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Quantum teleportation enables the deterministic exchange of qubits via lossy channels. While it is
commonly believed that unconditional teleportation requires a preshared entangled qubit pair, here we
demonstrate a protocol that is in principle unconditional and requires only a single photon as an ex-ante
prepared resource. The photon successively interacts, first, with the receiver and then with the sender qubit
memory. Its detection, followed by classical communication, heralds a successful teleportation. We teleport
six mutually unbiased qubit states with average fidelity F = (88.3 £ 1.3)% at a rate of 6 Hz over 60 m.
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The direct transfer of a qubit over a long distance
constitutes a fundamental problem due to unavoidable
transportation losses in combination with the no-cloning
theorem [1]. A solution was provided by Bennett et al. who
brought forward the idea of quantum teleportation in a
seminal paper in 1993 [2]. Here, a sender “Alice” owns a
precious and unknown input qubit that she wants to
communicate to a receiver “Bob.” The two are connected
via a lossy quantum channel and a deterministic classical
channel. In a first step, Alice and Bob use the probabilistic
quantum channel to share an entangled pair of particles with
a repeat-until-success strategy. Once a classical signal
heralds the availability of this entanglement resource,
Alice performs a joint Bell-state measurement (BSM) on
the input qubit and her half of the entangled pair and
communicates the outcome classically to Bob. By applying a
unitary rotation conditioned on this result to his half of the
resource pair, he can eventually recover the state of the input
qubit. Soon after the theoretical proposal of this protocol,
first proof of principle experiments were performed with
photons [3-5] and later extended to other platforms such as
atoms [6], ions [7-9], nitrogen vacancy centers [10], atomic
ensembles [11,12], and hybrid systems [13,14].

The complete teleportation protocol poses however some
demanding experimental challenges [15]. First, Alice must
keep the input qubit alive while the entanglement is
generated over the quantum channel. This requires the qubit
to be stored in a long-lived quantum memory. Second, the
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entanglement distribution over the lossy channel must be
heralded. This allows Alice to perform the BSM only when
the link is ready, avoiding the waste of her precious qubit.
For the same reason, a deterministic BSM that can faithfully
distinguish all four Bell states must be implemented. In
earlier attempts of teleportation between distant material
qubits [6,9,11] the BSM was intrinsically probabilistic and
the entanglement distribution was not heralded. Practically
unconditional teleportation where Alice’s input qubit always
reappears on Bob’s side was later reported in Ref. [10]. In
this experiment, an additional ancillary matter qubit was
employed to independently herald the availability of the
entanglement resource before a deterministic BSM was
performed, very much in the spirit of Ref. [2].

Here we offer an alternative solution and demonstrate a
novel teleportation protocol that allows for, in principle,
unconditional teleportation without the necessity of the
commonly employed pre-shared entanglement resource.
Instead, the only resource needed prior to the start of the
teleportation procedure is a single photon traveling from Bob
to Alice. If the photon is lost on the way, Alice’s qubit is not
affected and the protocol can simply be repeated until a
successful photon transmission is heralded with downstream
photodetectors. Instead of presharing the entanglement
resource, the entanglement is generated on the fly between
Bob’s qubit and the photon when the latter interacts with his
node. Notably, this entanglement generation process is in
principle deterministic. Furthermore, our scheme imple-
ments a BSM with no fundamental efficiency limitation.
The successful detection of the photon at Alice’s node
excludes events of photon loss and acts as a herald both for
the entanglement generation on Bob’s side and for the BSM
on Alice’s side. Our teleportation protocol practically
achieves high teleportation rates and fidelities, and is ideally
suited for future quantum networks.
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FIG. 1. Teleportation of a qubit from Alice to Bob. (a) Setup:
Two cavity QED setups are connected with a 60 m long optical
fiber. The respective atomic qubits are controlled using a pair of
Raman lasers (gray arrows) and read out using a different laser
beam (blue arrows). A photon (red wiggly arrow) impinges onto
Bob’s setup, is reflected, and then propagates to Alice’s setup. A
fiber circulator (circular arrow) directs the photon onto Alice’s
cavity and, after its reflection, to a polarization-resolving detec-
tion setup. Feedback (double arrow) acts on Bob’s atomic qubit.
(b) Quantum circuit diagram. Single-qubit rotations are labeled
with an R. The superscript describes the respective pulse area
while the subscript describes the rotation axis x (|1,) 4+ |{.)) ory
(|1.) +i|{.)). After state preparation of the atoms, the photon
performs two controlled-NOT gates. To make the protocol
unconditional, the /2 rotation and measurement of Alice’s
qubit (dashed box) could be applied only in case of a successful
photon detection event independent of the polarization. At the
end of the protocol, a state detection of Alice’s atom and the
photon is performed (blue squares). These measurement out-
comes determine the two classical feedback signals.

Figure 1(a) shows a sketch of our experimental setup. We
employ two 8’Rb atoms trapped in two high-finesse optical
cavities that are physically separated by 21 m. The two
atom-cavity systems are connected with a 60 m long single
mode optical fiber. Each of the two atoms carries one
qubit of information encoded in the states |55, 2 F=2,
mrp — 2> = |TZ> and |5251/2,F = l,mp = 1> = |\LZ> Both
cavities are actively tuned to the atomic resonance
11.) < le) = |5%P3 )5, F/ = 3, mp = 3). On this particular
transition, the atom-cavity systems operate in the strong-
coupling regime.

To teleport a qubit state from Alice to Bob, a single
photon is successively reflected from the two quantum
nodes, starting on Bob’s side. After the second reflection, a
circulator is used to direct the light to a polarization
resolving setup of superconducting nanowire photon detec-
tors. Given the photon click, an atomic state detection is
performed on Alice’s qubit employing a laser beam
resonant with the |1.) <> |e) transition. The respective
state-detection light is directed into the same detectors as
the reflected photon. Depending on the outcome of both the

atomic and the photonic measurements, feedback pulses are
applied to Bob’s qubit. To benchmark this teleportation
protocol, we perform a full state tomography of Bob’s qubit
by measuring the atomic state in three mutually orthogonal
bases. The respective scattered state-detection light is
directed to an additional tomography setup of single-
photon detectors [not shown in Fig. 1(a)].

We remark that the fundamental building block of our
protocol is an atom-photon controlled-NOT gate that is
executed by reflecting a photon from the atom-cavity
system [16,17]. It is based on a polarization flip of the
photon from antidiagonal (diagonal) polarization to the
orthogonal diagonal polarization whenever the atom is in
the state |1,). In the case of a noncoupling atom in || ), the
polarization of the photon does not change. The full
teleportation protocol then consists of a photon performing
a controlled NOT gate at each node in succession, followed
by different conditional feedback pulses.

The quantum circuit diagram of our full scheme is shown
in Fig. 1(b). We start by optically pumping both atoms to
the initial state |1.). Then, Alice’s atom is initialized to a
general state of the form a|1,) + || .). To this end, we
employ a two-photon Raman process that allows us to
initialize any desired qubit state by an appropriate choice of
amplitude, phase, and timing. Bob’s atom is prepared in the
equal-superposition state (|1.) +[}.))/v2. We use a
very weak coherent pulse [average photon number
(n) =0.07(1)] in combination with single-photon detec-
tors as an approximation of a heralded single-photon
source. The light is initially prepared in the antidiagonal
polarization |A). This pulse is first reflected from Bob’s
cavity, creating a maximally entangled state between the
photon and his atom. By generating the entanglement on
the fly during the reflection, far-away Alice is not yet
involved in the teleportation protocol. Subsequently, we
reflect the light from Alice’s cavity. The resulting atom-
atom-photon state can be expressed as (see Supplemental
Material [18])

(@l 1) + AL DIA) + (B + all A DID).
m

Notably, the light polarization has changed from |A) to |D)
whenever an odd number of coupling atoms is present in
the two nodes, resulting in a three-particle entangled state.
The presence of a photon in the weak coherent pulse is then
heralded with single-photon detectors that also register the
polarization of the light and thus project the combined state
in Eq. (1). Now a /2 pulse is applied on Alice’s atom and
then its state is measured. The outcome of the atomic state
detection is analyzed and a phase gate is executed on Bob’s
qubit whenever the result of the state detection is |1,). A
further feedback is applied depending on the light’s
measured polarization state. For a detection in |D), a =
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pulse around the x axis is executed. It inverts the role of |1,)
and |],) without introducing a relative phase between
them. This second feedback completes the teleportation
protocol and the state of Bob’s atom is a|1.) + f|{.).
Excluding optical pumping (200 us), the entire protocol
takes 25.5 ps. This is currently limited by the duration of
the Raman pulses (4 us for a z/2 pulse). Afterwards we
apply a cooling sequence to the atom. We set the repetition
rate of the experiment to 1 kHz. The probability for a
successful transmission of a single photon through the
entire setup and an eventual detection amounts to 8.4%
[18]. Therefore, employing a single-photon source would
yield a teleportation rate of 84 Hz. However, due to the
additional use of weak coherent pulses ({(n) = 0.07), it is
reduced to 6 Hz in our implementation.

To characterize the performance of our teleportation
protocol, we prepare Alice’s qubit in six mutually unbiased
states and teleport these states to Bob. The six states are |1, ),
[ 1) = 1/V2(110) + o). o= 1/v2(112) = ).
1)) :=1/V2(112) +ill.)). and [1,)=1/v2(|1.) = ilL.)).
After the teleportation, a quantum state tomography of Bob’s
atom is performed to extract its complete density matrix.
The results for the six prepared input states are shown in
Fig. 2(a). All teleported states have a high overlap with
the ideally expected result. On average, we achieve a
teleportation fidelity of (88.3 £ 1.3)% which is significantly
higher than the classically achievable threshold of

To understand the limitations in the achieved fidelities,
we simulate our experiment with the quantum optics
toolbox QuTiP [23]. The simulated fidelities are depicted
as the gray bars in Fig. 2(b) and show an excellent
agreement with the experiment. From this we conclude
that the fidelity of the teleported states is mainly influenced
by three sources of error, namely, qubit decoherence (only
when the atoms are in superposition states), two-photon
contributions in the coherent laser pulses, and imperfect
atomic state preparation. These three effects reduce the
fidelity by 6.0%, 3.9%, and 1.4%, respectively. Additional
imperfections like mechanical vibrations of the cavity
mirrors, imperfect fiber birefringence compensation, and
polarization dependent losses are minor errors that sum up
to the rest of the accumulated infidelity. For a description of
the simulation model, see the Supplemental Material [18].

By protocol, our teleportation scheme is designed for
employing a single photon to be reflected from the two
nodes. Nevertheless, the teleportation can also be executed
with weak coherent pulses which, in practice, are much
easier to produce than single photons. Although the use of a
coherent pulse is not ideal as residual higher photon
number contributions in the coherent pulse deteriorate
the atom-photon entanglement [17] and thus the tele-
portation fidelity, the teleportation rate can be increased
simply by increasing (n). Conversely, in the limit of
vanishing (n), the teleportation fidelity approaches the

2/3 [22]. scenario where a single-photon source is employed. To
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FIG. 2. Teleportation results. (a) Density matrices of the single-qubit states that were teleported from Alice to Bob. (b) Teleportation
fidelities of the six teleported states. The orange bars show the experimentally (exp) measured fidelities. The error bars are standard
deviations of the mean. In gray, we show the simulated (sim) fidelities. The dashed line represents the classically achievable threshold of

2/3 which can be reached with a measure-prepare strategy [22].
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FIG. 3. Scan of mean photon number. Teleportation fidelity as a

function of the mean photon number in the employed coherent
pulse. The blue line is based on a theoretical model (see
Supplemental Material [18]). The dashed line shows the classical
teleportation threshold of 2/3. The error bars represent standard
deviations from the mean.

characterize this, we performed an additional measurement
where the dependence of the teleportation fidelity on (n)
was investigated. For this measurement, Alice’s atom is
prepared in the state |1,), which is most sensitive to
experimental imperfections. Afterwards, the teleportation
protocol is executed. Figure 3 shows the obtained data and
an expected curve based on the simulation outlined in the
Supplemental Material [18]. As expected, the teleportation
fidelity yields its highest values for a vanishing mean
photon number () and decreases due to the higher photon-
number contributions when it is increased. For the smallest
employed value of (n) = 0.02, the fidelity reaches 89%.
Our measurements show that the classical threshold of 2/3
is beaten up to (n) ~ 1.0. At this photon number we achieve
a teleportation rate of 84 Hz, more than 1 order of
magnitude higher than in the case of our default employed
photon number of (n) = 0.07 (see Supplemental Material
[18] for more information about the teleportation rate).
To mimic a variable distance between the two network
nodes, we introduce a variable temporal delay 7 at different
times in our teleportation protocol. The modified version of
the protocol is shown in Fig. 4(a). First, we introduce a
delay 7z between the two state-preparation pulses to
simulate a communication time after Alice’s qubit is
prepared. Afterwards, an additional z mimics a longer
propagation time of the photon in the fiber. Eventually a
third delay takes into account the propagation time of the
two feedback signals. In Fig. 4(b), the teleportation fidelity
of Alice’s state |1,) is plotted against the respective delay .
The qubits in the two nodes are both in superposition states.
Thus, the increase of 7 increases the effect of atomic
decoherence and thereby reduces the achieved teleportation
fidelities. Our measurements show that the classical thresh-
old fidelity is beaten up to a delay of 7 ~ 40 us. This delay
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FIG. 4. Scan of the delay. (a) Quantum circuit diagram with the
added three delay intervals 7. (b) Teleportation fidelity versus the
variable delay. The dashed line represents the classical threshold
of 2/3. The blue line is based on our theoretical model (see
Supplemental Material [18]). The upper horizontal axis repre-
sents the length equivalent corresponding to z x ¢/1.5, where c is
the speed of light and 1.5 the refractive index of the fiber. In this
experiment, the mean photon number was chosen a factor of 2
higher compared to the data shown in Fig. 2.

corresponds to a fiber length of 8 km, a range comparable
to an urban quantum network. It should be noted, however,
that our measurements neither simulate the additional fiber
fluctuations in an urban environment nor the additional
losses in a fiber that is physically longer.

To conclude, we have devised and implemented a novel
and, in principle, unconditional scheme to perform quan-
tum teleportation in a network. An advantage of our
protocol is that the underlying photon-reflection mecha-
nism is robust with respect to the temporal shape of the
employed photon as was demonstrated in Ref. [24]. This
makes our scheme easy to implement in comparison to the
conventionally employed overlapping of two identical
photons on a beam splitter [6,9,11,25]. In combination
with the scheme demonstrated in Ref. [26], and in contrast
to Ref. [10], our protocol would allow for teleportation
between any combination of unknown matter and light
qubits. It would even be possible to convert [27] the
wavelength of the ancilla photon during its passage from
Bob to Alice in case the two communication partners
employ different kinds of qubits. Furthermore, in an
improved setup with cavities having a reflectivity close
to unity and negligible photon loss between Alice’s cavity
and the downstream detectors [28], our implementation of
teleportation would be unconditional. In the current reali-
zation, this is not yet the case since the loss of a photon
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could happen after the interaction with Alice’s qubit and
therefore damage it. Lastly, our protocol is platform
independent and could be implemented with different
carriers of quantum information coupled to resonators such
as vacancy centers in diamond [28], rare-earth ions [29],
superconducting qubits [30,31], or quantum dots [32-34].
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