
for the field emerging from Bob’s station, thus
demonstrating the nonclassical character of this
experimental implementation.

To describe the infinite-dimensional states
of optical fields, it is convenient to introduce a
pair (x, p) of continuous variables of the electric
field, called the quadrature-phase amplitudes
(QAs), that are analogous to the canonically
conjugate variables of position and momentum
of a massive particle (/5). In terms of this
analogy, the entangled beams shared by Alice
and Bob have nonlocal correlations similar to
those first described by Einstein ef al. (16). The
requisite EPR state is efficiently generated via
the nonlinear optical process of parametric
down-conversion previously demonstrated in
(17). The resulting state corresponds to a
squeezed two-mode optical field. In the ideal
case, namely perfect EPR correlations and loss-
less propagation and detection, the teleported
state emerges from Bob’s station with perfect
fidelity F = 1 (10).

Apart from the advantages of continuous
quantum variables, our experiment is sig-
nificant in that it attains full teleportation as
originally envisioned in (7). This is in con-
trast to previous teleportation experiments
where no physical state enters the device
from the outside (7) or where the teleported
state is destroyed at Bob’s station (8), never
emerging for subsequent exploitation (/8).
Furthermore, in both these previous exper-
iments, there never exists an actual physi-
cal field with high (nonclassical) teleporta-
tion fidelity at the output.

Apparatus and protocol. As illustrated
in Fig. 1, entangled EPR beams are generated
along paths {1, 2} by combining two inde-
pendent squeezed beams at a 50/50 beam
splitter (19), with the relative phase between
the squeezed fields actively servo-controlled.
The squeezed fields are themselves produced
by parametric down-conversion in a sub-
threshold optical parametric oscillator (OPO)
(20). The particular setup is as described in
(21), save one important exception. Because
the cavity for the OPO is a traveling-wave
resonator (that is, a folded-ring geometry), it
is possible to drive the intracavity nonlinear
crystal with two counterpropagating pump
beams to generate two (nominally) indepen-
dent squeezed fields countercirculating with-
in the cavity and emerging along the separate
paths {7, ii} (see Fig. 1). Note that the light
from a single-frequency titanium sapphire
(TiAl,0,) laser at 860 nm serves as the pri-
mary source for all fields in our experiment.
Ninety percent of the laser output at frequen-
cy w, is directed to a frequency-doubling
cavity to generate roughly 300 mW of blue
light at 2w, (22), with this output then split
into two beams that serve as harmonic pumps
for (degenerate) parametric down-conver-
sion, 2w, — w, * ), within the OPO. Both

23 OCTOBER 1998 VOL 282 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on December 20, 2006


http://www.sciencemag.org

the doubling cavity and the cavity of the OPO
contain an a-cut potassium niobate (KNbO,)
crystal for temperature-tuned, noncritical phase
matching, with the lengths of both cavities
under servo-control to maintain resonance for
a TEM,,, longitudinal mode.

Our protocol is as follows: EPR beam 1
(Fig. 1) propagates to Alice’s sending station,
where it is combined at a 50/50 beam splitter
with the unknown input state |v, ), which is a
coherent state of complex amplitude v, = x,
+ ip,. Alice uses two sets of balanced homo-
dyne detectors (D,, D) to make a “Bell-state”
measurement of the amplitudes x = (x,, — x,)/
V2andp = ® + pl)/\f2 for the input state
and the EPR field 1 of amplitude o, = x, + ip,.
The classical (photocurrent) outcomes are de-
noted by (i, i,) respectively, and are scaled to
(x, p). At unit efficiency, such detectors provide
“optimal” information about (x, p) via (i, i,)
(23-25), with the knowledge gained about the
unknown input state |v, ) going to zero as o,
— 0, where o}, denotes the variances of
squeezed QAs of the fields along paths {i, ii}.

Because of the entanglement between the
EPR beams {1, 2}, Alice’s Bell-state detec-
tion collapses Bob’s field 2 into a state con-
ditioned on the measurement outcome (i, i,,).
Hence, after receiving this classical informa-
tion from Alice, Bob is able to construct the
teleported state p_,, via a simple phase-space
displacement of the EPR field 2 (26). In our
experiment, the amplitude and phase modu-
lators (M, M,)) shown in Fig. 1 transform the
(amplified) photocurrents (i, i,) into a com-
plex field amplitude, which is then combined
with the EPR beam 2 at the mirror my_, of
reflectivity 0.99. In this manner, we affect the
displacement o, —>v_ = a, + g\fZ(z’X + i)
=gV, + [(x, —gx)) + i(p, + gp,)], where
g describes Bob’s (suitably normalized) gain
for the transformation from photocurrent to
output field. In the limit o, = 0, (x; —x,, p;
+ p,) — 0 [that is, the EPR beams become
“quantum copies” of each other with respect
to their QAs (/9)], so that for g = 1, p_,, —
[v,.) (v, resulting in perfect teleportation
with fidelity ¥ — 1.

Quantum versus classical teleportation.
Of course, the limit /' = 1 is reached only for
ideal (singular) EPR correlations and for loss-
less propagation and detection. To aid in
quantifying the “quality” of teleportation in
our actual experiment, we calculate F' for the
case of a finite degree of EPR correlation and
in the presence of non-unit efficiencies,
which for a coherent-state input |v, ) becomes

F = 2oqexp[-2lv,P(1-gllog]  (2)

(14), where o, is the variance of the Q
function of the teleported field, given by

oq=1+g +(07/2)(g& + &)

+ (07/2) (g& — &)+ (1 — &g’
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+ (1-g)+22(m) -1 (2

Here, o= are the variances of the amplified/
squeezed QAs that are summed to form the
EPR beams (assuming ;" = o), &, , char-
acterize the (amplitude) efficiency with
which the EPR beams are propagated and
detected along paths {1, 2}, and m gives the
(amplitude) efficiency for detection of the
unknown input state by Alice (10).
Classical teleportation replaces the EPR
beams by (uncorrelated) vacuum inputs (o~
—> 1), thus eliminating the shared entangle-
ment between Alice and Bob. For coherent
states distributed across the complex plane,
optimum fidelity is achieved for g ~ 1, in
which case (60,-1) = 0, =3 and F = 0.5,
and equality is obtained only for n = 1. In
this case, one unit of vacuum noise in the
variance o, of the Wigner distribution arises
from the original coherent-state input (o, =
1), whereas the other two units are the so-
called quantum duties (or quduties) that must
be paid at each crossing of the border be-
tween quantum and classical domains (/0).
One quduty arises from Alice’s attempt to
infer both QAs of the field (23); the other
quduty results from Bob’s displacement.
However, quantum teleportation should
necessarily require Alice and Bob to share a
nonlocal quantum resource, such as the EPR
beams in our experiment. The question of the
operational verification of this shared entan-
glement is relevant not only to our teleporta-
tion protocol, but also to eavesdropping in
quantum cryptography (27). So long as Alice
and Bob can communicate only over a clas-
sical channel, we have shown that for g = 1,
0, > 0, + 2, so that oy, = 3 heralds the
boundary between quantum and classical
teleportation for coherent-state inputs. More
generally, even in the absence of loss, Alice
and Bob can achieve F > 1/2 for an unknown

Fig. 1. Schematic of
the experimental ap-
paratus for teleporta-
tion of an unknown
quantum state |v, )
from Alice's sending
station to Bob's re-
ceiving terminal by
way of the classical in-
formation (i,, i) sent
from Alice to Bob
and the shared entan-
glement of the EPR
beams (1, 2).

[Vie]

Pump 1 ! !l Pump 2
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coherent state only by way of shared quantum
entanglement, as can be operationally (and
independently) verified by Victor (/4). Note
that for experiments involving photon polar-
ization as in (7, 8), the corresponding fidelity
threshold for a completely unknown quantum
state is F > 2/3 (28), which could not be
approached because of the low detection ef-
ficiencies. Moreover, in contrast to the work
in (7, 8), Victor need not to make any ar-
rangement with Alice and Bob in order to
make an objective assessment of the quantum
nature of the teleportation process.
Experimental results. We concentrate
first on Alice’s measurement of the unknown
input state (Fig. 2). The spectral density of
photocurrent fluctuations W21<¢(()), recorded
by Alice’s balanced homodyne detector D _as
the phase ¢, of the coherent-state input [v,
= O, [exp(id,,)] is swept linearly by Victor,
is shown in Fig. 2A. For &, - 6, = pw
(with integral p and 0 ,  as the phase of local
oscillator at D), WAlice(()) rises to a maxi-
mum, while for half-integral p it falls to a
minimum that is set by the variance of EPR
beam 1. A completely analogous set of traces
is obtained for the output from Alice’s detec-
tor D, except now shifted in phase by 7/2 in
correspondence to the fact that phases of the
local oscillator beams at (D,, D) are fixed to
be in quadrature by active servo-control. For
v,, = 0, the phase-insensitive noise levels
shown in Fig. 2A correspond to the case of no
EPR beams present [that is, o7, — 1, giving
the vacuum-state level ®g°(Q)] and to that
with the EPR beam 1 distributed to Alice
[excess noise at the level A21e(())]. A more
detailed view of these noise levels is provided
in Fig. 2B. The observed increases in pho-
tocurrent fluctuations from ®gpce — Afliee
represent the necessary degradation in signal-
to-noise ratio for Alice that accompanies
quantum teleportation, with A(}}® — oo in the

* 0d
1 *,, beams

e, -
. 5
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"‘ ..0
Q o
0 ‘e
P 3
o | i o
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limit of perfect teleportation (for which o,
— 0, 0,7, — %, and hence the variance o, of
the EPR beam 1 diverges).

The various spectral densities displayed in
Fig. 2 are directly related to the means and
variances of the quadrature-phase amplitudes
of the incident fields (17, 19). Because we are
dealing with broad-bandwidth fields, the sin-
gle-mode treatment of (/0) must be general-
ized to the case of multimode fields of finite
bandwidth (29). In this situation, the relevant
quantities are the spectral components (x({2),
p(Q)) of the QAs, where a general QA at
phase 8 is defined by

Q+A0
z(Q,8) = f dQ'[a(Q’") exp(—id)

O -AQ

+a"(— Q') exp(+id)] 3)

with d(d") as the annihilation (creation) op-
erator for the field at offset () from the optical
carrier, with (x(Q), p(Q)) = (z(Q, 0), z(Q,
/2)), and with the integration extending over
a small interval AQ) about (). We then have

T(D)AQ ~ (Z%(Q.3)) (4)

(15, 17). As shown in (29), the teleportation
protocol of (/0) remains unchanged in its
essential character. However, now the state
being teleported describes the field at fre-
quency offset () within a bandwidth AQ
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about the carrier w; (that is, AM and FM
modulation sidebands), with FM sidebands
applied by Victor to create the input v, ().

Given Alice’s measurement of (x({), p({2)),
the next step in the protocol is for her to send
the (classical) photocurrents (i, (€2), 7,(€))) to
Bob, who uses this information to generate a
displacement (a coherent modulation at ()) of
the field in beam 2 by way of the modulators
(M,, M,) and the mirror my,,. Note that the
phases of both Alice’s and Bob’s fields relative
to the EPR beams {1, 2} are fixed by servo-
control. Bob’s action results in the teleported
output field, which is subsequently interrogated
by Victor by way of his own (independent)
balanced homodyne detector. Shown in Fig. 3
is Victor’s measurement of the QAs of the
teleported field, as expressed by the spectral
density of photocurrent fluctuations WYictr(())
as a function of time, again as the phase ¢, is
linearly swept. Here, the gain is g = 1 (that is,
0 dB), so that Victor’s signal level rises 3 dB
above that in Fig. 2A, in correspondence to a
reconstruction of the coherent amplitude v, (£2)

Out(Q) for the output field. This transforma-
tion is independent of the phase of the input
field relative to Alice’s detectors (D,, D,) and
to the consequent division of this amplitude to
Bob’s modulators (M,, M,)), so that the phase of
the teleported field tracks that of the input. In
the particular case of Fig. 3A, the phase b,
of Victor’s local oscillator is servo-controlled

relative to Alice’s and Bob’s fields, but it can as
well be freely scanned. As in Fig. 2, the phase-
insensitive noise levels in Fig. 3A correspond to
the case of a vacuum-state input v, = 0, first
with no EPR beams present (that is, classical
teleportation with o7, — 1), giving the level Y
Jieter(()), and then to quantum teleportation
with the EPR beams {1, 2} distributed to Alice
and Bob, giving AVi*r(()). These noise levels
are shown in somewhat more detail in Fig. 3B.

For g = 1 (0 dB), as here, the level
Yyetr stands ~4.8 dB above Victor’s vacuum-
state level Y™, in correspondence to the
three units of vacuum noise previously dis-
cussed. However, in contradistinction to the
increases dgce — AJ'Se recorded by Alice,
Victor observes a decrease in fluctuations
Yyietor — AVieterprought about by the presence
of the EPR beams, indicating the success of the
teleportation protocol. More quantitatively, for
g = 1, Victor observes a decrease of 10[log
AVieer(Q) — log Yyt ()] = —1.2 + 0.2 dB.
The ratio AV (Q)/dY*r(€)) then leads di-
rectly to the variance o, = 2.23 * 0.03 < o,
= 3 for the teleported field.

Demonstration of quantum teleportation.
By carrying out a series of measurements sim-
ilar to those shown in Figs. 2 and 3, we have
explored the dependence of both the variance of
the teleported field and the fidelity ' on Bob’s
gain g. Plotted in Fig. 4 as a function of g are
the variances o} obtained by Victor at Dy, for

A 30 ! T Y T v T v A 30 i T T
25 . 25 - [,m“ ,YI\M /\N‘
il ffﬂ i /\ \»\ | e q ’ W / ] aﬂ- ff N\ i g
15 | - 15N 5 r( "?l .' ' Ii " _
Alice | | i victor [ |/ | . ' | 1
B o || | | - " ¥ =y I !rlf ' | l T Victor
ol L '| 'J 'I I'l ] Aice “® 5 l . i f [ 1Yo
X /Ax WU‘WT{' ?‘;U"Ifu‘ipuﬂ u‘f? J j;,vJ 5" y.fvf W { \Victor
| W T s v
0 W'f'ﬂé\\w”if A\‘N M“'&m‘w “MW\H - 0K k""fl |»‘raul.~\'*'n'f ." f f'J 1‘ \v,' Ml l,\,\ WA 1'|m|.f.'rl M‘:(I Victor
ice Y 1P,
-5 T’U.x B L 1 L 1 L 1 L
B 1 T T T T T T T Ali B 61 T T T T I T T A =
R RGN G I |, o Y RN O e TOE WIS
s ok & e 4 &3 Alice Be[ e manepere - Semenen e o smamne o S Wiy
0 My e T ~] CDD d 3 [ _A
; ] ; ] i 1 : ’ s [ By
0 20 40 60 80 L ]
Time (ms) 0 e i S s g e e Kl e OO
. 4 E s 1 1 N 1 5 (DO
Fig. 2 (left). (A) Spectral density of photocurrent fluctuations WAlice(()) 0 20 40 60 80
recorded by Alice's balanced homodyne detector D, as a function of time Time (ms)

with the phase ¢, of the coherent-state input linearly swept. For the

case of a vacuum-state input v,

the vacuum-state level <I>A“CE(Q) results, whereas with v,, =
EPR beam 1 distributed to Alice, excess noise at the level A2l<¢(Q) is
recorded. (B) Expanded view for v,, = 0, now with a 10-trace average.
Acquisition parameters: radio frequency (rf) Q/2m = 2.9 MHz, rf
bandwidth AQ/2m = 30 kHz, video bandwidth = 1 kHz (A) and 30 Hz
Fig. 3 (right). (A) Spectral density of photocurrent fluctua-
tions WVictor(Q)) recorded by Victor's balanced homodyne detector D,,

(B).
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= 0 and with no EPR beams present,
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as afunction of time wi
= 0 and
input v;, = 0 and with
Yyictor(Q)) results, whe

Expanded view for v,

th the phase ¢, of the coherent-state input

linearly swept and with the gain g ~ 1. For the case of a vacuum-state

no EPR beams present, the excess noise level
reas with v,, = 0 and EPR beams {1, 2}

distributed to Alice and Bob, the level of fluctuations is reduced to
AVicter(Q)). The vacuum-state level for D,, is given by ®Yictr. (B)
= 0, now with a 10-trace average. Acquisition
parameters are as in Fig. 2.
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Fig. 4 (left). Variance ¢ of the '
teleported field measured by
Victor as a function of the gaing
used by Bob for the phase-space
displacement of the EPR beam 2.
Shown are data obtained both

with the quantum-correlated g
EPR beams present (blue) and Sy
with vacuum-state inputs (red) o

for beams {1, 2}. Open and filled
symbols represent results of two
different experiments. The theo-
retical results from Eq. 2 (curves)
are also shown for the two cases

Fidelity F

of quantum and classical tele-
portation. Fig. 5 (right). Fi-
delity F inferred from measure-

Gain g2 (dB)

07

06

05

04

03

02

0.1

0.0

Gain g2 (dB)

ments of the input amplitude v, and of the quantities v, and a’¢” for the teleported output field. Data for the cases of classical (red) and quantum
(blue) teleportation are shown, as are the theoretical results from Eq. 1 (curves). See text for explanations of filled and open symbols. F > 0.5
demonstrates the nonclassical nature of the protocol.

measurements with the phase ¢y, locked to
that of Alice’s local oscillator at detector D
(squares) and D, (triangles), with the open and
filled symbols from two different experiments.
Comparison of the data in Fig. 4 with the
theoretical result from Eq. 2 and the indepen-
dently measured quantities &, , = 0.90 * 0.04,
=097 =0.02,and {o- =05+ 0.1,0" =
1.8 = 0.2} yields reasonable agreement. In
particular, the EPR beams bring a reduction of
o7 below the limit o9, for classical teleporta-
tion with vacuum-state inputs over a reasonably
wide range in g. Results similar to these are
obtained for o, with ¢, ..., swept independent
of (D, D,). Note that in a given experiment, we
observe a systematic increase in o%, /07,
1.05, which is presumably associated with
asymmetries and non-ideal couplings of the
squeezed beams {i, ii} that are summed to
produce the EPR beams {1, 2} (17).

Data as in Fig. 4, together with a record of
the mean coherent amplitude B, (Q) =
gv,,(Q2) measured by Victor for the teleported
field, allow us to infer the fidelity by way of
a simple generalization of Eq. 1, namely

2
F= m eXP(*2|Vout - Van\z/\%ﬁ’é) (5)

Here, o = (1 + 07}?) are the variances for the
Q function obtained by Victor from measure-
ments of the spectral densities of photocurrent
fluctuations (that is, without correction for his
detection efficiencies). Again under the as-
sumption of Gaussian statistics for the tele-
ported field, we thus deduce F, with the results
shown in Fig. 5. The filled points around g = 1
(0 dB) are from independent measurements of
o7, whereas for the open symbols, we approx-
imate 0%, ~ 1.0507,, as above. The theoretical
curve is from Eq. 1 with the aforementioned
values £, ,, m, and 0. Although the agree-
ment between theory and experiment is
evidently quite reasonable, the essential ob-
servations are that (i) the fidelity for clas-
sical teleportation with o7, = 1 is found to

be F& = 0.48 * 0.03 < F_, and (ii) the
fidelity for quantum teleportation is £**P =
0.58 = 0.02 > F_. Recall that F, = 0.5 is
the classical bound attainable by Alice and
Bob in the absence of shared entanglement
(14), so that F;=P > F_ demonstrates the
nonclassical nature of the experiment.

By exploiting squeezed-state entanglement,
we have the first realization of quantum tele-
portation as originally proposed in (/): An un-
known quantum state input to Alice’s station is
transported to a field recreated at Bob’s remote
station. The quantum nature of the protocol is
demonstrated with reference to both the vari-
ance o, of the teleported field and its fidelity F°
relative to the original input state, where we
emphasize that o, and F relate to a physical
field emerging from Bob’s station. Because we
have made no correction for the finite efficien-
cy of Victor’s detection process, the fidelity of
the actual teleported field is higher than that
quoted. Even without such correction, the over-
all efficiency of our scheme, together with the
shared entanglement of the EPR beams, ensure
full quantum teleportation: A quantum state
presented at the input is teleported with non-
classical fidelity on each and every trial (of
duration given by the inverse bandwidth 1/AQ).
This high-efficiency experimental implementa-
tion of a quantum algorithm for continuous
variables suggests that other protocols, includ-
ing quantum error correction (/2) and super-
dense coding (13) of optical fields, are not far
from realization.
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Deterministic quantum teleportation
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Quantum teleportation' provides a means to transport quantum
information efficiently from one location to another, without the
physical transfer of the associated quantum-information carrier.
This is achieved by using the non-local correlations of previously
distributed, entangled quantum bits (qubits). Teleportation is
expected to play an integral role in quantum communication®
and quantum computation’. Previous experimental demon-
strations have been implemented with optical systems that
used both discrete and continuous variables*”, and with liquid-
state nuclear magnetic resonance'’. Here we report uncondi-
tional teleportation® of massive particle qubits using atomic
(°Be*) ions confined in a segmented ion trap, which aids
individual qubit addressing. We achieve an average fidelity of
78 per cent, which exceeds the fidelity of any protocol that
does not use entanglement''. This demonstration is also import-
ant because it incorporates most of the techniques necessary
for scalable quantum information processing in an ion-trap
system'>"’,

Quantum teleportation' provides a means for transporting a
quantum state between two separated parties, Alice and Bob,
through the transmission of a relatively small amount of classical
information. For the case of a two-state quantum system or ‘qubit,
only two bits of classical information are needed, which seems
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surprising as precise specification of a general qubit state requires an
infinite amount of classical information. Aside from the obvious
differences in the various experimental demonstrations, the basic
teleportation protocol is the same'. Alice is in possession of a qubit
(here labelled 2) that is in an unknown state |¢), = «|1), + 8] 1 )5,
where || ) and | 1) denote eigenstates of the qubit in the measure-
ment basis. In addition, Alice and Bob each possess one qubit of a
two-qubit entangled pair that we take to be a singlet [S), ; = [1),]1);
=1 1)111)5 (where, for simplicity, we omit normalization factors).
Therefore, Alice possesses qubits 1 and 2, while Bob holds qubit 3.
Alice wishes to transmit the state of qubit 2 to Bob’s qubit using only
classical communication. The initial joint state of all three qubits is

|8) = 1), s@I¥),. (1)

This state can be rewritten using an orthonormal basis of Bell states'
| ¥1); 5(k = 1-4) for the first two qubits and unitary transformations
U, acting on |[Y)s(=all);+Bll);) so that [$)=
I 1)1 5 (Ukld)s). A measurement in the Bell-state basis {| %)}
by Alice then leaves Bob with one of the four possibilities Ug|¢)s.
Once Bob learns of Alice’s measurement outcome (through classical
communication), he can recover the original unknown state by
applying the appropriate unitary operator, U; !, to his state
Ukly);. We note that Alice’s Bell-state measurement can be accom-
plished by transforming from the basis {| %), ,} into the measure-
ment basis {| 11 )15, [ 11 )15, [ 11)12, | 11 )12} before the measurement.

Our implementation uses atomic qubits (°Be’ ions) that are
confined in a linear radiofrequency Paul trap similar to that used in
ref. 15. The control electrodes are segmented into eight sections as
shown schematically in Fig. 1, providing a total of six trapping zones
(centred on electrode segments 2 to 7). Potentials applied to these
electrodes can be varied in time to separate ions and move them to
different locations. The qubits are composed of the ground-state
hyperfinelevels | 1) = [F=1,m= —1)and ||)=|F=2,m= —2),
which are separated by wy=2mwX1.25GHz. These states are
coupled through stimulated Raman transitions'*™'® from two laser

[P Jl2][3] 4] 56 7] 8] FElectodes
123
soe 1. Preparation
ese Spin echo
(1] L 2. Basis transformation
ooe Spin echo
. oo 3. Measurement 1
xy Spin echo
oo . 4. Measurement 2
.o . Spin echo
. . 5. Conditional operations

Figure 1 Schematic representation of the teleportation protocol. The ions are numbered
left to right, as indicated at the top, and retain their order throughout. Positions, relative
to the electrodes, are shown at each step in the protocol. The widths of the electrodes
vary, with the width of the separation electrode (6) being the smallest at 100 wm. The
spacing between ions in the same trap is about 3 wm, and laser-beam spot sizes (in
traps 5 and 6) at the position of the ions are approximately 30 wm. In step 1 we prepare
the outer ions in an entangled (singlet) state and the middle ion in an arbitrary state
(equation (1)). Steps 2—4 constitute a measurement in a Bell-basis for ions 1 and 2 (Alice’s
qubits), teleporting the state of ion 2 onto ion 3 (Bob’s qubit), up to unitary operations
that depend on the measurement outcomes. In step 5 we invoke these conditional
operations, recovering the initial state. Interspersed are spin-echo pulses applied in trap 6
that protect the state from de-phasing due to fluctuating magnetic fields but do not affect
the teleportation protocol.
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beams, which are used to implement the single-qubit rotations
R(0,9) = cos(8/2)I +isin(0/2)cos(dp)oy + isin(f/2)sin(d)o,, (2)

where I is the identity operator, 0, 6, and o, denote the Pauli spin
matrices in the {|1), | 1)} basis ((T|=(1,0), (|| =1(0,1)), 0 is
proportional to the duration of the Raman pulse, and ¢ is the
relative phase between the Raman beams at the position of the ion.
The Raman beams are also used to generate entanglement between
two qubits by implementing the phase gate'®

al MY+ o1+ 1) +dl L) —al 1)
—ib[ 11y —icl 1) +dl lL).

Our teleportation scheme is shown schematically in Fig. 1. We
highlight the key elements of the protocol in bold lettering and also
include the auxiliary ‘spin-echo’ pulses'>'® (R(w,¢sg)) applied to
ions in trap 6. These pulses are required in the experiment to prevent
dephasing caused by variations in the ambient magnetic field on a
timescale longer than the duration between the spin-echo pulses
and, with an appropriate choice of ¢, can compensate phase
accumulation due to the presence of a static magnetic-field gradi-
ent. As they do not fundamentally affect the teleportation, we omit
their effects in the following discussion.

We first prepare the state |S);;&®[]), in two steps: starting
from the state ||l ),,5 we combine the gate in equation (3)
applied to ions 1 and 3 with rotations to generate'® the state
()5 =il 1), 51 ),, followed by implementing individual
ion rotations as discussed in ref. 19 to produce |S), 5 from | | N3
—i| 11 ), 5 (see methods section). For state |S), ;&| | ),, ions 1 and 3
are in the singlet, which is invariant under a global rotation.
Therefore, a global rotation R(6,¢) , 5 to all three ions rotates the
middle ion without affecting the singlet state of ions 1 and 3, and
allows us to produce the state of equation (1) for any « and 8 with
appropriate choices of 6 and ¢.

To teleport the state of ion 2 to ion 3, we start by implementing a
Bell-state measurement on Alice’s qubits, ions 1 and 2. All three ions
are transferred to trap 6 and then separated, with ions 1 and 2 going
to trap 5 and ion 3 to trap 7. A phase gate (equation (3)) followed by
a w/2-pulse, R(w/2,0), is then applied to ions 1 and 2 in trap 5.

Our previous experiments'®> showed a significant amount of
motional-mode heating during the separation process, and the
separation was achieved with only a 95% success rate. Aided by a
smaller separation electrode in the current trap, we can separate the
ions in the desired manner with no detectable failure rate. More
importantly, the heating has been significantly reduced and we find
that after the separation, the stretch mode of the two ions in trap 5is in
the ground state and the centre-of-mass mode has a mean quantum
number of about 1. This enables us to implement the phase gate
(equation (3)) between ions 1 and 2 with fidelity greater than 90% and
without the need for sympathetic recooling'*>'>". Ideally (and in the
absence of the spin-echo pulses) this leaves the ions in the state

|11 )1,2®R(7T/2’ _W/Z)lekb)s +11 >1A2®R(7"/27 _7"/2)0;/'1”3
+il I )1,2®R(7r/2, —m/2DIl); — |1l }172®R(7r/2, —7/2)0.|¥)s,

4)

3)

where [¥); = al 1); + 8l 1 ).

To complete the Bell-state measurement, we need to detect the
states of ions 1 and 2 individually. We recombine all three ions in
trap 6 and separate them, with ion 1 being transferred to trap 5 and
ions 2 and 3 transferred to trap 7. Detection on ion 1 is then
achieved through state-dependent resonance fluorescence measure-
ments' (| | ) strongly fluoresces whereas | 1) does not), after which
we optically pump the ion back to the state | | ),. All three ions are
then recombined in trap 6 and separated again. For this separation,
ions 1 and 2 are transferred to trap 5 and ion 3 is returned to trap 7.
As the most recent spin-echo pulse applied in trap 6 transferred the
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state of ion 1 to | 1), a subsequent simultaneous detection of ions 1
and 2 effectively measures the state of ion 2 with error less than 1%
due to the presence of ion 1.

To complete the teleportation, we apply unitary operations to ion
3 that depend on the measurement outcomes for ions 1 and 2. We
first move ions 1 and 2 to trap 2 and ion 3 to trap 5, where unitary
operations consisting of a w/2-pulse, R(w/2,7/2), followed by
the operators oy, 0, I, 0, for the measurement outcomes [ 11 Mo
[ 1112, 11112, [ L)) 5 respectively, are applied. As noted above, the
inclusion of the spin-echo pulses does not fundamentally change
the teleportation protocol; however for ¢sg = /2, we must reorder
the operations following the w/2-pulse, R(w/2,7/2), to I, 0, 0y, 0,
respectively. A complete experiment is about 4ms in duration,
predominantly due to three elements: the cooling of all three axial
modes to the ground state (1 ms), implementing the ion separations
and movements (2 ms), and the three detection durations (0.6 ms).
In the future, use of smaller trap electrodes to speed up ion-
separation and gate operations, coupled with better detection,
should considerably increase the speed of the teleportation process.

To demonstrate the full protocol we first teleport the basis states
[1), and |]),, and achieve a fidelity of about 80% (78 * 3% for
|1)and 84 * 2% for | | ) for the data taken in the same run as that
shown in Fig. 2). We also perform Ramsey experiments where the
first w/2 pulse (having a variable phase ¢) is applied to ion 2
(starting in the | | ), state) and the second pulse (with a fixed phase)
is applied to ion 3 after the teleportation is implemented. That is,
R(w/2,¢) is applied to ion 2 and R(7/2,¢ fyeq) is applied to ion 3
after teleportation is completed. Ramsey fringes obtained in this
way are shown in Fig. 2. We perform these experiments for ¢ gixeq = 0
and w/2. From this data, we can extract the teleportation fidelities of
the states | = X), | = Y), which are eigenstates of the operators o,
and o, respectively. From these fidelities and those for the states | 1)
and |]), we determine an average fidelity (F) =78 * 2% for the
teleportation process. Furthermore, if we perform the teleportation
without the conditional operations, the Ramsey fringes disappear
and the teleportation fidelity drops to 1/2, equivalent to Bob making
a random guess for the teleported state. There are three dominant
mechanisms limiting the final fidelity; imperfect preparation of the
initial state |S); 3&| | ),, imperfections in the second phase gate due
to heating accrued in the separation process, and dephasing of the
teleported state due to fluctuating magnetic fields. We have inves-
tigated these issues in independent experiments and find that each
results in a loss of 8 £ 2% in the fidelity of the final state, consistent

1.0

PJ, '3

360 540

Phase, ¢ (deg)

0 180 720

Figure 2 Ramsey fringes demonstrating the teleportation protocol. The two curves
correspond to the second Ramsey pulse having dxeq = 0 (Circles) and dbfyeq = 7/2
(triangles) as discussed in the text. We plot the probability P, 5 of observing ion 3 in the
| | )5 state versus the phase of the first Ramsey pulse. Solid curves are best-fit sinusoidal
functions to the data. The oscillations of the Ramsey fringes have an amplitude |oy;|
where pj; = (py))* is the off-diagonal element of the density matrix of the teleported
state. The fidelity of the teleported state is then given by F =1/2+ |pyl.
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with the quoted result for teleportation. In the methods section, we
discuss the effects of imperfections in the state preparation and
teleportation process.

The average fidelity of 78 * 2% achieved by our implemented
quantum teleportation using atomic qubits, exceeds the value 2/3
necessary to establish the presence of entanglement'’, and is accom-
plished on demand and without post-selection of the data. Although
teleportation has been demonstrated in other systems, our demon-
stration incorporates the protocol into a simple experiment in such a
way that it can be viewed as a subroutine of a quantum algorithm,
here, a Ramsey experiment using two separated qubits. Furthermore,
our demonstration incorporates most of the important features

required for large-scale quantum information processing using
12,13,

trapped ions'>"’: We (a) reliably select qubits from a group and
move them to separate trap zones while maintaining their entangle-
ment, (b) manipulate and detect qubits without the need for strongly
focused laser beams, and (c) perform quantum logic operations
conditioned on ancilla measurement outcomes. Finally, we note
that the University of Innsbruck has also implemented teleportation
with the use of three Ca™ ions in a linear Paul trap®. O

Methods

State preparation

Following the protocol outlined in ref. 18, three ions held in trap 5 are first laser-cooled,
leaving all three axial modes in the ground state with 99% efficiency®'. The internal states
are then initialized to | ||| ) by optical pumping. A motional phase-space ‘displacement’
pulse, inserted in a spin-echo sequence, is applied to the stretch mode of ions 1 and 3 by
Raman beams that have a relative detuning of Aw = w; 4 8, where wj is the frequency of
the stretch mode and 6 is a small detuning as described in ref. 18. The displacement pulse
implements the transformation in equation (3) to ions 1 and 3. The spin-echo sequence
acts on all three ions: a w/2-pulse, a delay T in which the displacement pulse acts, a
w-pulse, an equal time delay T, and a final 7/2-pulse. As the amplitude of motion for the
middle ion is zero for the stretch mode, the entangling displacement pulse as described has
no effect on this ion. Thus the spin-echo pulse sequence leaves the middle ion in the state
| 1), while the outer ions are affected as described in ref. 18. For an appropriate choice of
detuning, §, and pulse duration, T'= 27/8, we produce the state (| 1 ), 5 — i 1), 5)®| | ),
(in the experiment, T = 9.6 us).

To create the state |S), 3®] | ),, a second spin-echo sequence is applied with the phase
of the pulses shifted by w/4 with respect to the previous sequence. In addition, for the
duration of the middle w-pulse, the axial confinement is changed. The resulting change in
each ion’s position gives rise to a relative phase of —=/4, 0, and +/4 for ions 1, 2 and 3,
respectively'. For ion 2, the phase of the w-pulse is the same as the first and last 7/2-pulses
and the sequence leaves the ion in the state | | ),. The outer two ions are initially in the state
| 11 )15 =il 11 )1 5 and the first w/2-pulse yields the state | |1 ), 5 + | 1l ), 5. The w-pulse, with
the 7/2 phase difference on ions 1 and 3, results in the singlet state | 1| ); 5 — [ {1 ), 5. This
state, being invariant under a global rotation, remains unchanged by the final w/2-pulse.
The three-ion state is then the desired state |S), ;&| | ),. Auxiliary experiments establish a
singlet fidelity Fs = Tr;(; 5(Slpexp|S); 3) = 0.92(1) and a fidelity for the initial state of ion 2
of Try 3 (1 loexpl | ),) =~ 0.95(1).

Imperfect state preparation and teleportation operations

As the operations in the experiment are imperfect, we must examine these effects to show
that the observed teleportation fidelity that exceeds 2/3 could not be caused by these
imperfections. In particular, as the initial state of ions 1 and 3 is not a perfect singlet, when
we rotate all three qubits to prepare the state [¢), = a| 1), + Bl | ),, we could potentially
encode this information onto bit 3 even before the teleportation process is started. We
address this issue as follows: We can verify that the gate in the state preparation does not
entangle bit 2 with bits 1 and 3. Therefore the most general input state is given by

[Winiiar = @ol Wiz +arl 1) 5+ a2l 115 +as1 11 )@l L), + 011 1)), (5)

where, ideally, a; = —a, =2~ 1/2 and by = 1. Here we assume that the subsequent rotation
to prepare |¢), and the teleportation operations are perfect. However, in the experiment,
after preparation of | ¥); i, we switch Raman beams from a geometry where the beams
propagate at 90° to each other to a geometry where the beams co-propagate. Owing to
fluctuating differences in the optical path lengths between these two sets of beams, there is
a random phase difference from experiment to experiment between the corresponding
Raman pulses. Over many experiments, some of the coherence terms between all three
qubits average out due to this phase randomization, leading to a simplification of the
calculated average fidelity with respect to the imperfections in state preparation.

The average fidelity (F) is evaluated from the expression

FE)=FEITN+ENIN+FI+X)+E(—=X)+F(I+Y)+F(l—-Y))/6, (6)
where the arguments correspond to the initial state, |¢),. We find

(Fy= (2~ Ibol")/3+2@lbol* = DF,/3. @

When F, =1/2, (F) =2/3, and we conclude that the teleportation fidelity cannot
exceed 2/3 unless the teleportation has occurred through the entangled singlet state as
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described in the text. Furthermore, imperfect state preparation of ion 2 contributes to an
overall loss in fidelity. In a similar way, by simulation, we have also examined the effects of
likely imperfections in the teleporting process and conclude that these imperfections only
reduce the measured value of (F). Therefore, the experimentally measured value of (F)
indicates that entanglement between bits 1 and 3 was required.
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In situ ohservation of colloidal
monolayer nucleation driven
by an alternating electric field

Ke-Qin Zhang & Xiang Y. Liu
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Singapore 117542

The nucleation of crystalline materials is a hotly debated subject
in the physical sciences'. Despite the emergence of several
theories in recent decades®”, much confusion still surrounds
the dynamic processes of nucleation®”. This has been due in part
to the limitations of existing experimental evidence. Charged
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Mars concretion systems. Although the analogue is not a perfect
match in every geologic parameter, the mere presence of these
spherical haematite concretions implies significant pore volumes of
moving subsurface fluids through porous rock.

Haematite is one of the few minerals found on Mars that can be
linked directly to water-related processes. Utah haematite concre-
tions are similar to the Mars concretions with spherical mor-
phology, haematite composition, and loose, weathered
accumulations. The abundance of quartz in the Utah example
could pose challenges for finding spectral matches to the concre-
tions. However, the similarities and differences of the Utah and
Mars haematite concretions should stimulate further investigations.
The potential role of biomediation in the precipitation of some
terrestrial haematite concretions could also hold important clues in
the search for life on Mars. Intriguing factors in the Mars system yet to
be explored include: spectral comparisons, the source of the iron, the
driving mechanism for fluid flow, and other chemical and physical
parameters. This Utah analogue presents a model for a fascinating
history of fluid flow in the haematite region of Mars. O
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Teleportation of a quantum state encompasses the complete
transfer of information from one particle to another. The com-
plete specification of the quantum state of a system generally
requires an infinite amount of information, even for simple two-
level systems (qubits). Moreover, the principles of quantum
mechanics dictate that any measurement on a system immedi-
ately alters its state, while yielding at most one bit of information.
The transfer of a state from one system to another (by performing
measurements on the first and operations on the second) might
therefore appear impossible. However, it has been shown' that
the entangling properties of quantum mechanics, in combi-
nation with classical communication, allow quantum-state tele-
portation to be performed. Teleportation using pairs of
entangled photons has been demonstrated®™, but such tech-
niques are probabilistic, requiring post-selection of measured
photons. Here, we report deterministic quantum-state teleporta-
tion between a pair of trapped calcium ions. Following closely the
original proposal’, we create a highly entangled pair of ions and
perform a complete Bell-state measurement involving one ion
from this pair and a third source ion. State reconstruction
conditioned on this measurement is then performed on the
other half of the entangled pair. The measured fidelity is 75%,
demonstrating unequivocally the quantum nature of the process.

Teleportation of a state from a source qubit to a target qubit
requires three qubits: the sender’s source qubit and an ancillary
qubit that is maximally entangled with the receiver’s target qubit,
providing the strong quantum correlation. Once these states have
been prepared, a quantum mechanical measurement is performed
jointly on the source qubit and the ancilla qubit (specifically, a Bell-
state measurement, which projects the two qubits onto a basis of
maximally entangled states). In this process, the two qubits are
projected onto one of four equally likely outcomes. At the same
time, the non-local properties of quantum mechanics cause the
target qubit to be projected onto one of four corresponding states,
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Figure 1 Teleportation from ion 1 to ion 3. A Bell state of ions 2 and 3 is prepared as a
resource. The state to be teleported is encoded in ion 1 by the operation U,,. The Bell-
state analyser consists of a controlled Z-gate followed by /2 rotations and a state

detection of ions 1 and 2. Note that this implementation uses a Bell basis rotated by «/4
with respect to the standard notation. Therefore a /2 rotation on ion 3 is required before
the reconstruction operations Z and X. The latter operations are realized by a « rotation

each related to the original state of the source qubit, even though no
measurement was performed on this qubit. Knowledge of the result
of the source-ancilla measurement allows one to choose a simple
a priori operation to be carried out on the target qubit, resulting in
reconstruction of the original quantum state. Because each of the
four results on the source-ancilla measurement are equally likely,
regardless of the nature of the teleported state, no information
about the state is obtained (thus the no-cloning theorem” is not
violated); further, as classical communication of the measurement
outcome is required to complete the state reconstruction, a state
cannot be teleported faster than the speed of light. Teleportation
does demonstrate a number of fascinating fundamental properties
of quantum theory, in particular the non-local property of
entangled states, which allows the projective measurement of the
source-ancilla pair to create a definite pure state in the target qubit.
Furthermore, teleportation has considerable implications for the
nascent technology of quantum information processing®; besides
being a compelling benchmark algorithm for a three-qubit quantum
computer, teleportation is a possible primitive for large-scale devices’.

Experiments demonstrating qubit teleportation®®, all of which
used photons, were lacking the ability to perform a complete two-
photon Bell-state measurement. Successful teleportation events
were established by selecting the data after completion of the
experiment, searching for the subset of experiments in which the
outcome of the measurement and a preset reconstruction operation

1 T T T T

1> 10> [1>+il0> [1>-10>

0.8+
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o
o

I
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Figure 2 Result of the teleportation. The four test states are teleported with fidelities of
76%, 74%, 73% and 75%, respectively (grey bars). For each input state, 300 single
teleportation experiments were performed. The error of each entry, estimated from
quantum projection noise, is 2.5%. For comparison, white bars show the results if the
reconstruction operations are omitted, yielding an average fidelity of 49.6%. The optimum
‘teleportation” obtainable by purely classical means reaches a fidelity of 66.7% (dashed
ling).
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around the zand x axes, respectively. Grey lines indicate qubits that are protected against
light scattering. lons 1 and 2 are detected by observing their fluorescence on a
photomultiplier tube (PMT). Only on a detection event |0) is the corresponding
reconstruction operation applied to ion 3. Classical information is represented by double
lines. For the fidelity analysis we apply U;1 , and measure the quantum state of ion 3 by
observing its resonance fluorescence using a CCD camera.

were matched: that is, teleportation was performed post-selectively.
One experiment' demonstrated unconditional teleportation of
continuous variables, in this case the quadrature amplitudes of a
light field. Mention should be made of a liquid-state NMR experi-
ment'' in which an ensemble of molecules was used in a highly
mixed state.

Our implementation of quantum teleportation uses entangled
states of massive particles (see also ref. 12). For this, we store three
“0Ca™ ions in a linear Paul trap; for a detailed description of the
experimental set-up, see ref. 13. The ions are arrayed in a linear
crystal with an inter-ion distance of 5pm. A qubit is encoded in a
superposition of the S;,, ground state and the metastable D5, state
(lifetime 7 =~ 1.16'5) of a *°Ca™ ion. Each qubit can be individually
manipulated by a series of laser pulses on the [1)=S,,, (m; = —1/2)
to |0) = Ds),(m; = —1/2) quadrupole transition near 729 nm
employing narrow-band laser radiation tightly focused onto
individual ions in the string. The qubits are initialized in |1) by
optical pumping. The centre-of-mass vibrational mode
(w=2m X 1.2MHz) of the ion string is cooled to the ground
state as required for controlled interaction between the ions"’.

We teleport the quantum state of ion 1 (the source qubit) onto
ion 3 (the target qubit) using the quantum circuit shown in Fig. 1.
The sequence is formally equivalent to the one proposed by Bennett
et al.', but adapted to the ion-based quantum processor. As a first
step we prepare ion 2 (the ancilla) and 3 in the Bell state |/ ),; =
(10),11)5 + [1),10)5)//2, the lifetime of which exceeds 100 ms

—_
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Figure 3 Fidelity of teleportation as a function of the relative phase ¢ of the reconstruction
and analysing pulses (see Table 1). This is demonstrated for the test input state |1).
Varying ¢ is used for optimizing the experimental fidelity thus accounting for a residual
uncompensated phase drift during the entire process (which is the same for all input
states).
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(ref. 14). Then, at any time within this lifetime, the actual tele-
portation step—taking less than 2 ms—can be carried out: Ion 1 is
prepared in an arbitrary input state with local rotations. In our
experiments the teleported state |x) was one of a set of four non-
orthogonal test states |xV)=11), [x®)=]0), [x®)=
(10)y +11))/+/2 and [x*) = (i|0) + |1))/+/2. The Bell-state analysis
is implemented by a controlled phase gate between ion 1 and 2 (ref.
11) followed by a w/2 pulse on each ion. Then the joint quantum
state of ions 1 and 2 is measured by illuminating them with light at
397 nm for 250 p.s. Detection of fluorescence indicates the projec-
tion of the ion’s quantum state into the S, state, (logical [1)),
whereas the absence of fluorescence indicates its projection into the
[0) state with nearly 100% detection efficiency. Fluorescence is
collected with a photomultiplier tube and the result is stored
electronically. The measurement process must preserve the coher-
ence of the target qubit, ion 3. Thus, the state of ion 3 is hidden by
transferring it to a superposition of levels that are not affected by the
detection light. In Ca™, an additional Zeeman level |H)=
Ds 5 (m; = —5/2) can be used for this purpose by moving any Sy,
population into the |H) level. The same technique is used to
sequentially read out ion 1 and ion 2 and discriminate between all
four possible states {|0);10),,10),[1),,11)110),,[1),[1),}. Con-
ditional on the measurement outcome, we apply the appropriate
unitary qubit rotation, —io,, —io, io, or 1 (with Pauli operators
) to reconstruct the state in the target ion 3, obtaining |x**P’). We
emphasize that this conditional, deterministic step, in combination
with the complete Bell-state analysis, is one of the crucial improve-
ments with respect to all former experimental realizations of
quantum teleportation with qubits. Furthermore, after the tele-
portation procedure the state |x) is always available and may be used
for further experiments.

Table 1 Pulse sequence of the teleportation protocol.

Action Comment
1 Light at 397 nm Doppler preparation
2 Light at 729 nm Sideband cooling
3 Light at 397 nm Optical pumping
Entangle
4 R} (m/2,37/2) Entangle ion 3 with motional qubit
5 Rg(-/rAS-/r/2) Prepare ion 2 for entanglement
6 Ry (m,m/2) Entangle ion 2 with ion 3
7 Wait for 1 ps — 10,000 ps Standby for teleportation
8 R(x,0) Hide target ion
9 RY (0. 0y) Prepare source ion 1 in state x
Rotate into Bell basis
10 RY (m,37/2) Get motional qubit from ion 2
iR Ri(r/ V2,7/2) Composite pulse for phasegate
12 Ry (m,0) Composite pulse for phasegate
13 RY(n/<2,7/2) Composite pulse for phasegate
14 Ry (m,0) Composite pulse for phasegate
15 RS(w,7/2) Spin echo on ion 1
16 R (xr, ) Unhide ion 3 for spin echo
17 RS(w,7/2) Spin echo on ion 3
18 R (x,0) Hide ion 3 again
19 R} (w, ©/2) Write motional qubit back to ion 2
20 RS(x/2,37/2) Part of rotation into Bell basis
21 Rg(r/2,7r/2) Finalize rotation into Bell basis
Read out
22 RY(w,0) Hide ion 2
23 PMDetection for 250 ps Read out of ion 1 with photomultiplier
24 R (x,0) Hide ion 1
25 Ry (wr, ) Unhide ion 2
26 PMDetection for 250 ps Read out of ion 2 with photomultiplier
27 RY(x,0) Hide ion 2
28 Wait 300 pus Let system rephase; part of spin echo
29 Rg(m ) Unhide ion 3
30 R3(w/2,31/2+¢) Change basis
Reconstruction
31 RS (m,) o ) " )
a0 RO(m, /2 +) —ia, }: —ia, conditioned on PM detection 1
33 RS(m,d) iox conditioned on PM detection 2
34 R3 (O, o + T+ ) Inverse of preparation of x with offset ¢
35 Light at 397 nm Read out of ion 3 with camera
736
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To obtain directly the fidelity of the teleportation, we perform on
ion 3 the inverse of the unitary operation U, = |x)X1|+
[5%){01, ((x|x) = 0) used to create the input state from state |1).
The teleportation is successful if ion 3 is always found in |1). The
teleportation fidelity, given by the overlap F = (1|Uy; ' pexp Uy 1), is
plotted in Fig. 2 for all four test states. The obtained fidelities range
from 73% to 76%. Teleportation based on a completely classical
resource instead of a quantum-entangled resource yields" a maxi-
mal possible average fidelity of 66.7% (dashed line in Fig. 2). Note,
however, to rule out hidden variable theories, a fidelity in excess of
0.87 is required'®. This level of fidelity could be reached by improv-
ing primarily the magnetic-field stability and the laser-frequency
noise. For comparison, we also show data where the reconstruction
pulses were not applied. Without the classical information com-
municated from the Bell measurement, the receiver’s state is
maximally mixed, that is there is no information available on the
source state. Also, the measurement outcomes of ions 1 and 2 do not
contain any information about the initial state |x). Indeed, we find
each possible result with equal probability of 0.25 * 0.036, inde-
pendent of the test input states. Note that only with both the
receiver’s qubit and the result of the Bell measurement, can the
initial state be retrieved.

After the initial Bell-state preparation, only single qubit oper-
ations are performed on the target ion (see Fig. 1). Thus, although
the scheme presented here takes place in a confining potential
common to all three ions, it would, in principle, be possible to
separate the target ion from the other two ions. This could be
realized in segmented microtrap designs as developed previously’,
which allow separating single ions from a crystal.

To illustrate further the quantum coherence of the teleportation
process, we measure its fidelity as a function of the phase of the
reconstructing and analysing pulses (see Fig. 3). The oscillation of
the teleportation fidelity proves the phase relationship between
source and target qubit and thus the quantum nature of the process.

To emphasize the role of the shared entangled pair as a resource,
we store the Bell state for some time and then use it only later (after
up to 10ms) for teleportation. For waiting times up to 10 ms
(exceeding the time we require for the teleportation by a factor of
5) we observe no decrease in the fidelity. Thus for future quantum-
information processing networks, and with entangled states as a
resource, quantum teleportation can be used for the distribution of
quantum information between different nodes of the network. [J

Methods

Pulse sequence

To implement the teleporation we use pulses on carrier transitions Rf(z?., ¢) and Rf"(z?7 ©)
(no change of the motional state of the ion crystal) and, additionally, on the blue sideband
RF (9, ¢) (change of the motional state) on ion i. The index C denotes carrier transitions
between the two logical eigenstates, and the index H labels the transition from the S,
(my = —1/2) to the D5, (m; = —5/2) level in the Zeeman manifold. For the definitions of
R,C’H‘+(19, @) see refs 13 and 18. In contrast to Fig. 1, in the pulse sequence (Table 1) also the
spin-echo pulses' are included. These pulses make the algorithm more robust against
detunings caused by slow laser and magnetic-field drifts. The timing of these generalized
spin-echo pulses was found by optimizing the robustness of the sequence against
detunings numerically and experimentally. The conditioned pulses 31,32,33 are applied
only ifless than six photon detection events were recorded during the respective detection
time. For this purpose an electronic circuit counts the pulses of the photomultiplier tube
and modifies the pulse sequence accordingly.
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Deterministic quantum teleportation
of atomic qubits
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Quantum teleportation' provides a means to transport quantum
information efficiently from one location to another, without the
physical transfer of the associated quantum-information carrier.
This is achieved by using the non-local correlations of previously
distributed, entangled quantum bits (qubits). Teleportation is
expected to play an integral role in quantum communication®
and quantum computation’. Previous experimental demon-
strations have been implemented with optical systems that
used both discrete and continuous variables*”, and with liquid-
state nuclear magnetic resonance'’. Here we report uncondi-
tional teleportation® of massive particle qubits using atomic
(°Be*) ions confined in a segmented ion trap, which aids
individual qubit addressing. We achieve an average fidelity of
78 per cent, which exceeds the fidelity of any protocol that
does not use entanglement''. This demonstration is also import-
ant because it incorporates most of the techniques necessary
for scalable quantum information processing in an ion-trap
system'>"’,

Quantum teleportation' provides a means for transporting a
quantum state between two separated parties, Alice and Bob,
through the transmission of a relatively small amount of classical
information. For the case of a two-state quantum system or ‘qubit,
only two bits of classical information are needed, which seems
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surprising as precise specification of a general qubit state requires an
infinite amount of classical information. Aside from the obvious
differences in the various experimental demonstrations, the basic
teleportation protocol is the same'. Alice is in possession of a qubit
(here labelled 2) that is in an unknown state |¢), = «|1), + 8] 1 )5,
where || ) and | 1) denote eigenstates of the qubit in the measure-
ment basis. In addition, Alice and Bob each possess one qubit of a
two-qubit entangled pair that we take to be a singlet [S), ; = [1),]1);
=1 1)111)5 (where, for simplicity, we omit normalization factors).
Therefore, Alice possesses qubits 1 and 2, while Bob holds qubit 3.
Alice wishes to transmit the state of qubit 2 to Bob’s qubit using only
classical communication. The initial joint state of all three qubits is

|8) = 1), s@I¥),. (1)

This state can be rewritten using an orthonormal basis of Bell states'
| ¥1); 5(k = 1-4) for the first two qubits and unitary transformations
U, acting on |[Y)s(=all);+Bll);) so that [$)=
I 1)1 5 (Ukld)s). A measurement in the Bell-state basis {| %)}
by Alice then leaves Bob with one of the four possibilities Ug|¢)s.
Once Bob learns of Alice’s measurement outcome (through classical
communication), he can recover the original unknown state by
applying the appropriate unitary operator, U; !, to his state
Ukly);. We note that Alice’s Bell-state measurement can be accom-
plished by transforming from the basis {| %), ,} into the measure-
ment basis {| 11 )15, [ 11 )15, [ 11)12, | 11 )12} before the measurement.

Our implementation uses atomic qubits (°Be’ ions) that are
confined in a linear radiofrequency Paul trap similar to that used in
ref. 15. The control electrodes are segmented into eight sections as
shown schematically in Fig. 1, providing a total of six trapping zones
(centred on electrode segments 2 to 7). Potentials applied to these
electrodes can be varied in time to separate ions and move them to
different locations. The qubits are composed of the ground-state
hyperfinelevels | 1) = [F=1,m= —1)and ||)=|F=2,m= —2),
which are separated by wy=2mwX1.25GHz. These states are
coupled through stimulated Raman transitions'*™'® from two laser

[P Jl2][3] 4] 56 7] 8] FElectodes
123
soe 1. Preparation
ese Spin echo
(1] L 2. Basis transformation
ooe Spin echo
. oo 3. Measurement 1
xy Spin echo
oo . 4. Measurement 2
.o . Spin echo
. . 5. Conditional operations

Figure 1 Schematic representation of the teleportation protocol. The ions are numbered
left to right, as indicated at the top, and retain their order throughout. Positions, relative
to the electrodes, are shown at each step in the protocol. The widths of the electrodes
vary, with the width of the separation electrode (6) being the smallest at 100 wm. The
spacing between ions in the same trap is about 3 wm, and laser-beam spot sizes (in
traps 5 and 6) at the position of the ions are approximately 30 wm. In step 1 we prepare
the outer ions in an entangled (singlet) state and the middle ion in an arbitrary state
(equation (1)). Steps 2—4 constitute a measurement in a Bell-basis for ions 1 and 2 (Alice’s
qubits), teleporting the state of ion 2 onto ion 3 (Bob’s qubit), up to unitary operations
that depend on the measurement outcomes. In step 5 we invoke these conditional
operations, recovering the initial state. Interspersed are spin-echo pulses applied in trap 6
that protect the state from de-phasing due to fluctuating magnetic fields but do not affect
the teleportation protocol.
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Quantum teleportation between light and matter

Jacob F. Sherson'?, Hanna Krauter', Rasmus K. Olsson', Brian Julsgaard', Klemens Hammerer?, Ignacio Cirac?

& Eugene S. Polzik'

Quantum teleportation’ is an important ingredient in distributed
quantum networks?, and can also serve as an elementary operation
in quantum computers’. Teleportation was first demonstrated as a
transfer of a quantum state of light onto another light beam*™;
later developments used optical relays’ and demonstrated entangle-
ment swapping for continuous variables®. The teleportation of a
quantum state between two single material particles (trapped
ions) has now also been achieved®'’. Here we demonstrate tele-
portation between objects of a different nature—light and matter,
which respectively represent ‘flying’ and ‘stationary’ media. A
quantum state encoded in a light pulse is teleported onto a
macroscopic object (an atomic ensemble containing 10" caesium
atoms). Deterministic teleportation is achieved for sets of coherent
states with mean photon number (n) up to a few hundred. The
fidelities are 0.58 = 0.02 for n = 20 and 0.60 = 0.02 for n = 5—
higher than any classical state transfer can possibly achieve''.
Besides being of fundamental interest, teleportation using a
macroscopic atomic ensemble is relevant for the practical
implementation of a quantum repeater’. An important factor for
the implementation of quantum networks is the teleportation
distance between transmitter and receiver; this is 0.5 metres in the
present experiment. As our experiment uses propagating light to
achieve the entanglement of light and atoms required for tele-
portation, the present approach should be scalable to longer
distances.

Quantum teleportation—a disembodied transfer of a quantum
state with the help of distributed entanglement—was proposed in a
seminal paper'. The generic protocol of quantum teleportation
begins with the creation of a pair of entangled objects which are
shared by two parties, Alice and Bob. This step establishes a quantum
link between them. Alice receives an object to be teleported and
performs a joint measurement on this object and her entangled
object (a Bell measurement). The result of this measurement is
communicated via a classical communication channel to Bob, who
uses it to perform local operations on his entangled object, thus
completing the process of teleportation.

In our experiment, a pair of entangled objects is created by sending
a strong ‘in’ pulse of light (shown on the left in Fig. 1) through an
atomic sample at Bob’s location. As a result of the interaction
between the light and the atoms, the transmitted ‘out’ light received
by Alice’s and Bob’s atoms become entangled. On Alice’s site the
entangled pulse is mixed with the pulse to be teleported on a 50/50
beamsplitter (BS in Fig. 1). A Bell measurement in the form of
homodyne measurements of the optical fields in the two output ports
of the BS is carried out and the results are transferred to Bob as
classical photocurrents. Bob performs spin rotations on the atoms to
complete the teleportation protocol. Finally, the state of the atoms is
analysed to confirm that the teleportation has been successful.

The experiment follows a recent proposal for light-to-atoms
teleportation'” using multimode entanglement of light with an

atomic ensemble placed in a magnetic field. We describe teleporta-
tion in the language of dimensionless canonical variables'’; this
provides a common description for light and atoms, and allows for
a complete tomographic characterization of the states.

The atomic object is a spin-polarized gas sample of approximately
N, =102 caesium atoms in a 25 X 25 X 25 mm paraffin-coated
glass cell at around room temperature'*® placed in a homogeneous
magnetic field (B). Atoms are initially prepared in a coherent spin
state by a 4-ms circularly polarized optical pumping pulse propa-
gating along the direction of the magnetic field, into the sublevel
F =4, mp = 4 (Fig. 1) of the ground state with the collective ensemble
angular momentum (J.) =], =4N,, and the transverse projections
with minimal quantum uncertainties, (6];) = (8J2) =3 J.. Changing
to the frame rotating at the Larmor frequency 2 and introducing
the canonical variables for the collective transverse atomic spin
components'?, we obtain X, = j;"t /T, Py =Tt/ /T, which obey

Optical
pumping
pulse

Figure 1| Experimental set-up for teleportation of light onto an atomic
ensemble. Atoms are initially optically pumped into F = 4, my = 4 state
with a 4-ms pulse. A strong y-polarized 2-ms ‘in’ pulse of light is then sent
through the atomic sample at Bob’s location and becomes entangled with the
atoms (the pulse length is around 600 km and is not shown to scale in the
figure). The pulse travels 0.5 m to Alice’s location, where it is mixed on a
beamsplitter (BS) with the object of teleportation—a few-photon coherent
pulse of light—generated by the electro-optical modulator (EOM)
synchronously with the strong pulse. In the two output ports of the BS, two
polarization beamsplitters (PBS) split light onto two pairs of detectors which
perform a polarization homodyne measurement (a Bell measurement). The
results of these measurements are combined, processed electronically, as
described in the text, and sent via a classical communication channel to Bob.
There they are used to complete the teleportation onto atoms by shifting the
atomic collective spin state with a pulse of a radio-frequency (RF) magnetic
field of 0.2-ms duration. After a delay of 0.1 ms, a second strong pulse—the
verifying pulse—is sent to read out the atomic state, in order to prove the
successful teleportation. Inset, relevant atomic sublevels and light modes
(not to scale). The frequency difference between a weak quantum field (black
arrow) and the strong entangling field (thick red arrow) is equal to the
Zeeman splitting of the ground state sublevels.

Niels Bohr Institute, Copenhagen University, Blegdamsvej 17, Copenhagen @, Denmark. 2Max Planck Institute for Quantum Optics, Hans-Kopfermann-Str. 1, Garching, D-85748,
Germany. >Department of Physics and Astronomy, University of Aarhus, Aarhus, 8000, Denmark.
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the canonical commutatior} relatiop [f(A,f)A] =1 provided that
I >> (6]5_’2),(]%2). Here X, and P, are the recipient operators
in the teleportation protocol.

The light to be teleported, and the ‘in” and ‘out’ modes (Fig. 1), are
described by single mode canonical operators®'? ¥, Q, and 7, ™™ and
Ut ou, respectively. These operators obeying | ¥, Q] = [§,§] = i are
quantum analogues of the amplitude and phase of light in classical
physics, or, more precisely, of the classical quadrature phase ampli-
tudes y, g in the decomposition of the electric field of light with the
frequency w as Eocycoswt +gsinwt (see Methods for exact defi-
nitions). Two non-commuting variables in quantum mechanics
cannot be measured without distortion. The challenge of teleporta-
tion thus consists of a faithful transfer of these not simultaneously
measurable operators, Y O, onto atomic operators X, and P,. The
Raman-type interaction (see Fig. 1 inset) couples the quantum w + 2
sideband of the ‘in’ field to the Zeeman sublevels separated by the
frequency 2= 322kHz Therefore we introduce the cos ¢, sin (¢
components of the light operators ch, QC s and Jes, s (see
Methods). Canonical operators for the upper sideband mode ¥,Q
can be expressed12 via measurable sm(.Qt) and cos ({2t) components,
Ve, Q, Yo, Quas V=1 (Y +Q),Q=-3% (Y Q).

We first describe generatlon of entanglement between light and
atoms. The ‘in’ strong pulse is y-polarized, hence its x-polarized
mode 7™, 4™ is in a vacuum state. After interaction with atoms'?, the

x-polarized ‘out’ mode operators 7°",3°" are given by:

2 &2
{Yc +qu +4\/— }
K ain

~out ain i ~in i

Vs {y s 4 — 4 4 \/§ Ve } \/E A
The terms in curly brackets in the equations for y represent vacuum
contributions coming from different orthogonal modes of the ‘in’
pulse where the canonical operators v represent vacuum temporal
higher order canonical modes'. The terms containing f’f and )A(X‘
describe the imprint of the atomic state on the light via coherent
forward scattering from the atomic ensemble, or, in other words,
polarization rotation due to the Faraday effect'*'”. The atomic spin
operators are transformed by the interaction with light as follows'*:

X.ln

K Ain

i

~out

Ve

Aout Ain

qsc - qsc
)

TS out Ain

—P+

s v
The second terms in equation (2) describe the imprint of the light
state onto atoms via the dynamic Stark effect'*.

The atoms-light entanglement described by equations (1) and (2)
is very close'?, under our experimental conditions, to the Einstein—
Podolsky—Rosen entanglement optimal for quantum teleportation.
The atoms-light coupling constant k = a;,/NppNaFol'/AA oc o

2 ()
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has been discussed in detail previously'>'*'®. (Here ¢ is the dipole

cross-section'®, a, is the vector polarizability'®, I'= 2.6 MHz is the
natural linewidth (HWHM) of the transition, Ny, = 4 X 10" is the
number of the y-polarized photons in the strong pulse, A = 825 MHz
is the blue detuning of light from the atomic resonance, and A =
4.8 cm? is the cross-section of the atomic sample.) As in our previous
experiments with the atoms-light quantum interface, strong coup-
ling with the atomic ensemble is achieved in the region of a high
resonant optical depth «. In the experiment we choose a nearly
optimal value'” of k = 1 by changing oy oc N, with the temperature
of the vapour. Note that another condition for strong coherent
coupling is a very high N, in the y-polarized mode.

At Alice’s location (Fig. 1), the ‘out’ pulse is mixed on BS with the
object of teleportation—a few-photon x-polarized coherent pulse
with frequency w+ 2 generated by an electro-optical modulator
(EOM). A Bell measurement of canonical variables®'>"* is performed
by two sets of polarization homodyne detectors in the two output
ports of BS (Fig. 1). Homodyne detection followed by the normal-
ization to the vacuum (shot) noise of light® is a standard method for
measuring canonical variables of light. In our experiment, the strong
y-polarized pulse, besides driving the entangling interaction, also
plays the role of a local oscillator for the homodyne detection. The
variables in phase with the strong pulse j. f )72‘5“ + YC ) are
measured via a measurement of the Stokes parameter Sz in one
output of BS, whereas the out-of-phase components §. s = (?1‘6"1‘
Qc s) are measured via the Stokes parameter S5 in the other arm (see
Methods). The sin(2¢) and cos (2t) components are measured by
processing photocurrents with lock-in amplifiers. The Bell measure-
ment of operators j.s and . yields four results, y., and qg.
Operationally, these values are properly normalized integrals of
corresponding photocurrents over the pulse duration (see Methods).
As shown in Fig. 1, the photocurrents are combined to yield two
feedback signals proportional to ys — q. and y. + g, which are sent
from Alice to Bob. Auxiliary magnetic field pulses'*'” with frequency
2 and amplitudes proportional to the feedback signals are applied to
the atoms, so that the collective atomic spin variables at Bob’s site are
shifted to become:

stele sout

Xy =X +gx(rs — g0 =X} +fgx(“’“t ") +gx ¥
(3)

~tele

P

— }") pout ;)ut)+gPQ
where g pare the feedback gains. This step completes the teleportation
protocol, as the light operators ¥, Q are now transferred onto atomic
operators X tele Ptele and all other terms in equation (3) can be made
small with a sultable choice of k and g.

To prove that we have performed the quantum teleportation, we
determine the fidelity of the teleportation. Towards this end, we send
a second—verifying—strong pulse of y-polarized light through the

gP(yc""‘Zs):pA \/—gP(

Figure 2 | Raw experimental data for a series of
teleportation runs. a, Calibration of the teleportation
feedback gain. Verifying pulse canonical variable y{*
versus the input pulse canonical variable Q for 10,000
teleportation runs. All dimensionless canonical
variables are normalized so that their variance for a
vacuum state is 1/2. The coherent input state used in
the plot has a mean photon number of 7 = 500, and is
slowly modulated in phase during this measurement.
The straight line fit is used for calibration of the
feedback gain (see comments in the text). b, An
example of data from which the atomic state variances
after the teleportation are determined. Two canonical
variables of the verifying pulse, y'" and y{*', are plotted
for an input state with =5 and a fixed phase. The
dashed lines indicate twice the standard deviation
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intervals 2., /Var(y?®) which are used to determine the
atomic state variances as discussed in the text.
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atomic ensemble after the teleportation is completed. From this
measurement we reconstruct the atomic operators X tele and 13}\616. The
fidelity is the overlap of the input state and the teleported state
averaged over the input state distribution'>'*"”. The classical bench-
mark fidelity which has to be exceeded in order to claim the success of
quantum teleportation is known'' for a gaussian distribution of
coherent states with the width corresponding to the mean photon
number (n) centred at zero. The experimental fidelity for such
distribution can be found as*'®:

2

V(20001 = g0 +14203) (20m(1 — gr)? +1+203)

The gains are defined from the mean values of atomic and light
operators: X'd¢ = gy ¥V, P'* = ¢, Q. 0%, 0% are the variances for the
final gaussian state of the atoms.

The mean values for the input light operators are determined from
the results of the Bell measurement: y, — §. = Y and y. + gs = Q. The
mean values and the variances of the atomic operators are deter-
mined from the verifying pulse measurements. Using equations (1)
and (3) and the input—output beamsplitter relations'?, we can link
the measurement of the verifying pulse on the S,detector to the
atomic mean values: ! = £Pidle = 822, yrer — £ Xtele — £XX¥ {sing
these expressions, we can cahbrate gx P, as shown in Frg 2a where yrer
is plotted as a function of Q, as the value of x = 0.93 is determined
independently from the projection noise measurement (see
Methods). From the linear fit to this distribution we find gp, which
can then be tuned to a desired value electronically. Results plotted in
Fig. 2a along with similar results for the other operator y,(Y) present
the proof of the successful classical transfer of the mean values of the
quantum mechanical operators ¥, Q of light onto atomic operators.

To verify the success of the quantum teleportation, we have to
determine the variances of the two atomic operators which now
contain the teleported input light operators. Figure 2b shows an
example of results 7,97 for 250 teleportation runs for a fixed
input state. Making use of equation (1) and the beamsplitter
relations, we can directly find the atomic state Variances from
Var{jy¢} of such drstrlbutlon as aX( P = [Var{ys(c)} ] The
final values of 6%, 0% for a coherent state w1th a varied phase and a
grven 71 are found as averages over 10,000 pornts (that is, 40 runs like
in Flg 2b). For example, for 77 = 5 we find aX(P) = 1.20(1.12) taken at
gains 0.96 and 0.95 respectively. The results of 0%, ,(gx.p) for a range of
photon numbers 7 = 0(vacuum), 7 = 5, 20, 45, 180, 500 at various

0.14

y

o
(SN
BN

0.08
0.06
0.04
0.02

Probability densit

Figure 3 | Tomographic reconstruction of a teleported state withn=5
(coloured contour) versus the state corresponding to the best classical
state transfer. Canonical variables plotted on horizontal axes are
normalized so that their variance for a vacuum state is 1/2.
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gains are summarized in a figure in the Supplementary Methods.
From this we obtain af(_ p(gx.p), which can be inserted into the fidelity
expression. For a given width of the gaussian distribution of coherent
states we find the values of gx, gp, and the corresponding af(ip(gx p)
which maximize the fidelity. We obtain the following fidelities for
distributions with a width(n) =2, 5, 10, 20, 200: F, = 0.64 = 0.02;
F5:060+002 F10:059+002 F20:058+002 on():
0.56 = 0.03. The expression for the classical benchmark fidelity"'
Fus — L gives PSS =0.60; F9™ =0.545  Fje™ =0.52;
0.51; F5ss = 0. 50 (see Supplementary Methods for details
on the fidelity calculations). The maximal (1) for successful tele-
portation is limited by small fluctuations of the classical gain, which
for large 7 lead to large uncontrolled displacements of the teleported
state with respect to the input state, and hence to the decrease in the
fidelity.

In Fig. 3 we show the tomographically reconstructed teleported state
with the mean photon number 7 = 5. Owing to the gaussian character
of the state, the knowledge of the means and the variances of two
quadrature phase operators is sufficient for the reconstruction.

Note that the atomic object onto which the teleportation is
performed contains hundreds of billions of atoms. However, the
number of excitations in the ensemble, of course, corresponds to the
number of photons in the initial state of light. Those excitations are
coherently distributed over the entire ensemble.

Having demonstrated the teleportation for gaussian states, we now
address the applicability of this teleportation protocol to the teleporta-
tion of a light qubit, which is relevant for, for example, quantum
computing’. In the Supplementary Notes we give the derivation of the
predicted qubit fidelity, Fy, based on the performance of our
teleportation protocol for coherent states. For experimentally rele-
vant values of losses and decoherence, Fq = 0.72—higher than the
best classical fidelity for a qubit of 0.67—can be predicted. In order to
experimentally demonstrate such qubit teleportation, a source genera-
ting such a qubit in a temporal, spectral and spatial mode compatible
with our atomic target is required. First steps towards generation of an
atom-compatible qubit state of light have been recently made using
atomic ensembles'”™', single atoms in a cavity’>*, and a photon
subtracted squeezed state*.

In our experiment, the entanglement generation and the Bell
measurement overlap in time because the duration of the strong
pulse and the pulse to be teleported is 2 ms, which is much longer
than the time it takes light to travel from Alice to Bob. This situation,
also the case in some teleportation experiments®®, is different, for
example, from the teleportation””' in which the entanglement
generation and the Bell measurement are separated in time. This
feature is not inherent to our teleportation scheme—indeed, in
principle, a shorter strong pulse (of higher power) would generate
the same entanglement on a timescale short compared to the
propagation time, especially if the distance from Alice to Bob is
extended to a few kilometres. The teleportation distance can be
increased, and is limited only by propagation losses of light and the
atomic coherence lifetime. The timing of the entanglement genera-
tion and the Bell measurement may be potentially important for
future applications.

Further improvement of the present teleportation protocol can be
achieved by performing more complex photocurrent processing with
the same homodyne set-up. As shown in ref. 12 and in the Sup-
plementary Notes, a fidelity of 0.93 can be achieved if such processing
is combined with the use of an experimentally feasible?® 6 dB
squeezed strong pulse.

Fclass

METHODS

Calibration and measurement techniques. Physically, we perform measure-
ments of the Stokes operators of light by two sets of balanced homodyne
detectors (Fig. 1). The measurements on the first pulse represent the generalized
Bell measurement. The same measurements on the second (verifying) pulse
allow us to determine the teleported atomic state by performing quantum state
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tomography. The relevant cos(2¢) and sin(2t) modulation components of
the Stokes operators are measured by processing the corresponding photo-
currents with lock-in amplifiers. The Stokes operators of interest are S, (which is
the difference between photon fluxes in the modes polarized at +45° to the
vertical axis, and S5 (which is the corresponding quantity for the left- and right-
hand circular polarizations).

Calibration of the measurement of canonical variables for light is based on
measurements of the shot (vacuum) noise level. We measure the Stokes
parameters for the x-polarization mode in a vacuum state. The linear depen-
dence of the variance of the measured photocurrents on the optical power of the
strong pulse proves that the polarization state of light is, in fact, shot (vacuum)
noise limited?®. All other measurements of 5, , 85 are then normalized to this shot
noise level, yielding the canonical variables as:

1 T
.= drcos(2t)S,(7)
7 \/fjoT drcos (26)S 3™ (7) Jo :

and similarly for g.(S3)and the sin(2¢) components. Since our detectors have
nearly unity (better than 0.97) quantum efficiency, the Stokes operators can be
operationally substituted with measured photocurrents.

Next we need to calibrate the atomic coherent (projection) noise level.
Whereas balanced homodyne detection for light has become an established
technique for determination of the vacuum state®, a comparable technique for
atoms is a relatively recent invention. Here we utilize the same procedure as used in
our previous experiments on the atoms-light quantum interface'*'>. We use the
fact that the vacuum (projection) noise level for collective atomic spin states in the
presence of a bias magnetic field can be determined by sending a pulse of light
through two identical atomic ensembles with oppositely oriented macroscopic
spin orientation. We therefore insert a second atomic cell in the beam. As described
in detail in ref. 15, the transmitted light state in this experiment is given by:

}A/gu‘ = }Aficn + % (Pamml + Patomz) = }A/icn + Kptotal
where Py is the spin canonical variable for the entire 2-cell atomic sample.
Intuitively this equation can be understood by noting that terms proportional
to «” in equation (1) cancel out for propagation through two oppositely
oriented ensembles. A similar equation holds for °* with substitution of Kol
for Pyt The results for Var(7°%") as a function of the number of atoms are
shown in the figure in the Supplementary Methods. The fact that the points lie
on a straight line, along with the independent measurement of the degree of
spin polarization above 0.99, proves'*'>'* that we are indeed measuring the
vacuum (projection) noise of the atomic ensemble. k> for different atomic
numbers is then calculated from the graph (Supplementary Methods). Its
values are in good agreement with the theoretical calculation' according to
k = ay/NphNyFoI'/AA. In the experiment, we monitor the number of atoms
by sending a weak off-resonant probe pulse along the direction x and measuring
the Faraday rotation angle proportional to the collective macroscopic spin of
the ensemble ], =4N,. This Faraday angle is monitored throughout the
teleportation experiment, so that the value of x* is known at every stage.
Decoherence and losses. The main sources of imperfections are decoherence of
the atomic state and reflection losses of light. For experimental values of the
atomic decoherence and losses, the model developed in ref. 12 predicts, for
example, F5 = 0.66, which is still higher than the observed value owing to
imperfections unaccounted for in the model but comparable to the obtained
experimental results. Dissipation also affects the experimental state reconstruc-
tion procedure. The main effect of the light losses &€ = 0.09 is that it modifies k
into k+/1 — e. However, this modified « is, in fact, exactly the parameter
measured in the two-cell calibration experiment described above, so no extra
correction is due because of these losses. There is also a small amount of
electronic noise of detectors which can be treated as an extra vacuum contri-
bution to the input state.
Standard deviation of the teleportation fidelity. The standard deviation of the
fidelity for (n) = 20 is calculated as follows:

SD(F) =\/5§N + 82y + 02 + 8% + Bl + 8%, + 82 =

:1072\/1.02 +1.652+0.1240.32 4+ 0.22 +1.22 + 0.8 = 0.02

where §py = 0.01 is the contribution to the SD(F) due to the projection noise
fluctuations including an error due to imperfect optical pumping, sy = 0.017 is
the contribution due to the shot noise level uncertainty, 64 = 0.001 is the
contribution of the electronics noise level fluctuations, 6z =0.003 is the
uncertainty due to fluctuations in the atomic decay constant, dsyg = 0.002 is
the contribution of the fluctuations in the ratio of responses of two pairs of
detectors, 65 = 0.012 is the deviation due to the uncertainty of the quadratic fit
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of the atomic noise as a function of gain, and 6, = 0.008 is the contribution of
the gain fluctuations. For (n) > 20, 85 = 0.016, giving SD(F) = 0.026 =~ 0.03.
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