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Quantum erasure-correcting code, which corrects the erasure in the transmission of quantum
information, is an important protocol in quantum information. In the continuous variable regime, the
feed-forward technique is needed for realizing quantum erasure-correcting code. This feed-forward
technique involves optic-electro and electro-optic conversions, limiting the bandwidth of quantum erasure-
correcting code. Moreover, in the previous continuous variable quantum erasure-correcting code, only two
modes are protected against erasure, limiting the applications of quantum erasure-correcting code in high-
capacity quantum information processing. In this Letter, by utilizing the orbital angular momentum (OAM)
multiplexed entanglement in the encoding part and replacing the feed-forward technique with OAM mode-
matched phase-sensitive amplifier in the decoding part, we experimentally demonstrate a scheme of OAM
multiplexed deterministic all-optical quantum erasure-correcting code. We experimentally demonstrate that
four orthogonal modes can be simultaneously protected against one arbitrary erasure. Our results provide
an all-optical platform to implement quantum erasure-correcting code and may have potential applications
in implementing all-optical fault-tolerant quantum information processing.
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Quantum information protocols [1,2], which transfer and
manipulate information by utilizing quantum resources,
have the ability to significantly improve the fidelity, capa-
city, and security of information processing. Therefore,
quantum information protocols have been widely studied
and constructed both in the discrete variable and continuous
variable (CV) regimes, including quantum key distribution
[3,4], quantum teleportation [5-8], quantum cloning
[9-13], and so on. In quantum information protocols,
errors will inevitably be introduced in the process of
manipulating quantum information because quantum infor-
mation is fragile [14]. In this sense, quantum error
correction [15-20], which can efficiently correct errors
in quantum information protocols, is indispensable.

In quantum information protocols, one type of error is
erasure. This error is induced by the erasure of quantum
information in the transmission channel. To correct this
erasure, quantum erasure-correcting code (QECC) was first
considered and studied in the discrete variable regime
[21-23] and then transplanted to the CV regime [24-27].
In the CV regime, QECC is studied both in theory [24,26,27]
and experiment [25]. As mentioned in Ref. [25], when one
transmission channel erases information completely, QECC
can protect transferred quantum states against such erasure,
ensuring reliable quantum state transfer. However, in the CV
regime, QECC [24,25] is based on the feed-forward tech-
nique, which involves the optic-electro and electro-optic
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conversions. These conversions limit the bandwidth of
QECC. Therefore, the all-optical QECC (AOQECC), which
replaces feed-forward technique with optical amplifier [24],
needs to be explored for broadening the bandwidth of
QECC. Moreover, in the experiment of Ref. [25], only
one vacuum mode and one coherent mode are protected in
the transmission channel, which limits its applications in
high-capacity quantum information processing. In this
Letter, we experimentally demonstrate orbital angular
momentum (OAM) multiplexed [28-33] deterministic
AOQECC, which simultaneously protects four orthogonal
modes in two input states from one arbitrary erasure. For our
AOQECC, the originality is utilizing the OAM multiplexed
CV entanglement in the encoding part and replacing the
feed-forward technology with OAM mode-matched phase-
sensitive amplifier (PSA) based on four-wave mixing
(FWM) process [34-38] in the decoding part.

Figure 1 shows the schematics of the experimental setup
for implementing OAM multiplexed deterministic
AOQECC. OAM multiplexed Einstein-Podolsky-Rosen
(EPR) entangled source [39] is generated based on dou-
ble-A configuration FWM process [34-38]. As shown in
Fig. 1(b), in this FWM process, two pump photons convert
to one photon for EPR1, which is red detuned from the
pump beam, and one photon for EPR2, which is blue
detuned from the pump beam. The Hamiltonian of such
FWM process can be given by [31]
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FIG. 1. The experimental setup of OAM multiplexed determin-
istic AOQECC. (a) The experimental scheme. One OAM-super-
position-mode coded input state a;, (Bin), which is red-shifted
(blue-shifted) 3.04 GHz from the pump beam, is obtained by
passing one beam from the laser through acousto-optic modulator
(AOM), amplitude modulator (AM), phase modulator (PM), and
spatial light modulator (SLM). (b) Energy level diagram of the
double-A configuration. A, one-photon detuning; o, two-photon
detuning. (c) The decoding device when a; or a, is erased. A
piezoelectric transducer (PZT) is placed in the path of Bl for
locking the relative phase between by and b,. We pass one of the
output beams from 50:50 beam splitter (BS) through a 99:1 BS
consisted by a half-wave plate (HWP) and a polarization beam
splitter (PBS). Such 1% of the beam is detected by a photodetector
(D). Then, the direct current component of D is sent to a
microcontrol unit (MCU) [40] to lock the relative phase between
by and b,. (d) The decoding device when b; or b, is erased. 8°Rb,
85Rb vapor cell; EPR state, OAM multiplexed Einstein-Podolsky-
Rosen (EPR) entangled source; a;, and Ein, the annihilation
operators associated with the input coherent states; a, a,, l;l,
and b,, the annihilation operators associated with four-mode code,
respectively; SA, spectrum analyzer; LO, local oscillator; &, and
boy» the annihilation operators associated with the output states.
The experimental details of experimental setup are shown in
Sec. A of the Supplemental Material [41].

H = ihZVK&EPRM&EPRz.—f +Hec, (1)
7

where &EPRW (&EPRz,—f) is the creation operator associated
with OAM mode in EPR1 (EPR2). # (-7¢) is topological
charge. y, denotes the interaction strength of each pair of

Laguerre-Gauss (LG) modes in FWM process. Because LG,
and LG_, have the same beam size, y, = y_,. Therefore, the
corresponding intensity gain of the FWM process
H = cosh?(y,t) = cosh?(y_,7), where 7 is the interaction
timescale. To encode the input states, two input states
@iy =(1/V2) i+ (1/V2)ay_p and by, = (1/V/2)by, o+
(1/V/2)by,_,) are mixed with OAM multiplexed EPR
entangled pair by two 50:50 beam splitters (BSs). In this
way, four-mode code, which contains four beams a;, a,, 131 ,
and i)z, is formed. Because the different OAM modes are
orthogonal with each other, only OAM matched multiplexed
EPR entangled pair can be introduced to four-mode code by
50:50 BS and the topological charges of &, and a, (b, and
132) are the same as a;,, (;Bm). Then, these four beams are sent
to transmission channels, respectively.

In OAM multiplexed deterministic AOQECC protocol,
the information of one of the transmission channels can be
completely blocked, i.e., erasure. If mode &, is lost during
the transmission through the channel, as shown in Fig. 1(c),
the decoder combines b 1 and l32 with a 50:50 BS. After
locking the relative phase between 131 and 132, the 50:50 BS
has one bright output and one dark output. The bright
output 50ut is exactly the input state Bin, while the dark
output is EPR2. In other words, Bin can be recovered almost
perfectly in this case. Then, the decoder amplifies a,
through an OAM mode-matched PSA with the help of
EPR2 when the intensity gain of PSA G is set to 2. Because
of the OAM conservation of this FWM process [32], the
EPR state, whose topological charge is opposite to a,, can
be introduced to output state a,, through this OAM mode-
matched amplification [31]. After such amplification, a,
(i.e., the amplified a,) can be expressed as

dow = VGay + VG = lafpg,e™™,

1, R 1, o
= % (Ginr + Gin—¢) + 75 (GEPRZ,—fe ¥ — agpr).¢)
| B P
+ ﬁ (aEPRZ,fe ©_ aEPRl,—f)y (2)

where 0 is the relative phase between EPR1 and EPR2.
When the relative phase between EPR1 and EPR2 is 0 and
the intensity gain of the FWM for generating EPR
entanglement is much greater than 1, the last two terms
in Eq. (2) will be reduced to 0. In this way, the decoder can
recover &;, almost perfectly. The details of theoretical
calculation are shown in Sec. B of the Supplemental
Material [41].

To quantify the recovered state of OAM multiplexed
deterministic AOQECC protocol, the fidelity, which is
defined as the overlap between the density matrix of input
and output states, is utilized. For a coherent state, the
fidelity is given by [45]
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where 6, is the variance of the recovered state in repre-

sentation of the Q function and 6, = \/ (1 +0’;§,) (1 +0’7W).
X X=a'+a)and ¥ (¥ =ia" — ia) are the amplitude
quadrature and phase quadrature of the recovered state,
respectively. O"%; (o-&,) is the corresponding fluctuation
variance. f;, (Bou) 1 the amplitude of the 1nput (output)
state at encoding (decoding) station. Because of bout bm,

the fidelity of the output state bout is 1. Based on Egs. (1) to
(3), we can calculate the fidelity of the output state a,,, as

2
V2+A+B)(2+C+D)’
= : (4)
2H —2\/H(H - 1)
A= %AZ,(\)A(&EPRZ —r )A(aEPle) = lAz(AaEpsz )A( agpri, /)
C:%AZ(Y&EPRZ. f+YaEPR1f) and D= 1A2(YaEPR2f+Y“EPRI f)

Based on Eq. (4), it can be seen that the fidelity of the
reconstructed output state d,,, highly depends on the initial
EPR entanglement degree generated by the FWM process and
only the entanglement with mode matched to the OAM
modes of inputs can affect fidelity. Moreover, when H > 1
(the degree of EPR squeezing approaches infinite), F' ~ 1. In
other words, although one transmission channel is completely
blocked (the maximum possible quantum correlation will be
severely reduced), the fidelity of the recovered two outputs in
our scheme can approach 1 in principle if the initial EPR
entanglement degree is high enough. By the same token, we
can obtain the corresponding models for losing other modes
or changing inputs to &y, = (1/v2)ay, — (1/v2)an s
and by, = (1/\/§)bin,f - (1/\/§>bin,—zf’*

To examine the amplitudes of all the input and output, we
modulate signals on the amplitude quadrature (X) and the
phase quadrature (¥) of the two input states at 1.5 MHz
radio frequency by using amplitude modulator (AM) and
phase modulator (PM) as shown in Fig. 1(a) [13]. To
measure the fidelity of OAM multiplexed deterministic
AOQECC protocol, two balanced homodyne detections
(BHDs) are utilized. The detector of BHD has a transi-
mpedance gain of 10° V/A and quantum efficiency of
about 97%. The spectrum analyzer (SA) is used to analyze
the amplitude quadrature variance (locking the phase of
BHD to 0) and phase quadrature variance (locking the
phase of BHD to 7/2) of the recovered states (&, and
@Om). The phase locking is realized by a microcontrol
unit (MCU).

The typical noise power results at 1.5 MHz with erasure
on a; channel, while the input states carrying OAM
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FIG. 2. The typical noise power results for correcting the erasure
on a; channel. (a) The amplitude quadrature variances for the input
state a;, (green trace) and the output state a,, (red trace) at
1.5 MHz when &, = (1/v/2)éin1 + (1/V/2)&n -, respectively.
The corresponding classical limit is shown as blue trace. (b) The
phase quadrature variances for the input state @;, and the output
state d,, at 1.5 MHz. (c) The amplitude quadrature variances for
the input state @in (green trace) and the output state @Out (blue trace)
at 1.5 MHz when b,, = (l/ﬂ)l;inﬁl +(1/ﬁ)l§in’_1, respectively.
(d) The phase quadrature variances for the input state b;, and the
output state l;om at 1.5 MHz. (e) and (f) are the corresponding
results for a;, and a,, when &;, = (1/\/5)6%,1 - (l/ﬁ)&in,_l.
(2) and (h) are the corresponding results for by, and b, when
by = (1/v2)by, — (l/ﬁ)gin’_l. The right insets are the com-
puter-generated holograms for LG, + LG_; and LG; — LG_; and
the corresponding images of input and output fields, respectively.

in — (1/\/5)8“11 f (l/ﬁ)éin,—l or ain = (]/ﬁ)&in,l -
(]/\/z)ain.—l and bin = (]/\/E)bin,l - (l/ﬁ)bin.—l)» are
shown in Fig. 2. The corresponding experimental results for
examining the amplitudes of the input and output are shown
in Sec. C of the Supplemental Material [41]. The amplitudes
of input and output are almost equal for all these cases. When
ain = (1/v/2) a1 + (1/v/2) @, 1, as shown in Figs. 2(a)
and 2(b), green traces are the measured amplitude quadrature
variance and phase quadrature variance of @;,. To obtain the
classical limit, we block the OAM multiplexed EPR entan-
glement. The measured amplitude quadrature variance and
phase quadrature variance [blue traces in Fig. 2(a) and
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Fig. 2(b)] are 4.89 4+ 0.11 dB and 4.89 + 0.12 dB above the
corresponding quadrature variances of the input state,
respectively. This gives a fidelity of classical limit
0.49 + 0.01. The red trace in Fig. 2(a) [Fig. 2(b)] is the
measured amplitude (phase) quadrature variance of the
recovered state a,,, by scanning the relative phase € between
EPR1 and EPR2. When @ is 0, the red trace reaches the
minimum. In this sense, the minima of each red trace can be
treated as the variance of X Bom 04 a,,) Of the output state. As

shown in Figs. 2(a) and 2(b), the variances of X 4, aNd f/&m
quadratures are 3.56 £ 0.13 dB and 3.60 £ 0.14 dB above
the corresponding quadrature variances of the input state,
respectively. In this sense, we can calculate the fidelity of the
recovered state, which is 0.61 £ 0.01, beating the corre-
sponding classical limit of 0.49 £ 0.01. The green trace and
blue trace in Fig. 2(c) [Fig. 2(d)] are the measured amplitude
(phase) quadrature variances of the input Bm measured by
another BHD and output b, when by, = (1/ \/E)lgin,l—i—
(1/7/2)by, _y, respectively. This gives the fidelity of about 1.
Based on Figs. 2(e) and 2(f), we can calculate that the fidelity
of the recovered state a,, when &, = (1/v/2)a,—
(1/v/2)a, -1, which is 0.62 4 0.01, beating the correspond-
ing classical limit of 0.49 £ 0.01. Based on Figs. 2(g) and
2(h), we can calculate the fidelity of recovered state Eout
when by, = (1/v/2)biy, — (1/v/2)by, 1, which is about 1.
In addition, the computer-generated hologram for LG, +
LG_, (LG; —LG_)) and the corresponding images of input
and output fields are shown on the right side of Fig. 2. These
images clearly show that the spatial optical modes carried by
the recovered states are almost the same as the two inputs.
Based on the OAM multiplexed entanglement results in
Sec. D of Supplemental Material [41] and Eq. (4), we can
obtain the corresponding theoretical fidelity of reconstructed
output state d,,, which is 0.64 + 0.01. This is close to our
experimental results. The slight difference is mainly caused
by the extra noise introduced by OAM mode-matched PSA.
Moreover, we also measure the noise power results for
correcting the erasure on @, channel when &;, = @;,; and
Ein = @in,_l (@in = Qjp—y and 13in = Igin.]), and demonstrate
that our scheme is also applicable to OAM modes (Sec. E of
the Supplemental Material [41]).

The results with erasure on a5, lAal, and 132 channels are
similar to Fig. 2, which are shown in Secs. F-H of the
Supplemental Material [41]. All these results clearly show
that OAM multiplexed deterministic AOQECC can protect

four orthogonal modes in two inputs (&;, and Ein) from one
erasure in any of the four channels.

To show the bandwidth of our OAM multiplexed
deterministic AOQECC protocol, which is induced by
avoiding feed-forward technique, we scan the analysis
frequency from 1.2 to 2.7 MHz and measure the fidelities
for two recovered states as shown in Fig. 3. We select such
a sideband frequency range due to the extra classical noise

(a) o Fidelity of Gout without entanglement (b) o Fidelity OI‘E“.H without entanglement
~12f = Fidelity of (’jmu with entanglement 1.2} == Fidelity of Dot with entanglement
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= o Fidelity of /oy 5 = Fidelity of Gout
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z z
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FIG. 3. The relationship between fidelities and the sideband

frequency. (a) [(©] When &y, = (1/v/2)ain + (1/V2)ap -1
[ai = (1/V2)ay1 — (1/V2)a, 1], the fidelities of &, the
corresponding classical limit, and Z’ou: with erasure on &, channel
are shown as the green, black, and blue traces, respectively.
®) [ When by = (1/V2)biny + (1/V2)bin b =
(1/v/2)bin 1 = (1/3/2)biy 11, the fidelities of by, the corre-
sponding classical limit, and a,, with erasure on lAal channel
are shown as the blue, black, and green traces, respectively. The
error bars are obtained from the standard deviations of multiple
repeated measurements.

from the laser in low sideband frequency and the rf output
frequency response limitation of the photodetector. The
fidelities of a,, and Bom with erasure on (131) channel are
shown as green traces and blue traces in Figs. 3(a) and 3(c)
[Figs. 3(b) and 3(d)], respectively. The corresponding
classical limits are shown as the black traces in Fig. 3.
From 1.2 to 2.7 MHz, we can see that the fidelities of

recovered state d,, and lgom can beat the corresponding
classical limit, which clearly shows that OAM multiplexed
deterministic  AOQECC protocol can be successfully
implemented within this bandwidth. The slight decrease
of the fidelity as the increase of analysis frequency is due to
the decrease of the squeezing of the EPR entangled source.
These results are proof-of-principle demonstration of
AOQECC, and show the advantage of the all-optical
architecture. In addition, the bandwidth of our AOQECC
protocol is mainly determined by the bandwidth of EPR
entanglement. To improve the bandwidth of AOQECC, one
could use other broadband EPR entanglement to perform
AOQECC protocol. Recently, the THz sideband CV
squeezing based on the periodically poled LiNbO3 wave-
guide has been successfully demonstrated [46], with which
the ultrabroadband AOQECC is promising to be demon-
strated in the future.

Because the fidelity of AOQECC is mainly determined
by the squeezing of the EPR entangled source, to increase
the fidelity of our protocol in the future, we need to find
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possible ways to improve the squeezing. First, we could
modulate the internal energy level with additional lasers
[47]. Second, we could further decrease the losses of our
system, including decreasing the losses of optical compo-
nents, increasing the quantum efficiency of photodetectors,
and optimizing the balance of BS in BHD [48]. Third,
entanglement purification could also be utilized in our
system. For the recent experiments, the state-of-the-art
value of squeezing is 15 dB [49], the state-of-the-art value
of EPR squeezing is about 11 dB [48]. With such a EPR
squeezing level, a fidelity of about 0.93 can be achieved.

To conclude, we have experimentally implemented
OAM multiplexed deterministic AOQECC protocol. We
demonstrate that four orthogonal modes in two inputs (4;,

and b;,) can be simultaneously protected from one erasure
in any of the four channels. The fidelities of all situations
can beat the corresponding classical limits. Moreover, we
have shown that in the bandwidth of 1.2 to 2.7 MHz, OAM
multiplexed deterministic AOQECC can be successfully
implemented. Our results provide a promising platform to
implement all-optical fault-tolerant quantum information
processing.
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