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Quantum telecloning, a pivotal multiuser quantum communication protocol in the realm of quantum
information science, facilitates the copy of a quantum state acrossM distinct locations through teleportation
technique. In the continuous-variable regime, the implementation of quantum telecloning necessitates the
distribution of multipartite entanglement among the sender and M receiver parties. Following this, the
sender carries out optic-electro conversion and transmits information via classical channel to M spatially
separated receivers simultaneously. To successfully reconstruct the input state, electro-optic conversion
needs to be employed by each receiver. However, due to these conversions, the bandwidth of the optical
mode in this process is largely constrained. In this Letter, we present an all-optical version of the 1 → 2

continuous-variable quantum telecloning scheme, wherein both optic-electro and electro-optic conversions
are replaced by optical components. Our scheme allows the two receivers to achieve input state
reconstruction solely by utilizing beam splitters, significantly simplifying its complexity.We experimentally
demonstrate all-optical 1 → 2 quantum telecloning of coherent state and achieve the fidelities of 58.6%�
1.0% and 58.6%� 1.1% for two clones, exceeding the corresponding classical limits (51.9%� 0.5% and
51.9%� 0.6%). Our results establish a platform for constructing a flexible all-optical multiuser quantum
network and promote the field of all-optical quantum information processing.
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The no-cloning theorem [1,2] in quantum physics holds
that it is impossible to perfectly clone or copy an unknown
quantum state. Nevertheless, the approximation cloning of
quantum state with a nonunit fidelity is feasible, leading to
the investigation of quantumcloningmachines for achieving
optimal “local” quantum state cloning [3–5]. In the con-
tinuous-variable (CV) regime, the quantumcloningmachine
has been studied in both theory [6–9] and experiment
[10–13]. Quantum teleportation [14–22], which transfers
an unknownquantum state fromone location to anotherwith
the help of quantum entanglement, is a nonlocal quantum
information protocol. Different from quantum cloning and
quantum teleportation protocol, quantum telecloning
[23,24], which can achieve optimal quantum state cloning
at multiple nonlocal locations by integrating quantum
teleportation and quantum cloning into a unified quantum
information protocol, is one of the most important multiuser
quantum information protocols. Compared to the conven-
tional two-step scheme of initially performing local optimal
quantum cloning [4,5] and then conducting quantum tele-
portation on individual clones, the requirement of the
quantum telecloning protocol for entanglement resources
is relatively relaxed. For CV coherent state nonlocal
cloning, the two-step scheme requires infinite entanglement
resources for achieving optimal cloning fidelity, while the
quantum telecloning protocol requires only finite entangle-
ment resources. CV coherent state 1 → 2 and 1 → 3
quantum telecloning protocols have been demonstrated

experimentally [25,26]. The implementation of such a
protocol facilitates the development of CV multiuser quan-
tum information and quantum communication and makes it
possible to distribute a quantum statewith high fidelity in the
CV quantum network.
In the CV regime, conventional quantum teleportation

technology [14–17] achieves quantum state transmission
by utilizing a feed-forward technique encompassing optic-
electro and electro-optic conversions. Therefore, the band-
width of the optical mode in this process is largely
constrained [27]. Moreover, for implementing quantum
telecloning by such a feed-forward technique, each receiver
needs to implement displacement operation through ampli-
tude and phase modulators. These constraints hinder the
flexibility and conciseness of implementing the CV quan-
tum telecloning protocol.
Unlike the standard quantum teleportation protocol,

quantum state transfer can be achieved by an all-optical
version [18–20], wherein the optic-electro and electro-optic
conversions are replaced by optical devices. This all-optical
scheme provides a solution for the concise reconstruction
of information and makes the transmission of information
without the bandwidth constraints. Therefore, it is impor-
tant to develop an all-optical version of quantum tele-
cloning based on such an all-optical scheme. In this Letter,
we experimentally demonstrate an all-optical version of
the CV quantum telecloning protocol by integrating the
all-optical quantum teleportation and quantum cloning
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protocols. In such a protocol, a phase-insensitive amplifier
based on a double-Λ configuration four-wave mixing
(FWM) process [28–33] is utilized to replace the joint
quadrature measurement, and each receiver at different
locations can achieve quantum cloning of the initial
quantum state solely through an optical beam splitter
(BS) [9]. We experimentally realize all-optical coherent
state 1 → 2 CV quantum telecloning with fidelities of
58.6%� 1.0% and 58.6%� 1.1% for two clones, which
surpass the classical limit.
The scheme for all-optical 1 → 2 CV quantum tele-

cloning protocol is shown in Fig. 1(a). To achieve all-
optical 1 → 2 quantum telecloning, it is necessary to
generate tripartite entanglement comprised of both bipartite
and tripartite structure [25] and distribute tripartite entan-
glement among the sender and two receivers. In our
scheme, we first generate the Einstein-Podolsky-Rosen
(EPR) entanglement state [34–36] from the double-Λ
configuration FWM process in 85Rb vapor cell (FWM1).
The energy level structure of such a FWM process is shown
in Fig. 1(b). In this process, two pump photons convert
to one photon of the probe beam (redshifted from the
pump beam) and one photon of the conjugate beam (blue-
shifted from the pump beam). Therefore, the interaction
Hamiltonian of FWM1 can be expressed as

Ĥ1 ¼ iℏγ1â
†
1b̂

†
1 þ H:c:; ð1Þ

where â†1 and b̂†1 are the creation operators associated with
the EPR1 (probe beam) and EPR2 (conjugate beam) for
FWM1, respectively. H.c. is the Hermitian conjugate. γ1
denotes the interaction strength of FWM1. Based on

Eq. (1), the input-output relation of FWM1 can be
expressed as

â1 ¼
ffiffiffiffiffiffi
G1

p
υ̂1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G1 − 1

p
υ̂†2;

b̂†1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G1 − 1

p
υ̂1 þ

ffiffiffiffiffiffi
G1

p
υ̂†2; ð2Þ

where υ̂1 and υ̂2 are the annihilation operators of the
vacuum states introduced by FWM1. G1 ¼ cosh2ðγ1τÞ is
the intensity gain of the FWM1, and τ is the interaction
time. Then, one beam of the EPR entanglement state â1 is
divided into two by a BS with a transmittance of 1=2, i.e.,
the beams â2 ¼ ðâ1 þ υ̂3Þ=

ffiffiffi
2

p
and â3 ¼ ðâ1 − υ̂3Þ=

ffiffiffi
2

p
. υ̂3

is the vacuum state introduced by BS. The beams b̂1, â2,
and â3 form a tripartite entanglement source [25,37].
Moreover, the beams b̂1 and â2 (b̂1 and â3) are bipartite
entanglement [38], which allows the sender Alice to
simultaneously implement quantum teleportation among
two receivers Bob and Claire. The sender Alice performs an
all-optical operation by amplifying the input state âin and
b̂1 with a parametric amplifier (PA) based on the other
FWM process (FWM2). Therefore, the amplified input state
â4 can be expressed as

â4 ¼
ffiffiffiffiffiffi
G2

p
âin þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2 − 1

p
b̂†1; ð3Þ

where âin is the annihilation operator of the input coherent
state. G2 ¼ cosh2ðγ2τÞ is the intensity gain of the PA. γ2
denotes the interaction strength of FWM2. The beam â4 is
also divided into two beams â5 ¼ ðâ4 þ υ̂4Þ=

ffiffiffi
2

p
and â6 ¼

ðâ4 − υ̂4Þ=
ffiffiffi
2

p
by a BS with a transmittance of 1=2. υ̂4 is the

vacuum state introduced by BS. The beams â5 and â6 are
distributed to Bob and Claire, respectively, through all-
optical classical channels. Then, Bob couples the beams â3
and â5 by BS with a transmittance of ε1 ¼ 2=G2, and Claire
also couples the beams â2 and â6 by BS with the same
transmittance of ε2 ¼ 2=G2. Therefore, the two clone states
reconstructed by Bob and Claire can be described as

âclone1 ¼ âin þ
" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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FIG. 1. Schematic of all-optical 1 → 2CVquantum telecloning.
(a) The scheme of all-optical 1 → 2 quantum telecloning protocol.
EPR, Einstein-Podolsky-Rosen entangled source; PA, parametric
amplifier; FWM, four-wave mixing; BS, beam splitter; â1 and b̂1,
the annihilation operators associated with beams EPR1 and EPR2,
respectively; âin, the annihilation operator associated with input
state; â4, the annihilation operator associated with amplified âin;
âclone1 (âclone2 ), the annihilation operator associated with the clone
state; Alice, sender; Bob and Claire, receivers. (b) Energy level
structure of the double-Λ FWM process in theD1 line of 85Rb. Δ,
one-photon detuning; δ, two-photon detuning.
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When G1 ¼ 2 and G2 ≫ 1, the two clone states can be
reduced as

âclone1 ≈ âin þ
1ffiffiffi
2

p υ̂†2 þ
1ffiffiffi
2

p υ̂3;

âclone2 ≈ âin þ
1ffiffiffi
2

p υ̂†2 −
1ffiffiffi
2

p υ̂3: ð5Þ

The performance of telecloning can be characterized by
the overlap between the input coherent state and the clone,
i.e., the fidelity. The fidelity of all-optical 1 → 2 quantum
telecloning protocol can be expressed as [39]

F ¼ 2=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ Δ2X̂cloneiÞð1þ Δ2ŶcloneiÞ

q
; ð6Þ

where X̂clonei ¼ ðâclonei þ â†cloneiÞ and Ŷclonei ¼ iðâ†clonei −
âcloneiÞ are the amplitude and phase quadratures of the clone
âclonei for i ¼ 1, 2, respectively. Δ2X̂clonei and Δ2Ŷclonei are
defined as the fluctuation variances. If the fidelity Fclonei
exceeds the classical limits Fclassical obtained by blocking
the tripartite entanglement, our all-optical 1 → 2 quantum
telecloning protocol will be successful. Based on Eqs. (5)
and (6), in the ideal case, we can find Δ2X̂clonei ¼
Δ2Ŷclonei ¼ 2 and Fclonei ¼ 2

3
, which is equal to the fidelity

of the local optimal coherent state 1 → 2 quantum cloning
[6,11]. It clearly shows that our all-optical quantum tele-
cloning protocol can realize optimal quantum cloning by
using finite entanglement resources ðG1 ¼ 2Þ.
The experimental details of all-optical 1 → 2 CV quan-

tum telecloning are shown in Fig. 2. The quantum tele-
cloning system starts from a cavity stabilized Ti:sapphire
laser whose frequency is about 1 GHz blue detuned from
the D1 line of 85Rb (5S1=2; F ¼ 2 → 5P1=2Þ). The laser is
divided into three parts by two polarization beam splitters
(PBSs) and two half-wave plates (HWPs). The first part,
injected into a 12-mm-long 85Rb vapor cell with a stable
temperature of about 115.5 °C, is used for the pump of the

FWM1 to generate the EPR entanglement state (â1 and b̂1).
This pump beam, whose waist is about 620 μm at the center
of vapor cell, is vertically polarized and has a power of
about 50 mW. Then, â1 is divided into â2 and â3 by BS1
whose transmittance is 1=2, thus forming tripartite entan-
glement among â2, â3, and b̂1 [25,37]. The second part
passes through an acousto-optic modulator (AOM) to
generate the input state âin. The input state âin, which
has a waist of about 280 μm at the center of vapor cell, is
horizontally polarized with a power of about 1 μW and red
detuned from the pump beam by about 3.04 GHz. The third
part, which is vertically polarized and has a power of about
400 mW, is used for the pump of the PA (FWM2), which is
utilized to amplify the input state âin with the assistance of
the beam b̂1. The beams âin and b̂1 are symmetrically
injected into the other 85Rb vapor cell (about 110 °C) at an
angle of 14 mrad, while the pump beam is symmetrically
crossed with the beams âin and b̂1 in the same plane. The
intensity gain G2 of PA is set at 10 ≫ 1 to make sure that
the amplified input state âin can be regarded as a classical
field. After amplifying, the beam â4 is equally divided into
the beams â5 and â6 by BS2, and then the beams â5 and â6
are distributed to Bob and Claire, respectively, through all-
optical channels. We change the relative phase between the
beams â2 (â3) and â6 (â5) by placing a piezoelectric
transducer (PZT) in the optical path of the beam â2 (â3).
To reconstruct the input state, Bob (Claire) couples the
beams â3 (â2) and â5 (â6) by BS3 (BS4), which is
composed of HWP and PBS enclosed by a black dashed
rectangle. By rotating the HWP, the transmittance of the
BS3 (BS4) can be set to 2=G2, i.e., 1=5. In this way, Bob
(Claire) reconstructs the input state solely by utilizing BS,
which clearly shows that our all-optical quantum tele-
cloning can largely simplify the complexity of conventional
quantum telecloning based on optic-electro and electro-
optic conversions. Then, we measure the variances of
amplitude and phase quadratures for the two clones
âclone1 and âclone2 by balanced homodyne detection
(BHD) with a spectrum analyzer (SA), respectively. The
relative phase between the beam âclone1 (âclone2) and local
oscillator (LO) is changed by a PZT in the optical path of
the beam âclone1 (âclone2).
The typical experimental results of our deterministic all-

optical coherent state 1 → 2 CV quantum telecloning are
shown in Fig. 3. In the experiment, we measure the noise
power of the two clone states simultaneously. The variances
of amplitude and phase quadratures measured at the
1.6 MHz sideband via the BHD of the clone1 (clone2)
are shown in Figs. 3(a) and 3(b) [Figs. 3(c) and 3(d)],
respectively. The black solid traces are the variances of
amplitude quadrature X̂in and phase quadrature Ŷ in of the
input state, as shown in Fig. 3. The blue solid traces shown
in Figs. 3(a) and 3(b) [Figs. 3(c) and 3(d)] are the variances

of amplitude quadrature X̂clone1 (X̂clone2) and phase

FIG. 2. Detailed experimental setup for all-optical 1 → 2 CV
quantum telecloning protocol. HWP, half-wave plate; PBS,
polarization beam splitter; FWM, four-wave mixing; 85Rb, hot
85Rb vapor cell; BS, beam splitter; AOM, acousto-optic modu-
lator; PZT, piezoelectric transducer; BHD, balanced homodyne
detection; LO, local oscillator; OS, oscilloscope; SA, spectrum
analyzer. The resolution bandwidth (RBW) of the SA is 1 MHz.
The video bandwidth (VBW) of the SA is 100 Hz.
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quadrature Ŷclone1 (Ŷclone2) for the clone1 (clone2) measured
by blocking the tripartite entanglement source, which
correspond to the classical limits. It can be seen that the
variances of X̂clone1 and Ŷclone1 (X̂clone2 and Ŷclone2) without
entanglement for the clone1 (clone2) are 4.55� 0.06 and
4.56� 0.05 dB (4.55� 0.04 and 4.57� 0.08 dB), respec-
tively, above the corresponding variances of input state X̂in

and Ŷ in. This gives the fidelity of the classical limit of
telecloning for the clone1 (clone2), i.e., 51.9%� 0.5%
(51.9%� 0.6%). The corresponding theoretical classical
limit is 52.6%. Such a difference is due to the extra noise
introduced by PA based on FWM2. The red solid traces
shown in Figs. 3(a) and 3(b) [Figs. 3(c) and 3(d)] are the
variances of amplitude quadrature X̂clone1 (X̂clone2) and
phase quadrature Ŷclone1 (Ŷclone2) for the clone1 (clone2)
with the assistance of the tripartite entanglement source,
respectively. The relative phase between the beams â2 and
b̂1 (â3 and b̂1) is scanned by a PZT. When the variances of
amplitude and phase quadratures reach the minima of the
red solid traces in Fig. 3, the relative phase between the
beams â2 and b̂1 (â3 and b̂1) corresponds to X̂â2 − X̂b̂1

and

Ŷâ2 þ Ŷb̂1
(X̂â3 − X̂b̂1

and Ŷâ3 þ Ŷb̂1
). Therefore, we can

regard the minima of the red solid traces in Figs. 3(a) and
3(b) [Figs. 3(c) and 3(d)] as the variances of X̂clone1 and
Ŷclone1 (X̂clone2 and Ŷclone2), respectively. It can be seen from
Figs. 3(a) and 3(b) that the variances of X̂clone1 and Ŷclone1

with entanglement are 3.83� 0.11 and 3.82� 0.10 dB,
respectively, above the corresponding variances of input
state X̂in and Ŷ in. Similarly, the variances of X̂clone2 and
Ŷclone2 shown in Figs. 3(c) and 3(d) are 3.82� 0.10 and
3.84� 0.13 dB, respectively, above the corresponding
variances of input state X̂in and Ŷ in. Based on Eq. (6),
we can find that the fidelities of two clones in all-optical
1 → 2 quantum telecloning protocol are 58.6%� 1.0% and
58.6%� 1.1%, respectively, exceeding the corresponding
classical limits (51.9%� 0.5% and 51.9%� 0.6%).
Therefore, we can claim that our all-optical 1 → 2 quantum
telecloning scheme is successfully implemented.
In order to demonstrate the advantage of the all-optical

1 → 2 CV quantum telecloning scheme, which avoids
optic-electro and electro-optic conversions, we verify that
all-optical 1 → 2 quantum telecloning can be realized in the
bandwidth range from 1.2 to 2.2 MHz. The corresponding
experimental results are shown in Fig. 4. The red solid
traces represent the fidelities of all-optical 1 → 2 quantum
telecloning, and the blue solid traces represent the corre-
sponding classical limits. It can be clearly seen from Fig. 4
that the fidelities of all-optical 1 → 2 quantum telecloning
protocol exceed the corresponding classical limits, which
proves that we can implement the all-optical 1 → 2
quantum telecloning scheme successfully within the band-
width range from 1.2 to 2.2 MHz. In our scheme, the
bandwidth is mainly limited by the squeezing bandwidth of
FWM process [40]. In the future, to improve the bandwidth
of all-optical quantum telecloning, other broadband entan-
glement can be utilized. Recently, based on the periodically
poled LiNbO3 waveguide, the THz sideband CV quantum
squeezing has been successfully demonstrated [41–43].
Based on such a scheme, an ultrabroadband all-optical
quantum telecloning is promising to be constructed in the
future.
In conclusion, we have experimentally implemented an

all-optical CV quantum telecloning protocol. Our study
exhibits coherent state 1 → 2 quantum telecloning with
fidelities of 58.6%� 1.0% and 58.6%� 1.1% for the two

FIG. 3. The typical results of all-optical 1 → 2 CV quantum
telecloning. (a)[(b)] The variances of amplitude quadrature
(phase quadrature) of clone1. (c)[(d)] The variances of amplitude
quadrature (phase quadrature) of clone2. The black solid traces
represent the variances of amplitude quadrature (phase quad-
rature) of the input state. The blue solid traces represent the
variances of amplitude quadrature (phase quadrature) of the
corresponding classical limits. The red solid traces are noise
power of the photocurrents output from BHD versus the
scanning phase.

FIG. 4. The experimental fidelities versus the sideband fre-
quency. The fidelities of all-optical 1 → 2 quantum telecloning
[(a) clone1 and (b) clone2] and corresponding experimental
classical limits are shown as the red traces and the blue traces,
respectively. The error bars are obtained from the standard
deviations of multiple repeated measurements.
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clones, surpassing the corresponding classical limit.
Moreover, we show that all-optical 1 → 2 quantum tele-
cloning can be implemented with a bandwidth ranging
from 1.2 to 2.2 MHz. Our work has established a concise
platform for constructing quantum telecloning. More
importantly, our scheme can be easily generalized to all-
optical 1 → M quantum telecloning by exploiting (M þ 1)-
mode entanglement source based on one pair of EPR andM
BSs. Our scheme provides a new path to construct high-
bandwidth quantum communication networks.
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