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Quantum information protocol with quantum resources shows a great advantage in substantially
improving security, fidelity, and capacity of information processing. Various quantum information
protocols with diverse functionalities have been proposed and implemented. However, in general, the
present quantum information system can only carry out a single information protocol or deal with a
single communication task, which limits its practical application in the future. Therefore, it is essential to
develop a multifunctional platform compatible with multiple different quantum information protocols.
In this Letter, by utilizing an all-optical platform consisting of a gain-tunable parametric amplifier, a
beam splitter, and an entanglement source, we experimentally realize the partially disembodied
quantum state transfer protocol, which links the all-optical quantum teleportation protocol and the
optimal 1 → N coherent state cloning protocol. As a result, these three protocols, which have different
physical essences and functionalities, are implemented in a single all-optical machine. In particular, we
demonstrate that the partially disembodied quantum state transfer protocol can enhance the state transfer
fidelity compared with all-optical quantum teleportation under the same strength of entanglement. Our
all-optical quantum state transfer machine paves a way to implement the multifunctional quantum
information system.
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Quantum information protocol aims to exploit the
fundamental principles of quantum physics to develop
high security, high fidelity, and high capacity information
generation, transmission, and processing methods beyond
the classical information system [1–3], which has attracted
great attentions all over the world. With the extensive
and in-depth study on it, numerous quantum information
protocols with different functionalities have been devel-
oped, such as quantum teleportation [4–14], quantum dense
coding [15,16], quantum secret sharing [17], and quantum
cloning [18–21], which cannot be implemented in the
classical information system.
In general, the current quantum information system can

only carry out a single information protocol or deal with a
single communication task. However, the quantum infor-
mation task cannot be immutable. Therefore, it is essential
to develop a multifunctional platform compatible with
multiple different quantum information protocols for the
practical application of quantum information in the future.
In this Letter, we propose an all-optical quantum state
transfer machine (QSTM), which consists of a gain-
tunable parametric amplifier based on four-wave mixing
(FWM) process in a 85Rb atomic ensemble [22–30], a
beam splitter and an Einstein-Podolsky-Rosen (EPR)

entangled source [31]. We show that this device can
implement the all-optical partially disembodied quantum
state transfer (PDQST) protocol [32]. We experimentally
demonstrate that the PDQST protocol can enhance state
transfer fidelity under the same strength of entanglement
compared with all-optical quantum teleportation (AOQT).
More importantly, the all-optical PDQST protocol links two
other different all-optical protocols, i.e., AOQT [12,13]
and all-optical optimal 1→N coherent state cloning (CSC).
The implementation of three different protocols in a single
all-optical platform shows the multifunctionality of our all-
optical machine.
The schematic of our all-optical machine for implement-

ing deterministic quantum state transfer is shown in Fig. 1.
EPR entangled state is generated by a nondegenerate FWM
process (FWM1) pumped with a pump beam (pump1). The
two modes of the EPR entangled state are sent to Alice and
Bob through two optical channels, respectively. Then,
Alice implements a gain-tunable parametric amplification
on the unknown input state âin with one half of the EPR
entangled state b̂1 by a second FWM process (FWM2)
pumped with another pump beam (pump2). For such a
parametric amplifier based on FWM2 with tunable ampli-
fication gain of G, one of the outputs is given by
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âamp ¼
ffiffiffiffi

G
p

âin þ
ffiffiffiffiffiffiffiffiffiffiffiffi

G − 1
p

b̂†1: ð1Þ

Then, Alice sends the amplified state âamp to Bob through
an all-optical channel. In order to characterize the loss
effect in the all-optical channel, we model the channel loss
by a beam splitter which introduces a vacuum state v̂0 [33].
Therefore, the amplified state can be expressed as

âloss ¼
ffiffiffiffiffiffiffiffiffiffiffi

1 − η
p

âamp þ
ffiffiffi

η
p

v̂0;

¼
ffiffiffiffiffiffiffiffiffiffiffi
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�
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ffiffiffiffiffiffiffiffiffiffiffiffi

G − 1
p

b̂†1
�

þ ffiffiffi

η
p

v̂0; ð2Þ

where η denotes the loss rate of the all-optical channel. Then,
Bob implements a state displacement by combining the
amplified state and the other half of the EPR entangled state
b̂2 through a beam splitter (BS) with adjustable trans-
missivity ε, which consists of two polarization beam splitters
(PBS) and one half-wave plate (HWP). Consequently, the
output field reads âout ¼

ffiffiffi

ε
p

âloss −
ffiffiffiffiffiffiffiffiffiffi

1 − ε
p

b̂2. Under the
condition of transmissivity ε ¼ ½1=Gð1 − ηÞ�, the final out-
put state can be expressed as
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ffiffiffiffiffiffiffiffiffiffiffiffi

G − 1

G

r
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Gð1 − ηÞ − 1

ð1 − ηÞðG − 1Þ

s
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!

þ
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η
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r
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(see Sec. C of Supplemental Material for a detailed deriva-
tion [34]). In the end, Victor accomplishes the verification of
quantum state transfer.

Generally, the fidelity F ∈ ½0; 1� of the reconstructed
state compared with the input state can be used to
characterize the performance of a quantum information
protocol. The fidelity can be defined as the overlap between
the input and output states and has the form of

F ¼ 2

σQ
exp

�

−
2

σQ
jβout − βinj2

�

; ð4Þ

where

σQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ σXWÞð1þ σYWÞ
q

: ð5Þ

σQ is the variance of the output state in representation of the
Q function, σXW and σYW are the variances of the Wigner
distribution corresponding to the amplitude and phase
quadratures of the output state. βin and βout are amplitudes
of the input state at Alice and the output state at Bob,
respectively. For our all-optical QSTM, the final output
state is given by Eq. (3) above. In order to better illustrate
the physical essence differences of the three all-optical
protocols, we consider the ideal case without taking into
account the channel loss. In this way, the output state can be
expressed as

âout ¼ âin þ
ffiffiffiffiffiffiffiffiffiffiffiffi

G − 1

G

r

ðb̂†1 − b̂2Þ: ð6Þ

Then, we can get

σXW ¼ σYW ¼ 1þ 2ðG − 1Þ
G

ð
ffiffiffiffi

H
p

−
ffiffiffiffiffiffiffiffiffiffiffiffi

H − 1
p

Þ2; ð7Þ

where H is the parametric gain for the generation of EPR
entanglement. Consequently, its fidelity can be given as

F ¼ 1

1þ G−1
G ð ffiffiffiffi

H
p

−
ffiffiffiffiffiffiffiffiffiffiffiffi

H − 1
p Þ2 : ð8Þ

First, with the fixed entanglement strength, i.e., fixed
parametric gainH, the smaller the amplification gain of the
parametric amplifier G is, the higher the fidelity of the
output state will be. That is to say, one can efficiently
enhance the fidelity of quantum state transfer by decreasing
the amplification gain G of the parametric amplifier. Under
such a condition, our all-optical machine is equivalent to
the PDQST protocol originally proposed in a theoretical
work [32]. Second, with the amplification gain G ≫ 1,
Eq. (8) reduces to

FAOQT ≈
1

1þ ð ffiffiffiffi

H
p

−
ffiffiffiffiffiffiffiffiffiffiffiffi

H − 1
p Þ2 : ð9Þ

Under such a condition, our all-optical QSTM implements
the AOQT protocol [12,13]. Third, when the sender Alice

FIG. 1. The experimental layout for multifunctional all-optical
QSTM. EPR state (b̂1 and b̂2), Einstein-Podolsky-Rosen en-
tangled state; HWP, half-wave plate; PBS, polarization beam
splitter; D, detector; BS, beam splitter with adjustable trans-
missivity; BHD, balanced homodyne detection; FWM, four-wave
mixing process; PZT, piezoelectric transducer; S, subtractor; SA,
spectrum analyzer; OS, oscilloscope; âin, input state; âout, output
state; pump1 and pump2, the pump beams for FWM1 and FWM2.
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and the receiver Bob do not share EPR entanglement
(H ¼ 1), Eq. (8) reduces to

Fclone ¼
G

2G − 1
: ð10Þ

Under such a condition, our all-optical machine realizes the
optimal 1 → N CSC protocol in continuous-variable (CV)
regime [18–21], whereN equals the amplification gainG of
the parametric amplifier. Therefore, it can be clearly seen
that the PDQST protocol can link AOQT protocol and
optimal 1 → N CSC protocol by operating the all optical
QSTM at different conditions, explicitly showing its multi-
functionality. It should be noted that the fidelity of the
PDQST protocol can beat the optimal 1 → N CSC protocol
with any parametric gainH > 1. In other words, the fidelity
of optimal 1 → N CSC protocol is the classical limit of
the PDQST protocol. In particular, when NðGÞ ≫ 1, the
fidelity of optimal 1 → N CSC is 0.5, which corresponds to
the classical limit of AOQT.
In experiment, Alice uses a gain-tunable parametric

amplifier based on a FWM in 85Rb to amplify the input
state and then sends the amplified state to Bob through an
all-optical channel. Bob adjusts the transmissivity of the BS
according to the amplification gain, which ensures that
the first-order moments of the input and output states are
the same (jβout−βinj ¼ 0). Finally, Victor accomplishes the
verification of quantum state transfer by balanced homo-
dyne detection (BHD) (see Sec. A of Supplemental
Material for a detailed explanation [34]). The typical results
of our QSTM for realizing these three all-optical protocols
are shown in Fig. 2. First of all, we show the results for
realizing the PDQST protocol by setting the amplification
gainG ¼ 2. Figure 2(a) [Figure 2(b)] indicates the situation
where Victor locks the phase of BHD at 0 (π=2), corre-
sponding to the measurement of the amplitude quadrature
X̂ ¼ â† þ â [phase quadrature Ŷ ¼ iðâ† − âÞ] of the input
and output states. Here, â and â† are annihilation and
creation operators of the corresponding optical field. The
noise levels of the input state are measured by blocking
all the pump beams, which are shown as green traces in
Figs. 2(a) and 2(b). Then, if pump1 is blocked while pump2
is open, i.e., the EPR entanglement is blocked while
parametric amplifier is in operation, the optimal 1→2 CSC
is implemented. In this case, the measured noise powers
of the output state [blue traces in Figs. 2(a) and 2(b)]
are 3.17� 0.10 dB above the corresponding noise level of
the input state, giving a fidelity F of 0.65� 0.01. Then,
with both pump1 and pump2 open and scanning the relative
phase between b̂1 and b̂2 by a piezoelectric transducer
(PZT), the minima of the red traces in Figs. 2(a) and 2(b) of
the output state noise power measured by Victor are 2.21�
0.18 dB and 2.17� 0.19 dB above the corresponding
green traces. This gives a fidelity F of 0.75� 0.02, beating
the measured fidelity of the corresponding optimal 1 → 2

CSC and showing the successful implementation of the
PDQST protocol.
As a comparison, we measure the noise power under the

same strength of entanglement at the parametric gain
G ¼ 16 ≫ 1, which corresponds to the implementation
of AOQT. Figure 2(d) [Fig. 2(e)] indicates the situation
where Victor locks the phase of BHD at 0 (π=2), corre-
sponding to the measurement of amplitude (phase) quad-
rature. The green traces indicate the noise level of the input
state. The blue traces indicate the noise level of the output
state of the optimal 1 → 16CSC, which are 4.89� 0.11 dB
above the corresponding green traces, giving a fidelity F of
0.49� 0.01. Since the amplification gain16 ≫ 1, its fidelity
can be approximated as the classical limit of AOQT. In fact,
the theoretically predicted fidelity of the optimal 1 → 16
CSC is 0.516, which is already very close to the classical
limit (0.5) of AOQT. Therefore, it is reasonable to treat the
optimal 1 → 16 cloning limit as the classical limit for
evaluating the success of AOQT in experiment. The minima
of the red traces in Figs. 2(d) and 2(e) indicate the noise level
of the output state of AOQT, which are 3.48� 0.20 dB and
3.53� 0.19 dB above the corresponding green traces. This
gives a fidelity F of 0.62� 0.02, beating the fidelity of the
experimentally measured classical limit and showing the
successful implementation of AOQT protocol. From Fig. 2,
it is obvious that the output state noise power [the minima of
the red traces in Fig. 2(a) and Fig. 2(b)] of the PDQST
protocol is notably lower than that of AOQT [the minima of
the red traces in Fig. 2(d) and Fig. 2(e)], clearly showing the
ability of the PDQST protocol for enhancing state transfer
fidelity compared with AOQT. In fact, the fidelity of the
output state is enhanced from 0.62 to 0.75 under the same
strength of entanglement.
Since our platform is all optical, which avoids the optic-

electro and electro-optic conversions in standard CV

FIG. 2. Noise powers of the output state measured by Victor’s
BHD. (a) [(b)], measurement of amplitude (phase) quadrature
with an amplification gain of 2. (d) [(e)], the measurement of
amplitude (phase) quadrature with an amplification gain of 16.
(c) [(f)], fidelities versus the sideband frequency with an
amplification gain of 2 (16). The analysis frequency is set to
1.4 MHz for (a), (b), (d), and (e). The error bars are obtained from
the standard deviations of multiple repeated measurements.
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quantum information protocols [14], it is worth showing
the bandwidth of information that an all-optical platform can
transfer. For this purpose, we also experimentally demon-
strate its broadband property. We increase the analysis
frequency from 1 to 3.8 MHz with intervals of 0.2 MHz
under the same experimental conditions. The experimental
results are shown in Figs. 2(c) and 2(f). The red traces
in Figs. 2(c) and 2(f) show the state transfer fidelities
of the PDQST protocol and AOQT protocol versus analysis
frequency, respectively. The blue traces in Figs. 2(c) and 2(f)
show the fidelities of the optimal 1 → 2 and 1 → 16 CSC
protocols, respectively. It can be seen that the fidelities of the
PDQST protocol and AOQT protocol decrease with the
increasing of the sideband frequency while the fidelities of
the optimal 1 → 2 and 1 → 16CSCprotocols keep constant.
This is due to the fact that the strength of EPR entanglement
from FWM process shared by Alice and Bob decreases
with the increasing of the sideband frequency (see Sec. B
of Supplemental Material for a detailed explanation [34])
and there is no EPR entanglement involved for the optimal
1 → N CSC. Nevertheless, the results in Figs. 2(c) and 2(f)
clearly show that quantum state transfer can be successfully
accomplished in our all-optical QSTM as long as the state
transfer sideband is within the bandwidth of the entangle-
ment. Recently, the THz-bandwidth CV squeezed light has
been demonstrated through an all-optical phase-sensitive
detection [38], with which the broadband all-optical quan-
tum state transfer is promising for practical applications in
the future.
The optical channel of the PDQST protocol is semi-

quantum [32], and therefore, the channel loss will affect the
fidelity of the output state. To show such a loss effect, we
measure state transfer fidelities of the PDQST protocol and
AOQT protocol as functions of channel losses. As shown in
Fig. 3, when the amplification gain is large enough
(G ¼ 16), corresponding to AOQT protocol, the state
transfer fidelity is tolerant to channel loss (trace A). It
means that the all-optical channel of AOQT is closer to a
classical channel. This is very critical for realizing long-
distance quantum state transfer because large channel loss
is inevitable in practical long-distance optical channels.
Such a loss-tolerant advantage can also ensure the inte-
gration and compatibility of the AOQT protocol with the
modern optical communication systems. In contrast, when
the amplification gain is not large enough (G ¼ 2), corre-
sponding to the PDQST protocol, the state transfer fidelity
quickly drops as the channel loss increases (trace B),
indicating that the all-optical channel is not a classical
channel anymore. Although the PDQST protocol sacrifices
the loss-tolerant advantage, it can achieve higher state
transfer fidelity in the low loss region with the same
strength of entanglement compared with AOQT protocol
as indicated by both experiment (red and blue dotted traces)
and theory (red and blue solid traces). For low-loss
situations, where channel loss tolerance is not strictly

required, such as on-chip quantum state transfer [39],
the PDQST protocol serves as a promising way to enhance
state transfer fidelity. In a word, our all-optical QSTM can
be operated as different protocols in different application
scenarios for either enhancing state transfer fidelity or
increasing state transfer distance.
In order to better illustrate the multifunctionality of our

all-optical QSTM, we measure the state transfer fidelities of
three different all-optical protocols according to Eqs. (8)–
(10). We increase amplification gain G from 1.5 to 16 and
for each gain; we measure state transfer fidelities of the
output state with (red dotted trace) and without (blue dotted
trace) entanglement as shown in Fig. 4. Specifically, the
blue dotted trace indicates the output state fidelity of the
optimal 1 → N CSC protocol as a function ofG and the red
dotted trace indicates state transfer fidelity of the PDQST
protocol as a function of G, which is equivalent to AOQT
for amplification gain G ≫ 1. The corresponding theoreti-
cal curves are given by the solid traces of the same colors.

FIG. 3. Fidelities as functions of channel loss. The blue and red
dotted traces represent the experimentally measured state transfer
fidelities versus channel loss when amplification gain is 16 and 2,
respectively. The analysis frequency is set to 1.4 MHz. The error
bars are obtained from the standard deviations of multiple
repeated measurements.

FIG. 4. Fidelities as functions of G for the multifunctional all-
optical QSTM. The red and blue dotted traces represent the
experimentally measured state transfer fidelities of the PDQST
protocol (equivalent to AOQT for amplification gain G ≫ 1),
optimal 1 → N CSC protocol, respectively, as functions of G.
The analysis frequency is set to 1.4 MHz. The error bars are
obtained from the standard deviations of multiple repeated
measurements.
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From Fig. 4, we can find that with the decreasing ofG, state
transfer fidelities increase. For the same amplification gain
G, due to the help of EPR entanglement, the fidelity of the
PDQST protocol is always better than the fidelity of optimal
1 → N CSC. In particular, we achieve a fidelity of 0.80�
0.02 for retrieving a coherent state when the amplification
gain G is set to 1.5 by the PDQST protocol. These results
clearly demonstrate the ability of the PDQST protocol for
enhancing state transfer fidelity. The measured fidelity of
optimal 1 → N CSC (blue dotted trace) is in good agreement
with the theoretically predicted value (blue solid trace). The
slight deviation between them at high amplification gain is
caused by extra noise from the pump scattering and higher-
order irrelevant nonlinear processes [33]. The measured
fidelities of the PDQST and AOQT protocols (red dotted
trace) have a similar trend with the theoretically predicted
value (red solid trace). These results in Fig. 4 also clearly
show the multifunctionality of our all-optical QSTM.
It is worth noting that the relatively large deviations

between theory and our experimental results of AOQT and
the PDQST protocol in Figs. 3 and 4 are mainly due to the
deviation between the inseparabilities of experimentally
generated entanglement and theoretically predicted entan-
glement (see Sec. B of Supplemental Material for a detailed
explanation and the possible ways for increasing the
fidelity [34]).
In conclusion, we have experimentally demonstrated the

all-optical PDQST protocol. In particular, we demonstrate
the ability of the PDQST protocol for enhancing state
transfer fidelity compared with AOQT. Specifically, the
fidelity is enhanced from 0.62 to 0.80 under the same
strength of entanglement. Enhancing the fidelity by intro-
ducing a noiseless linear amplifier at the expense of
deterministic advantage of CV system has been studied
by several groups [40–43]. By contrast, the PDQST
protocol studied here enhances the fidelity by introducing
a semiquantum channel without sacrificing the determin-
istic advantage of CV system. In addition, we have also
shown the broadband characteristic of our all-optical plat-
form, which is essential for realizing a high-capacity
quantum communication network and high-speed quantum
computing in the future [14]. More importantly, it is the all-
optical PDQST protocol which links AOQT and all-optical
optimal 1 → N CSC protocols. These three all-optical
protocols integrated in a single device have different
physical essences and functions, showing the multifunc-
tionality of our all-optical QSTM. Recently, it is a new
trend to realize CV quantum information system by
integrated optical devices, such as a silicon nitride nano-
photonic device [44–47] and periodically poled lithium
niobate waveguide [38,48,49]. In the future, combining
these integrated CV quantum optical devices is a promising
way for implementing a fully integrated all-optical multi-
functional QSTM.
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and W. K. Wootters, Phys. Rev. Lett. 70, 1895 (1993).
[5] D. Bouwmeester, J. Pan, M. Klaus, E. Manfred, W. Harald,

and Z. Anton, Nature (London) 390, 575 (1997).
[6] S. L. Braunstein and H. J. Kimble, Phys. Rev. Lett. 80, 869

(1998).
[7] A. Furusawa, J. L. Sorensen, S. L. Braunstein, C. A.

Fuchs, H. J. Kimble, and E. S. Polzik, Science 282, 706
(1998).

[8] J. F. Sherson, H. Krauter, R. K. Olsson, B. Julsgaard, K.
Hammerer, I. Cirac, and E. S. Polzik, Nature (London) 443,
557 (2006).

[9] M. Riebe, H. Häffner, C. F. Roos, W. Hänsel, J.
Benhelm, G. P. T. Lancaster, T. W. Körber, C. Becher, F.
SchmidtKaler, D. F. V. James, and R. Blatt, Nature (London)
429, 734 (2004).

[10] S. Olmschenk, D. N. Matsukevich, P. Maunz, D. Hayes,
L. M. Duan, and C. Monroe, Science 323, 486 (2009).
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