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uantum teleportation', a way to transfer the state of a

quantum system from one location to another, is central

to quantum communication’ and plays an important role
in a number of quantum computation protocols®”. Previous
experimental demonstrations have been implemented with
single photonic®! or ionic qubits'>"*. However, teleportation
of single qubits is insufficient for a large-scale realization of
quantum communication and computation®~. Here, we present
the experimental realization of quantum teleportation of a two-
qubit composite system. In the experiment, we develop and
exploit a six-photon interferometer to teleport an arbitrary
polarization state of two photons. The observed teleportation
fidelities for different initial states are all well beyond the state
estimation limit of 0.40 for a two-qubit system'. Not only
does our six-photon interferometer provide an important step
towards teleportation of a complex system, it will also enable
future experimental investigations on a number of fundamental
quantum communication and computation protocols®>>%,

Our experimental scheme'” closely follows the original
proposal for teleportation of single qubits'. In the two-qubit
teleportation, the sender, Alice, wants to send an unknown state
of a system composed of qubits 1 and 2,

[xX)o=alH),[H),+BIH)|V),+vIV), [H),+8|V),|V),,

to a distant receiver, Bob (Fig. 1). Here we discuss our protocol
in terms of polarization photonic qubits. |H) and |V) denote
horizontal and vertical linear polarizations respectively, and «, 8, ¥
and § are four arbitrary complex numbers satisfying |o|* 4 | 8]* +
|¥|>+ |8]> = 1. To achieve teleportation, Alice and Bob first have
to share two ancillary entangled photon pairs (photon pairs 3-5
and 4-6), which are prepared in the Bell state |®") = (|H)|H) +
|V)|V))/~/2. The two-qubit teleportation scheme then works
as follows.

Alice first teleports the state of photon 1 to photon 5 following
the standard teleportation protocol. In terms of the four Bell
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states of photons 1 and 3, |®*); = (|H)|H)s &+ |V),|V)3) /2
and | U*),; = (|H)1|V); £ |V)1|H)3) /+/2, the combined state of
photons 1, 2, 3 and 5 can be rewritten as

1 N ~
0e] @)y = (197,105 +[97), 65 05+ U7, 651005

- ‘ W7)13i85y|)()52)’ (1)

where 6,6, and &, are the usual Pauli operators. Equation (1)
implies that by carrying out a joint Bell-state measurement (BSM)
on qubits 1 and 3, Alice projects the state of qubits 5 and 2
onto one of the four corresponding states. After she has told Bob
her BSM result via a classical communication channel, Bob can
convert the state of qubits 5 and 2 into the original state |x)s,
by applying to photon 5 a corresponding local unitary
transformation (I, 6., 6,, 6,), independent of the original state.
Similarly, the combined state of photons 2, 4, 5 and 6 can be
rewritten in terms of the four Bell states of photons 2 and 4 as

1 A A
|X>52|¢+>45 = E({¢+)24|X)56+|¢7)24062|X>56+|y7+>2406"|X)56

_| w_>z4iaﬁy|x>56)‘ (2)

Following the above procedure, Alice can also teleport the state
of photon 2 to photon 6. First, Alice carries out a joint BSM on
photons 2 and 4 and sends the BSM result to Bob. On receiving
the BSM result, by applying to photon 6 a corresponding local
unitary transformation (I, 6., 6,,6,), Bob can convert the state
of qubits 5 and 6 into the original state

|X)ss =a|H)s|H)s+BIH)s|V)s+yIV)sIH)s+8IV)s V)

to accomplish the task of the most general two-qubit teleportation.

The above scheme has a remarkable feature: it teleports the
two photonic qubits, 1 and 2, individually. This way, neither the
two original qubits nor the teleported qubits have to be in the
same place. Such a flexibility is desired in distributed quantum
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Figure 1 Schematic diagram showing the principle of two-qubit quantum teleportation. Alice wants to teleport an unknown state of a system composed of photons 1
and 2 to Bob. To do so, Alice and Bob first share two entangled photon pairs (EPR source), photon pairs 3-5 and 4—6. Alice then carries out a joint Bell-state measurement
(BSM) both on photons 1 and 3 and on photons 2 and 4, respectively. On receiving Alice’s BSM results via classical communication, Bob can then carry out a corresponding
unitary transformation (U) on both photons 5 and 6 to covert them into the original state of photons 1 and 2.

information processing, such as quantum telecomputation® and
quantum secret sharing”’. Moreover, the method of teleporting
each qubit of a composite system individually can be easily
generalized to teleport an N-qubit complex system.

Although significant experimental advances have been achieved
in teleportation of single (photonic and ionic) qubits, the
realization of teleportation of a composite system containing two
or more qubits has remained a real experimental challenge. This
is because, on one hand, the recent photonic experiments’'' had
a too low six-photon coincidence rate. On the other hand, the
experiments with trapped ions'>" are limited by the finite lifetime
of ion qubits due to decoherence and the non-ideal fidelity of
quantum logic operation between ion qubits. As photons are robust
against decoherence and high-precision unitary transformations
for photons can be carried out with linear optical devices, in the
present experiment we still chose to use polarization-entangled
photon pairs via parametric down-conversion” as the main
resource. Various efforts have been made to greatly improve the
brightness and stability of the entangled photon sources.

A schematic diagram of our experimental setup is shown in
Fig. 2. A high-intensity ultraviolet laser (see the Supplementary
Information) successively passes through two p-barium borate
(BBO) crystals to generate three polarization-entangled photon
pairs”. The ultraviolet laser with a central wavelength of 390 nm
has a pulse duration of 180fs, a repetition rate of 76 MHz and
an average power of 1.0 W. All three photon pairs are originally
prepared in the Bell state | $*) = (|[H)|H) 4| V)| V)) /+/2. Besides
the high-intensity ultraviolet laser, significant efforts have been
made to achieve better collection efficiency and stability of the
entangled photon sources (see the Supplementary Information).
Following these efforts, we managed to observe on average 10°
photon pairs per second from each source. This is almost five
times brighter than the source achieved in a recent teleportation
experiment'!. With this high-intensity entangled photon source we
could obtain in total 10 six-photon events per minute. This is two
orders of magnitude higher than any former photonic teleportation
experiments could have achieved.

With the help of wave plates and polarizers, we prepared photon
pair 1-2 in the desired two-qubit state | x),, that is to be teleported.
Photon pairs 3-5 and 4-6, which are in the state | @), are used as
the two ancillary pairs.

To implement two-qubit teleportation, it is necessary to carry
out a joint BSM on photons 1 and 3 and photons 2 and 4,
respectively. To demonstrate the working principle of two-qubit
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teleportation, it is sufficient to identify one of the four Bell states
in both BSMs, although this will result in a reduced efficiency—
the fraction of success—of 1/16. In the experiment, we decide to
analyse the Bell state | ®*). This is achieved by interfering photons
1 and 3 and photons 2 and 4 on a polarizing beam splitter (PBS13
and PBS24)”. To interfere photons 1 and 3 (photons 2 and 4) on
the PBS13 (PBS24), it has to be guaranteed that the two photons
have good spatial and temporal overlap at the PBS such that they
are indistinguishable. To achieve this, the two outputs of the PBSs
are spectrally filtered (A Apwmy = 2.8 nm) and monitored by fibre-
coupled single-photon detectors®. Moreover, perfect temporal
overlap is accomplished by adjusting the path length of photon
3 (photon 2) by a delay prism 1 (prism 2) to observe ‘Hong—
Ou—Mandel’-type interference fringes behind the PBS13 (PBS24)
in the & basis®, where |£) = (|H) & |V))/+/2. With the help
of polarizers oriented at 45°, the required projection of photons
1 and 3 (2 and 4) onto |®') can then be achieved by detecting
behind PBS13 (PBS24) a |+)|+) or |—)|—) coincidence between
detectors D1 and D3 (D2 and D4)?. Note that, in the experiment,
only the |[4+)|+) coincidence is registered, which further reduces the
teleportation efficiency to 1/64. However, by inserting one PBS and
two detectors behind each output of PBS13 and PBS24, respectively,
both |®*) (by detecting a |+)|+) or |—)|—) coincidence) and
|®~) (by detecting either a |+)|—) or a |—)|+) coincidence)
can be identified and thus the efficiency can be increased up to
1/4 (ref. 25).

As shown in equations (1) and (2), the projection
measurements onto |®T);; and |P),, leave photons 5 and
6 in the state |x)ss, that is, the original state of photons
1 and 2. To demonstrate that our two-qubit teleportation
protocol works for a general unknown polarization state of
photons 1 and 2, we decide to teleport three different initial
states: | x)a = |[H)|V), [x)s = (IH)+|V))(IH) —i|V)) /v/2 and
Ix)e = (H)|V) — |[V)H)) /2. |x)a is simply one of the four
computational basis vectors in the two-qubit Bloch sphere; | x)p is
composed of a linear polarization state and a circular polarization
state, which is also a superposition of all four computational basis
vectors; and | ) is a maximally entangled state.

We quantify the quality of our teleportation experiment by
looking at the fidelity as defined by

F=Tr(plx) (x]). (3)

where |x) is the original state and p is the density matrix of the
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Figure 2 A schematic diagram of the experimental setup. The ultraviolet pulse passes through a BBO crystal to generate a polarization-entangled photon pair in modes 3
and 5 (that is, the first ancillary entangled photon pair). After the first BBO, a 10-cm-focus lens is introduced to refocus the ultraviolet pulse onto the second BBO to produce
another entangled photon pair in modes 1 and 2 (to prepare the two qubits to be teleported). Reflected by a concave mirror, the ultraviolet pulse pumps once more into the
second BBO and generates the third entangled photon pair in modes 4 and 6 (that is, the second ancillary photon pair). Prisms 1 and 2, both mounted on step motors, are
used to compensate the time delay for the interference on polarizing beam splitters PBS13 and PBS24, respectively. PBS5 and PBS6 are used to verify the teleported state
with the help of wave plates in front of them. The photons are all detected by silicon avalanched single-photon detectors. Coincidences are recorded with a coincidence unit
clocked by the infrared laser pulses. Pol. are linear polarizers and Filter labels the narrow band filter with A Ary = 2.8 nm.

teleported state. To measure the fidelity of two-qubit teleportation,
two PBSs (PBS5 and PBS6) and corresponding half-wave and
quarter-wave plates (HWP and QWP, respectively), as shown in
Fig. 2, are combined properly to analyse the teleported state of
photons 5 and 6.

The fidelity measurements for the | x), and |x); teleportation
are straightforward. Conditional on detecting a |+)|+) coincidence
between D1 and D3, D2 and D4, respectively, we analyse the
teleported state of photons 5 and 6 in the H/V basis for the
| x)a teleportation; whereas we analyse photon 5 in the =+ basis
and photon 6 in the L/R basis for the |x)g teleportation, where
IL) = (IH) +i|V))/~/2 and |R) = (|H) —i|V))/+/2 correspond
to the left and right circular polarization states. As the above
state analysis only involves orthogonal measurements on individual
qubits, the fidelity of the teleported state is directly given by the
fraction of observing a | x), or |x)p state at detectors D5 and Dé.
The measurement results are shown in Fig. 3. The experimental
integration time for each fidelity measurement was about 60 h and
we recorded about 100 desired two-qubit teleportation events. The
integration time is slightly longer than would be expected from the
original source rate, due to the additional losses at the interference
PBSs. On the basis of our original data, we conclude that the fidelity
for | x) or | x)p is 0.86+0.03 or 0.7530.02, respectively.

The measurement on the fidelity of the | x)c teleportation is
a bit more complex, because a complete Bell-state analysis on

photons 5 and 6 usually requires nonlinear interaction between
them. Fortunately, the fidelity can still be determined by local
measurements on individual qubits. To see this, we write the density
matrix of | x)¢ in terms of the Pauli matrices:

This implies that we can obtain the fidelity of | x)¢ teleportation
by consecutively carrying out three local measurements 6,6, 6,0,
and 6,6, on the two teleported qubits. The measurement results for
the three operators are shown in Fig. 4, each of which took about
60 h. Using equation (4), we determine an experimental fidelity of
0.65+0.03.

As can be seen from the above experimental results, all the
teleportation fidelities are well beyond the state estimation limit
of 0.40 for a two-qubit composite system', hence successfully
demonstrating quantum teleportation of a two-qubit composite
system. The imperfection of the fidelities is mainly due to the noise
caused by emission of two pairs of down-converted photons by a
single source®. In our experiment, this noise contributes around 10
spurious six-fold coincidences in 60 h and was not subtracted in the
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Figure 3 Experimental results for the teleportation of the | x ), state and the | x); state. Each measurement takes 60 h. a, The | x), state. We measured photon 5 and 6
in|H)/|V) basis. b, The | x), state. We measured photon 5 in |+) /|—) basis and photon 6 in |R) /|L) basis. The fraction of |H)| V) (|+)|R) to the sum of all counts
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Figure 4 Experimental results for | x ) teleportation. Three complementary bases were used: a, |H)/|V), b, |+)/|—) and ¢, |R)/|L) corresponding to the three
different local measurements 6,6, 6,6, and ,6,. Each measurement takes 60 h. In a, whenever there isa |H)|H) or | V)| V) coincidence, the result of the 5, 6 is +1,
whereas |H)| V) or | V)|H) represents —1. In b, |[+)|+) or |—)|—) represents +-1, whereas |+)|—) or |—)|+) represents —1.In¢, |[R)|R) or |[L)|L) displaces +1,

whereas |R)|L) or |[L)|R) displaces —1.

fidelity estimation. Besides that, the limited interference visibility
and imperfect entangled state also reduce our teleported fidelities.
We notice that the fidelities of | x) and | x) ¢ teleportation are worse
than those of | x)4. This is because the fidelities of | x)s and |x)c
teleportation depend on the interference visibility on PBS13 and
PBS24. Moreover, as the quality of the initial entangled state (] x)c)
is not as good as for the disentangled states (| x), and |x)s), the
fidelity of | x)¢ teleportation is worse than that of the other two.

In summary, we have developed and exploited a six-photon
interferometer to report the first experimental teleportation of
a two-qubit composite system. Not only does our experiment
present an important step towards teleportation of a complex
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system, the techniques developed also enable future experimental
investigations on novel quantum communication and computation
protocols. For example, using a slightly modified experimental
setup, photons 3, 4, 5 and 6 can first be prepared in a four-photon
cluster state®, which can be further exploited to demonstrate
teleportation-based controlled-NOT operation between photons 1
and 2; this is the kernel of fault-tolerant quantum computation’.
In addition, whereas a modified six-photon interferometer can
be used to prepare a six star-ring cluster state”’ and further
implement universal quantum error-correction code'® by carrying
out a projection measurement on the input qubit, our six-photon
interferometer can also be modified to produce various four-, five-
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and six-photon clusters?, which are essential resources for one-way
quantum computation
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