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Hyperentanglement has attracted considerable attention recently because of its high-capacity for long-
distance quantum communication. In this study, we present a hyperentanglement concentration pro-
tocol (hyper-ECP) for nonlocal three-photon systems in the polarization, spatial-mode, and time-
bin partially hyperentangled Greenberger—Horne—Zeilinger (GHZ) states using the Schmidt projection
method. In our hyper-ECP, the three distant parties must perform the parity-check measurements on
the polarization, spatial-mode, and time-bin degrees of freedom, respectively, using linear optical ele-
ments and Pockels cells, and only two identical nonlocal photon systems are required. This hyper-ECP
can be directly extended to the N-photon hyperentangled GHZ states, and the success probability of
this general hyper-ECP for a nonlocal N-photon system is the optimal one, regardless of the photon

number N.
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1 Introduction

Quantum entanglement is a fundamental resource in
quantum information processing (QIP) [1-20] such as
quantum teleportation [1-3], quantum dense coding
[4, 5], quantum key distribution [6-9], quantum secret
sharing [10], and quantum secure direct communication
[11-17]. The entangled photon system is one of the most
promising candidates because of its manipulability and
high-speed transmission. In some conventional protocols
of QIP, photon systems are usually entangled in a sin-
gle degree of freedom (DOF). In reality, more than one
DOF in a photon system can be used to carry quan-
tum information. Hyperentanglement [21-28|, in which
the entanglement is simultaneously present in multiple
DOFs of quantum systems, can considerably increase
the capacity of QIP and provide other important ap-
plications. It is mainly produced by spontaneous para-

metric downconversion regime. In 2005, Barreiro et al.
[23] experimentally demonstrated the generation of pho-
tonic hyperentanglement simultaneously in polarization,
spatial-mode, and time-energy DOFs. Thus far, hyper-
entanglement has offered some promising applications in
hyperparallel photonic quantum computing [29-33], pho-
tonic hyperteleportation [34], hyperentanglement swap-
ping [34, 35], and hyperentangled Bell-state analysis [34—
39]. Tt can also be used to assist the efficient quantum
repeater [40], complete Bell-state analysis [41-45], deter-
ministic entanglement purification protocols [45-49], and
hyperentanglement purification [50, 51].

In an experiment, an entangled quantum system is
always prepared locally, and its entanglement is fragile
during practical quantum transmission and storage pro-
cesses. Photon loss and the decoherence of the entan-
glement in entangled photon systems caused by environ-
ment noise may decrease the security and efficiency of
long-distance quantum communication. Entanglement
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concentration is an effective method to distill maximally
entangled quantum systems from an ensemble of quan-
tum systems in less-entangled pure states [52]. In 1996,
Bennett et al. [52] introduced the first entanglement con-
centration protocol (ECP) for two-qubit systems based
on the Schmidt projection method and collective mea-
surements. Since this pioneering work, various effective
ECPs have been proposed and discussed [53-70]. Some
of them have focused on partially entangled states with
unknown parameters [52-56], whereas others have con-
sidered those with known parameters [57-59].

In long-distance quantum communication, hyper-
entanglement can considerably increase channel ca-
pacity, and research on hyperentanglement concentra-
tion protocols (hyper-ECPs) has attracted consider-
able attention for improving hyperentanglement in high-
capacity long-distance quantum communication [71-80].
In 2013, Ren et al. [71] first introduced the parameter-
splitting method to concentrate polarization-spatial par-
tially hyperentangled states with known parameters.
This novel method is very efficient and simple and can
achieve the maximal success probability by using only
linear optics. In their study, Ren et al. also presented
the first linear hyper-ECP for polarization-spatial par-
tially hyperentangled states with unknown parameters.
This protocol was later extended to multipartite entan-
glement by Li and Ghose [74]. Ren and Deng [72] then
proposed an efficient hyper-ECP for unknown partially
hyperentangled states assisted by diamond nitrogen va-
cancy (NV) centers in photonic crystal cavities. In 2014,
Ren and Long [73] proposed a general hyper-ECP for
photon systems assisted by quantum dot spins inside
optical microcavities. In 2015, Li and Ghose [77] pro-
posed two hyper-ECPs for time-bin and polarization hy-
perentangled photon systems with unknown and known
parameters. Also in 2015, Ren and Long [76] proposed
a two-step hyper-ECP assisted by quantum swap gates,
which can significantly improve the success probability of
the hyper-ECP. In 2016, Cao et al. [78] proposed a hyper-
ECP for entangled photon systems by using a photonic
module system. Recently, some interesting hyper-ECPs
have been proposed for less-hyperentangled multi-photon
systems in two DOFs [79, 80].

In this study, we present a hyper-ECP for
the three-photon nine-qubit partially hyperentangled
Greenberger—Horne—Zeilinger (GHZ) states using the
Schmidt projection method. This hyper-ECP can be di-
rectly extended to the N-photon hyperentangled GHZ
states. Regardless of the number of distant parties that
participate in the quantum communication task, only
three of the N distant parties must perform the parity-
check measurements on the polarization, spatial-mode,
and time-bin DOFs of their photon pairs, respectively,
with linear optical elements and Pockels cells. In addi-
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tion, two identical nonlocal photon systems are required
in this hyper-ECP, which consumes fewer resources than
the extended version of the hyper-ECP for hyperentan-
gled Bell states. This general hyper-ECP for nonlocal
N-photon hyperentangled GHZ states theoretically has
the maximal success probability, regardless of the photon
number N.

2 Hyper-ECP for three-photon nine-qubit
partially hyperentangled GHZ states

We define the three-photon polarization-spatial-time-bin
maximally hyperentangled GHZ state as

1
|z/}>abc = Tﬂ

Flagbaca)) ® (|SSS) + |LLL))abe, (1)

where the subscripts a, b, and ¢ represent three photons,
and |H) and |V') represent the horizontal and vertical po-
larizations of a photon, respectively. |i;) and [iz) are the
two spatial modes of photon i (i = a,b,c), and |S) and
|L) represent the early and late time bins of a photon, re-
spectively, where the time interval between the two time
bins is At. In long-distance quantum communication, the
maximally hyperentangled GHZ state |1)q5. may decay
to a partially hyperentangled GHZ state |1)g)ap. by the
noisy channels. Here,

[Y0)abe = (| HHH) + BIVVV))abe ® (y|arbrer)
+dlagbaca)) @ (n|SSS) + §|LLL))abe,  (2)
where the three photons a, b, and ¢ are held by the
three distant parties called Alice, Bob, and Charlie, re-
spectively. The six parameters «,3,7v,d,7, and & are
unknown to Alice, Bob, and Charlie, and they satisfy
the normalization condition: |a|® + |8]> = |y|> + |6]* =
In|* 4 |¢]* = 1. To distill the three-photon system in
the maximally hyperentangled GHZ state [¢)gp from
those in the partially hyperentangled GHZ state |10)ape,
another identical three-photon system a'b’c’ is required.
Here,
Yo)ave = (| HHH) + BIVVV))ary e ® (v]aybycy)
+6lagbiyeh)) @ (n|SSS) + E|LLL))arper- (3)
The initial state of six-photon system abca’b’c¢’ can be
written as
|Uo) = (*|HHHHHH) + B2|VVVVVV)
+af|HHHVVV) + af|VVVHHH))
®(y?|arbicraibycy) + 6% |asbacaabbych)
+'y§|a1b101a’2b/20'2> + 7(5|a2b202a’1b’lc’1>)
®(n?|SSSSSS) 4 ¢2|LLLLLL)
+n&|SSSLLL) +n¢|LLLSSS)). (4)

(|JHHH) 4+ |[VVV))abe ® (Jarbier)
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The photon pairs aa’, bb’, and cc’ belong to Alice, Bob,
and Charlie, respectively. The three distant parties per-
form the bit-flip operations on the polarization, spatial-
mode, and time-bin DOFs of photons o', b/, and ¢/,
respectively. Here, the bit-flip operation on the po-
larization state can be realized by the half-wave plate
(HWP) (¢f = |H){V| + |V)(H]|). The bit-flip opera-
tion on the spatial-mode state can be completed by ex-
changing the two spatial modes (05 = |i1){ia| + |i2)(i1])
or by combining beam splitters (BSs) with an HWP
[81]. In addition, the bit-flip operation on the time-bin
state can be completed by the active switch (AS) [82]
(6T = |S)(L| + |L){(S|). Then, the state of six-photon
system abca’b’'c’ changes to

|U,) = (| HHHVVV) + B2|VVVHHH)
Vaf|HHHHHH) + af|VVVVVV))
@ (72 |arbicrabbhych) + 6%|agbycaal b))
+y8larbrcralbcl) + vo|asbacoabblych))
®(n*SSSLLL) + ¢*|LLLSSS)
+1€|SSSSSS) + né| LLLLLLY). 5)

The quantum circuit of our hyper-ECP for the three-
photon nine-qubit partially hyperentangled GHZ state
with unknown parameters is shown in Fig. 1. In the entire
concentration procedure, Alice, Bob, and Charlie per-
form the polarization parity-check, spatial-mode parity-

@) a

a

(c)

a

check, and time-bin parity-check measurements on pho-
ton pairs aa’, bb', and cc, respectively.

In detail, Alice sends the wave packets from spatial
modes a; and a) to PBS; and the wave packets from
spatial modes as and af, to PBS,, as shown in Fig. 1(a).
Here, PBS represents a polarizing beam splitter, which is
used to perform a polarization parity-check measurement
on photons a and a’. If the two photons a and a’ have
the same polarization state (e.g., HH or V'V, defined
as even-parity mode), one and only one photon would
be detected by the single-photon measurement (SPM),
as shown in Fig. 2. Otherwise, both photons a and a’
would or would not be detected by the SPM. By post-
selecting the even-parity case, the state of six-photon
system abca’b’c’ is projected to

1
V2

®@(y?|a)bicragbhch) + 6% |ahbycaarb)c))

\Wy) = —(|[HHHHHH)

+76|albicrarbyc)) + y8|abbacaasbych))
HVVVVVY)

®(y?|arbiciabblych) + 0% |agbacaalbycy)
+y8larbrcralbych) + y0|agbacaahblych))]
®(n*SSSLLL) + ¢*|LLLSSS)
+€|SSSSSS) + ¢ LLLLLL)). (6)

®) b, by

by by

€

& pBS,

&)

Fig. 1 Schematic of our hyper-ECP for the three-photon nine-qubit partially hyperentangled GHZ state in the polarization,
spatial-mode, and time-bin DOFs, where the parameters of the state are unknown to the three distant parties. (a) Polarization
parity-check measurement performed by Alice. (b) Spatial-mode parity-check measurement performed by Bob. (c¢) Time-bin
parity-check measurement performed by Charlie. PBS represents a polarizing beam splitter, which transmits the photon in the
horizontal polarization state |H) and reflects the photon in the vertical polarization state |V). PCr, (PCg) represents a Pockels
cell, which is used to perform a polarization bit-flip operation when the L (S) component is present. BS represents a 50:50
beam splitter, which is used to perform a Hadamard operation on the spatial-mode DOF of a photon [|i1) — % (lix) + |22)),

liz) — %(M) —|é2))]. SPM represents a single-photon measurement.
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Fig. 2 Schematic of the SPM. Hp represents an HWP, which is used to perform a Hadmard operation on the polarization
DOF of a photon [|H) — %(|H) + V), V) — %(|H) — |V))]. i} and if represent two spatial modes, where u and d
represent the top and bottom spatial modes, respectively. D represents a photon detector.

Bob performs the spatial-mode parity-check measure-
ment on photons b and V', as shown in Fig. 1(b). If the
two photons b and b’ have the same spatial-mode state
(e.g., b1b) or babhy, defined as even-parity mode), one and
only one photon would be detected by the SPM. Oth-
erwise, both photons b and b would or would not be
detected by the SPM. By postselecting the even-parity
case, the state of six-photon system abca’b’c’ is projected
to

W5) = %HHHHHHH)

®(|Jaibierarbicy) + |agbyeaanbacy))
+VVVVVV)
®(larbieraibich) + |azbheaasbach))]
®(n?*|SSSLLL) + ¢*|LLLSSS)

+n€|SSSSSS) +n¢|LLLLLL)). (7)

Charlie sends the wave packets from spatial modes ¢;
and ¢] to PCy and PBS3, and the wave packets from
spatial modes co and ¢}, to PCy, and PBSy, as shown in
Fig. 1(c), where PCr, and PBS are used to perform a
time-bin parity-check measurement on photons ¢ and ¢’
The PCy, (PCg) represents a Pockels cell [83], which is
activated only when the L (S) component is present. If
the two photons ¢ and ¢’ have the same time-bin state
(e.g., LL or SS, defined as even-parity mode), one and
only one photon would be detected by the SPM. Oth-
erwise, both photons ¢ and ¢’ would or would not be
detected by the SPM. By postselecting the even-parity
case and considering the indistinguishability of photons
ad’, bb', and cc, the state of six-photon system abca’d’c
is projected to

0,) = 21%[(|HHHHHH> L VVVVVYY)SSSSSS)

+(|HHVHHV) + VVHVVH))|LLLLLL)]
@(|larbycralbic)) + lasbacaabbhch)). (8)

With the effect of another PCy, on spatial modes ¢; and
g, the state of six-photon system abca’b’c’ changes to

130315-4

|Us5) = 2\1—@[(|HHHHHH> +|VVVVVV))|SSSSSS)

V(HHHHHV) + |VVVVVH))|LLLLLL)]
®(larbieraybicy) + |azbacaarbycy)). )

Finally, Alice, Bob, and Charlie measure photons
a’, b, and ¢/, respectively, with BS and SPM. If the
three photons a’d’c’ emit from the spatial modes a}b]ch,
ahbich, aibhe] or ahbhch, a spatial-mode phase-flip op-
eration 02 (07 = |by)(b1| — |b2)(b2|) must be performed
on photon b. Otherwise, no spatial-mode feed-forward
operation is required. The feed-forward operations on
polarization and time-bin DOFs of photon b are depen-
dent on the results of the SPM. For example, a photon
in state |[H¥) is injected into the SPM from the spatial
mode ij. After it passes through PBS, PCg, PBS, PBS,
BS, and Hp shown in Fig. 2, the state of the photon
evolves as follows:

.\ PBS,PC )
|H) ® |ig)——— |V) ® |if)

PBS,PBS .

— V) @ lif)

Bs 1 SL - -d

— —|V & (|2g) — |2
\@I ) @ (lig) — lik))

oy SUHSE) ~ V) ® (if) - 1if)). (10)

Here, |H?) (or |[V*)) indicates that the polarization of
the photon is |H) (or |V')) and the time-bin of the photon
is [S). [H5E) (or |[VSE)) means that the state |H®) (or
|V¥)) passes through the path L. After the three photons
a’, v, and ¢ are detected by SPM, the feed-forward oper-
ations on polarization, spatial-mode, and time-bin DOFs
are performed on photon b. The relations of the results
of the SPM on a’b'c, the corresponding output states of
abe, and the feed-forward operations on polarization and
time-bin DOFs of photon b are shown in Table 1. The
four states in Table 1 are as follows:

640 = SUHHH) +[VVV)) @ (S8S) +|LLL))
6470 = SUHHH) +[VVV)) @ (S88) — |LLL))

Hong Wang, et al., Front. Phys. 13(5), 180315 (2018)
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Table 1 Resultsofthe SPMona’b’'c’, the corresponding output states of abe, and the feed-forward operations on photon b.

Detection (a’b’c’)

State of abc Operation (b)

H*HYHY, VuVeHY Huyuwyu yeguyu gupgdgd yuydpgd puydyd yupdyd

lpt+yabe I

HdeVu, VdVqu, HdVdHu, VdeHu, HdHqu, ‘/dv'u‘/cl7 Hdqud’ VdHqu

HYHwY®, Vuyuyu fuy/upue \Jufu Hquvd7 VquVd, HquHd, VquHd, ‘¢+—>%lz]§ 0-5
HdeH", VdVdHu, HdVdV“, Vdevu7 HdHqu, VdV"Hd7 HquVd7 VdHuvd

HvHvHY veyugd, geveyd Veguyd, HUHIHY, Vevege, Huydye, vegdye lp~T)ebe of
Hdevd Vdvdvd Hdvde vdeHd HdHuvu Vdvuvu Hdquu VdHuHu
Hugwyd veywyd HuyvHe VeHYHY, HYHIVY, Vuydye, geveHy, VeHeHY, lp——)abe ol of

I;[cl[{d}[d7 VdVde, I_Id‘/cl‘/d7 V'd}[cl‘/'d7 L{d}['u,}['u,7 VdV'“‘Hu7 E{d‘/u‘/u7 VdHuvu

6~V = SUHHH) ~ [VVV)) © (ISSS) + [LLL))

)% = S(HHH) ~ [VVV)) @ (S8S) — |LLL).
(1)

After the conditional feed-forward operations are per-
formed on photon b, Alice, Bob, and Charlie can ob-
tain the three-photon nine-qubit maximally hyperentan-
gled GHZ state |¢)ape = 21—\/5(|HHH> + VVV))ape ®
(|a1b101) + ‘a2b262>) ® (lSSS> + ‘LLL>)abc with a total
success probability of P = 8|a8vydné|%.

3 Discussion and summary

Hyperentanglement concentration is critical in high-
capacity long-distance quantum communication for im-
proving the entanglement of nonlocal hyperentangled
photon systems, which can reduce the number of re-
sources consumed in quantum communication with en-
tanglement in multiple DOFs. In this study, we presented
a hyper-ECP for the three-photon nine-qubit partially
hyperentangled GHZ state using the Schmidt projection
method. In the extended version of the hyper-EPC for
the hyperentangled Bell state [84], all three distant par-
ties must perform all three parity-check measurements on
the three DOFs of their photon pairs. Thus, six identical
nonlocal three-photon systems are required for these op-
erations by using linear optics. In our hyper-ECP, three
distant parties perform only the polarization parity-
check, spatial-mode parity-check, and time-bin parity-
check measurements, respectively, on their photon pairs
with linear optical elements and Pockels cells. There-
fore, only two identical nonlocal three-photon systems
are required, thus consuming fewer resources than the
extended version of the hyper-ECP for hyperentangled
Bell states. The success probability of our hyper-ECP
is P = 8|lapyiné|? (e.g., the relationship of the success
probability of our hyper-ECP to the parameters of the
partially hyperentangled GHZ state is shown in Fig. 3 for
the case |a| = |0] = |¢|, and the relationship is similar

Hong Wang, et al., Front. Phys. 13(5), 180315 (2018)

for other cases.).

Obviously, the parity-check measurements on the three
DOFs are the main techniques used by our hyper-ECP,
and distinguishing the 1-photon case from the 0- and
2-photon cases is essential. One means of solving this
problem is to use the photon-number-resolving detector.
Another is to use the single-photon detector and post-
selection. If the efficiency of the photon detector is less
than 100%, the postselection is necessary in this hyper-
ECP.

Our hyper-ECP is also suitable for concentrating the
nonlocal partially hyperentangled N-photon GHZ state
|n) with unknown parameters. In detail, only three of
the N distant parties (e.g., Alice, Bob, and Charlie) are
required to perform the parity-check measurements on
the three DOFs of their photon pairs, respectively, as
shown in Fig. 1. In addition, the other distant parties
only need to perform the local spatial-mode Hadmard
operations and SPMs on the corresponding photons of
their photon pairs in each step, which is simpler than the
extended version of the hyper-ECP for hyperentangled
Bell states. Here,

[Yn) = (|HH ---H) + BIVV - V))ap....
®(7|a1b1 s Zl> + §|a2b2 cee Zg))
R|SS -+ 8) +&{|LL- - L))ap...z (12)

0.15

0.12

0.09

0.06

Success probability (P)

0.03

0.00 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

2|82
Fig. 3 Success probability of our hyper-ECP for three-
photon systems in a partially hyperentangled GHZ state with
unknown parameters. The parameters of the partially hyper-
entangled GHZ state are chosen as |a| = 6] = [€].
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where the subscripts a, b, ---, and z represent the pho-
tons that are held by the N distant parties, named Alice,
Bob, - - -, and Zach, respectively. The success probability
of the hyper-ECP for partially hyperentangled N-photon
GHZ states remains P = 8|aBvné|? regardless of the
photon number N.

In summary, we proposed a general hyper-ECP for
nonlocal partially hyperentangled GHZ states in the po-
larization, spatial-mode, and time-bin DOFs using the
Schmidt projection method. This method can also be
extended to improve the entanglement of the nonlocal N-
photon systems entangled in m DOFs (N > m), where
m of the N distant parties are required to perform the
parity-check measurements on the m DOFs of their pho-
ton pairs, and two identical nonlocal N-photon systems
are required. Our hyper-ECP considers linear optical
elements and Pockels cells and does not need to know
the parameters of the state beforehand, thus making it
more practical for high-capacity long-distance quantum
communication.

Acknowledgements This work was supported by the National
Natural Science Foundation of China under Grants Nos. 11604226,
11674033, and 11474026, and the Science and Technology Program
Foundation of the Beijing Municipal Commission of Education of
China under Grant No. KM201710028005.

References

1. C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa,
A. Peres, and W. K. Wootters, Teleporting an un-
known quantum state via dual classical and Einstein—
Podolsky—Rosen channels, Phys. Rev. Lett. 70(13), 1895
(1993)

2. X. F. Cai, X. T. Yu, L. H. Shi, and Z. C. Zhang, Par-
tially entangled states bridge in quantum teleportation,
Front. Phys. 9(5), 646 (2014)

3. P. Y. Xiong, X. T. Yu, H. T. Zhan, and Z. C. Zhang,
Multiple teleportation via partially entangled GHZ
state, Front. Phys. 11(4), 110303 (2016)

4. C. H. Bennett and S. J. Wiesner, Communication via
one- and two-particle operators on Einstein—Podolsky—
Rosen states, Phys. Rev. Lett. 69(20), 2881 (1992)

5. X. S. Liu, G. L. Long, D. M. Tong, and F. Li, Gen-
eral scheme for superdense coding between multiparties,
Phys. Rev. A 65(2), 022304 (2002)

6. A. K. Ekert, Quantum cryptography based on Bell’s
theorem, Phys. Rev. Lett. 67(6), 661 (1991)

7. C. H. Bennett, G. Brassard, and N. D. Mermin, Quan-
tum cryptography without Bell’s theorem, Phys. Rew.
Lett. 68(5), 557 (1992)

8. X.H. Li, F. G. Deng, and H. Y. Zhou, Efficient quantum
key distribution over a collective noise channel, Phys.
Rev. A 78(2), 022321 (2008)

130315-6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

F. Steinlechner, S. Ecker, M. Fink, B. Liu, J. Bavaresco,
M. Huber, T. Scheidl, and R. Ursin, Distribution of
high-dimensional entanglement via an intra-city free-
space link, Nat. Commun. 8, 15971 (2017)

M. Hillery, V. Buzek, and A. Berthiaume, Quantum se-
cret sharing, Phys. Rev. A 59(3), 1829 (1999)

G. L. Long and X. S. Liu, Theoretically efficient high-
capacity quantum-key-distribution scheme, Phys. Reuv.
A 65(3), 032302 (2002)

F. G. Deng, G. L. Long, and X. S. Liu, Two-step quan-
tum direct communication protocol using the Einstein—
Podolsky—Rosen pair block, Phys. Rev. A 68(4), 042317
(2003)

F. G. Deng and G. L. Long, Secure direct communica-
tion with a quantum one-time pad, Phys. Rev. A 69(5),
052319 (2004)

J. Y. Hu, B. Yu, M. Y. Jing, L. T. Xiao, S. T. Jia, G.
Q. Qin, and G. L. Long, Experimental quantum secure
direct communication with single photons, Light Sci.
Appl. 5(9), e16144 (2016)

W. Zhang, D. S. Ding, Y. B. Sheng, L. Zhou, B. S. Shi,
and G. C. Guo, Quantum secure direct communication
with quantum memory, Phys. Rev. Lett. 118(22), 220501
(2017)

X. H. Li, Quantum secure direct communication, Acta
Physica Sinica 64, 160307 (2015)

F. Zhu, W. Zhang, Y. B. Sheng, and Y. D. Huang, Ex-
perimental long-distance quantum secure direct commu-
nication, Sci. Bull. 62(22), 1519 (2017)

L. Zhou and Y. B. Sheng, Recyclable amplification pro-
tocol for the single-photon entangled state, Laser Phys.
Lett. 12(4), 045203 (2015)

L. Zhou and Y. B. Sheng, Complete logic Bell-state
analysis assisted with photonic Faraday rotation, Phys.
Rev. A 92(4), 042314 (2015)

Y. B. Sheng and L. Zhou, Two-step complete polar-
ization logic Bell-state analysis, Sci. Rep. 5(1), 13453
(2015)

P. G. Kwiat, Hyper-entangled states, J. Mod. Opt.
44(11-12), 2173 (1997)

T. Yang, Q. Zhang, J. Zhang, J. Yin, Z. Zhao, M.
Zukowski, Z. B. Chen, and J. W. Pan, All-versus-
nothing violation of local realism by two-photon, four-
dimensional entanglement, Phys. Rev. Lett. 95(24),
240406 (2005)

J. T. Barreiro, N. K. Langford, N. A. Peters, and P.
G. Kwiat, Generation of hyperentangled photon pairs,
Phys. Rev. Lett. 95(26), 260501 (2005)

M. Barbieri, C. Cinelli, P. Mataloni, and F. De Martini,
Polarization-momentum hyperentangled states: realiza-
tion and characterization, Phys. Rev. A 72(5), 052110
(2005)

Hong Wang, et al., Front. Phys. 13(5), 180315 (2018)


https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1007/s11467-014-0432-2
https://doi.org/10.1007/s11467-014-0432-2
https://doi.org/10.1007/s11467-014-0432-2
https://doi.org/10.1007/s11467-016-0553-x
https://doi.org/10.1007/s11467-016-0553-x
https://doi.org/10.1007/s11467-016-0553-x
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevA.65.022304
https://doi.org/10.1103/PhysRevA.65.022304
https://doi.org/10.1103/PhysRevA.65.022304
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.68.557
https://doi.org/10.1103/PhysRevLett.68.557
https://doi.org/10.1103/PhysRevLett.68.557
https://doi.org/10.1103/PhysRevA.78.022321
https://doi.org/10.1103/PhysRevA.78.022321
https://doi.org/10.1103/PhysRevA.78.022321
https://doi.org/10.1038/ncomms15971
https://doi.org/10.1038/ncomms15971
https://doi.org/10.1038/ncomms15971
https://doi.org/10.1038/ncomms15971
https://doi.org/10.1103/PhysRevA.59.1829
https://doi.org/10.1103/PhysRevA.59.1829
https://doi.org/10.1103/PhysRevA.65.032302
https://doi.org/10.1103/PhysRevA.65.032302
https://doi.org/10.1103/PhysRevA.65.032302
https://doi.org/10.1103/PhysRevA.68.042317
https://doi.org/10.1103/PhysRevA.68.042317
https://doi.org/10.1103/PhysRevA.68.042317
https://doi.org/10.1103/PhysRevA.68.042317
https://doi.org/10.1103/PhysRevA.69.052319
https://doi.org/10.1103/PhysRevA.69.052319
https://doi.org/10.1103/PhysRevA.69.052319
https://doi.org/10.1038/lsa.2016.144
https://doi.org/10.1038/lsa.2016.144
https://doi.org/10.1038/lsa.2016.144
https://doi.org/10.1038/lsa.2016.144
https://doi.org/10.1103/PhysRevLett.118.220501
https://doi.org/10.1103/PhysRevLett.118.220501
https://doi.org/10.1103/PhysRevLett.118.220501
https://doi.org/10.1103/PhysRevLett.118.220501
https://doi.org/10.7498/aps.64.160307
https://doi.org/10.7498/aps.64.160307
https://doi.org/10.1016/j.scib.2017.10.023
https://doi.org/10.1016/j.scib.2017.10.023
https://doi.org/10.1016/j.scib.2017.10.023
https://doi.org/10.1088/1612-2011/12/4/045203
https://doi.org/10.1088/1612-2011/12/4/045203
https://doi.org/10.1088/1612-2011/12/4/045203
https://doi.org/10.1103/PhysRevA.92.042314
https://doi.org/10.1103/PhysRevA.92.042314
https://doi.org/10.1103/PhysRevA.92.042314
https://doi.org/10.1038/srep13453
https://doi.org/10.1038/srep13453
https://doi.org/10.1038/srep13453
https://doi.org/10.1080/09500349708231877
https://doi.org/10.1080/09500349708231877
https://doi.org/10.1103/PhysRevLett.95.240406
https://doi.org/10.1103/PhysRevLett.95.240406
https://doi.org/10.1103/PhysRevLett.95.240406
https://doi.org/10.1103/PhysRevLett.95.240406
https://doi.org/10.1103/PhysRevLett.95.240406
https://doi.org/10.1103/PhysRevLett.95.260501
https://doi.org/10.1103/PhysRevLett.95.260501
https://doi.org/10.1103/PhysRevLett.95.260501
https://doi.org/10.1103/PhysRevA.72.052110
https://doi.org/10.1103/PhysRevA.72.052110
https://doi.org/10.1103/PhysRevA.72.052110
https://doi.org/10.1103/PhysRevA.72.052110

RESEARCH ARTICLE

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

R. Ceccarelli, G. Vallone, F. De Martini, P. Mataloni,
and A. Cabello, Experimental entanglement and nonlo-
cality of a two-photon six-qubit cluster state, Phys. Rev.
Lett. 103(16), 160401 (2009)

G. Vallone, R. Ceccarelli, F. De Martini, and P. Mat-
aloni, Hyperentanglement of two photons in three de-
grees of freedom, Phys. Rev. A 79(3), 030301 (2009)

D. Bhatti, J. von Zanthier, and G. S. Agarwal, Entan-
glement of polarization and orbital angular momentum,
Phys. Rev. A 91(6), 062303 (2015)

F. G. Deng, B. C. Ren, and X. H. Li, Quantum hyper-
entanglement and its applications in quantum informa-
tion processing, Sci. Bull. 62(1), 46 (2017)

B. C. Ren and F. G. Deng, Hyper-parallel photonic
quantum computation with coupled quantum dots, Sci.
Rep. 4(1), 4623 (2015)

B. C. Ren, G. Y. Wang, and F. G. Deng, Universal hy-
perparallel hybrid photonic quantum gates with dipole-
induced transparency in the weak-coupling regime,
Phys. Rev. A 91(3), 032328 (2015)

T. Li and G. L. Long, Hyperparallel optical quantum
computation assisted by atomic ensembles embedded in
double-sided optical cavities, Phys. Rev. A 94(2), 022343
(2016)

H. R. Wei, F. G. Deng, and G. L. Long, Hyper-parallel
Toffoli gate on three-photon system with two degrees of
freedom assisted by single-sided optical microcavities,
Opt. Ezpress 24(16), 18619 (2016)

B. C. Ren and F. G. Deng, Robust hyperparallel pho-
tonic quantum entangling gate with cavity QED, Opt.
Ezpress 25(10), 10863 (2017)

Y. B. Sheng, F. G. Deng, and G. L. Long, Complete
hyperentangled-Bell-state analysis for quantum commu-
nication, Phys. Rev. A 82(3), 032318 (2010)

B. C. Ren, H. R. Wei, M. Hua, T. Li, and F. G. Deng,
Complete hyperentangled-Bell-state analysis for photon
systems assisted by quantum-dot spins in optical micro-
cavities, Opt. Express 20(22), 24664 (2012)

T. C. Wei, J. T. Barreiro, and P. G. Kwiat, Hyperentan-
gled Bell-state analysis, Phys. Rev. A 75(6), 060305
(2007)

T. J. Wang, Y. Lu, and G. L. Long, Generation and
complete analysis of the hyperentangled Bell state for
photons assisted by quantum-dot spins in optical mi-
crocavities, Phys. Rev. A 86(4), 042337 (2012)

Q. Liu and M. Zhang, Generation and complete non-
destructive analysis of hyperentanglement assisted by
nitrogen-vacancy centers in resonators, Phys. Rev. A
91(6), 062321 (2015)

G. Y. Wang, Q. Ai, B. C. Ren, T. Li, and F. G.
Deng, Error-detected generation and complete analy-
sis of hyperentangled Bell states for photons assisted
by quantum-dot spins in double-sided optical microcav-
ities, Opt. Express 24(25), 28444 (2016)

Hong Wang, et al., Front. Phys. 13(5), 180315 (2018)

40

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

. T. J. Wang, S. Y. Song, and G. L. Long, Quantum re-
peater based on spatial entanglement of photons and
quantum-dot spins in optical microcavities, Phys. Rev.
A 85(6), 062311 (2012)

P. G. Kwiat and H. Weinfurter, Embedded Bell-state
analysis, Phys. Rev. A 58(4), R2623 (1998)

S. P. Walborn, S. P’adua, and C. H. Monken,
Hyperentanglement-assisted Bell-state analysis, Phys.
Rev. A 68(4), 042313 (2003)

C. Schuck, G. Huber, C. Kurtsiefer, and H. Weinfurter,
Complete deterministic linear optics Bell state analysis,
Phys. Rev. Lett. 96(19), 190501 (2006)

M. Barbieri, G. Vallone, P. Mataloni, and F. De Mar-
tini, Complete and detrministic deicrimination of polar-
ization Bell states assisted by momentum entanglement,
Phys. Rev. A 75(4), 042317 (2007)

Y. B. Sheng and F. G. Deng, Deterministic entan-
glement purification and complete nonlocal Bell-state
analysis with hyperentangledment, Phys. Rev. A 81(3),
032307 (2010)

Y. B. Sheng and F. G. Deng, One-step deterministic
polarization-entanglement purification using spatial en-
tanglement, Phys. Rev. A 82(4), 044305 (2010)

X. H. Li, Deterministic polarization-entanglement pu-
rification using spatial entanglement, Phys. Rev. A
82(4), 044304 (2010)

F. G. Deng, One-step error correction for multipartite
polarization entanglement, Phys. Rev. A 83(6), 062316
(2011)

Y. B. Sheng and L. Zhou, Deterministic polarization
entanglement purification using time-bin entanglement,
Laser Phys. Lett. 11(8), 085203 (2014)

B. C. Ren, F. F. Du, and F. G. Deng, Two-
step hyperentanglement purification with the quantum-
statejoining method, Phys. Rev. A 90(5), 052309 (2014)

G. Y. Wang, Q. Liu, and F. G. Deng, Hyperentangle-
ment purification for two-photon six-qubit quantum sys-
tems, Phys. Rev. A 94(3), 032319 (2016)

C. H. Bennett, H. J. Bernstein, S. Popescu, and B.
Schumacher, Concentrating partial entanglement by lo-
cal operations, Phys. Rev. A 53(4), 2046 (1996)

Z. Zhao, J. W. Pan, and M. S. Zhan, Practical scheme
for entanglement concentration, Phys. Rev. A 64(1),
014301 (2001)

T. Yamamoto, M. Koashi, and N. Imoto, Concentra-
tion and purification scheme for two partially entangled
photon pairs, Phys. Rev. A 64(1), 012304 (2001)

Y. B. Sheng, F. G. Deng, and H. Y. Zhou, Nonlocal
entanglement concentration scheme for partially entan-
gled multipartite systems with nonlinear optics, Phys.
Rev. A 77(6), 062325 (2008)

C. Wang, Efficient entanglement concentration for par-
tially entangled electrons using a quantum-dot and mi-
crocavity coupled system, Phys. Rev. A 86(1), 012323
(2012)

130315-7

@
&
o
7
>
-
[~
i
(=)
w
o
*]
05
=
=)
St
=



https://doi.org/10.1103/PhysRevLett.103.160401
https://doi.org/10.1103/PhysRevLett.103.160401
https://doi.org/10.1103/PhysRevLett.103.160401
https://doi.org/10.1103/PhysRevLett.103.160401
10.1103/PhysRevA.79.030301
10.1103/PhysRevA.79.030301
10.1103/PhysRevA.79.030301
https://doi.org/10.1103/PhysRevA.91.062303
https://doi.org/10.1103/PhysRevA.91.062303
https://doi.org/10.1103/PhysRevA.91.062303
https://doi.org/10.1016/j.scib.2016.11.007
https://doi.org/10.1016/j.scib.2016.11.007
https://doi.org/10.1016/j.scib.2016.11.007
https://doi.org/10.1038/srep04623
https://doi.org/10.1038/srep04623
https://doi.org/10.1038/srep04623
https://doi.org/10.1103/PhysRevA.91.032328
https://doi.org/10.1103/PhysRevA.91.032328
https://doi.org/10.1103/PhysRevA.91.032328
https://doi.org/10.1103/PhysRevA.91.032328
https://doi.org/10.1103/PhysRevA.94.022343
https://doi.org/10.1103/PhysRevA.94.022343
https://doi.org/10.1103/PhysRevA.94.022343
https://doi.org/10.1103/PhysRevA.94.022343
https://doi.org/10.1364/OE.24.018619
https://doi.org/10.1364/OE.24.018619
https://doi.org/10.1364/OE.24.018619
https://doi.org/10.1364/OE.24.018619
https://doi.org/10.1364/OE.25.010863
https://doi.org/10.1364/OE.25.010863
https://doi.org/10.1364/OE.25.010863
https://doi.org/10.1103/PhysRevA.82.032318
https://doi.org/10.1103/PhysRevA.82.032318
https://doi.org/10.1103/PhysRevA.82.032318
https://doi.org/10.1364/OE.20.024664
https://doi.org/10.1364/OE.20.024664
https://doi.org/10.1364/OE.20.024664
https://doi.org/10.1364/OE.20.024664
10.1103/PhysRevA.75.060305
10.1103/PhysRevA.75.060305
10.1103/PhysRevA.75.060305
https://doi.org/10.1103/PhysRevA.86.042337
https://doi.org/10.1103/PhysRevA.86.042337
https://doi.org/10.1103/PhysRevA.86.042337
https://doi.org/10.1103/PhysRevA.86.042337
https://doi.org/10.1103/PhysRevA.91.062321
https://doi.org/10.1103/PhysRevA.91.062321
https://doi.org/10.1103/PhysRevA.91.062321
https://doi.org/10.1103/PhysRevA.91.062321
https://doi.org/10.1364/OE.24.028444
https://doi.org/10.1364/OE.24.028444
https://doi.org/10.1364/OE.24.028444
https://doi.org/10.1364/OE.24.028444
https://doi.org/10.1364/OE.24.028444
https://doi.org/10.1103/PhysRevA.85.062311
https://doi.org/10.1103/PhysRevA.85.062311
https://doi.org/10.1103/PhysRevA.85.062311
https://doi.org/10.1103/PhysRevA.85.062311
https://doi.org/10.1103/PhysRevA.58.R2623
https://doi.org/10.1103/PhysRevA.58.R2623
https://doi.org/10.1103/PhysRevA.68.042313
https://doi.org/10.1103/PhysRevA.68.042313
https://doi.org/10.1103/PhysRevA.68.042313
https://doi.org/10.1103/PhysRevLett.96.190501
https://doi.org/10.1103/PhysRevLett.96.190501
https://doi.org/10.1103/PhysRevLett.96.190501
https://doi.org/10.1103/PhysRevA.75.042317
https://doi.org/10.1103/PhysRevA.75.042317
https://doi.org/10.1103/PhysRevA.75.042317
https://doi.org/10.1103/PhysRevA.75.042317
https://doi.org/10.1103/PhysRevA.81.032307
https://doi.org/10.1103/PhysRevA.81.032307
https://doi.org/10.1103/PhysRevA.81.032307
https://doi.org/10.1103/PhysRevA.81.032307
https://doi.org/10.1103/PhysRevA.82.044305
https://doi.org/10.1103/PhysRevA.82.044305
https://doi.org/10.1103/PhysRevA.82.044305
https://doi.org/10.1103/PhysRevA.82.044304
https://doi.org/10.1103/PhysRevA.82.044304
https://doi.org/10.1103/PhysRevA.82.044304
https://doi.org/10.1103/PhysRevA.83.062316
https://doi.org/10.1103/PhysRevA.83.062316
https://doi.org/10.1103/PhysRevA.83.062316
https://doi.org/10.1088/1612-2011/11/8/085203
https://doi.org/10.1088/1612-2011/11/8/085203
https://doi.org/10.1088/1612-2011/11/8/085203
https://doi.org/10.1103/PhysRevA.90.052309
https://doi.org/10.1103/PhysRevA.90.052309
https://doi.org/10.1103/PhysRevA.90.052309
https://doi.org/10.1103/PhysRevA.94.032319
https://doi.org/10.1103/PhysRevA.94.032319
https://doi.org/10.1103/PhysRevA.94.032319
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevA.64.014301
https://doi.org/10.1103/PhysRevA.64.014301
https://doi.org/10.1103/PhysRevA.64.014301
https://doi.org/10.1103/PhysRevA.64.012304
https://doi.org/10.1103/PhysRevA.64.012304
https://doi.org/10.1103/PhysRevA.64.012304
https://doi.org/10.1103/PhysRevA.77.062325
https://doi.org/10.1103/PhysRevA.77.062325
https://doi.org/10.1103/PhysRevA.77.062325
https://doi.org/10.1103/PhysRevA.77.062325
https://doi.org/10.1103/PhysRevA.86.012323
https://doi.org/10.1103/PhysRevA.86.012323
https://doi.org/10.1103/PhysRevA.86.012323
https://doi.org/10.1103/PhysRevA.86.012323

»
9
o
7
>
=
="
[
=]
»
R
2]
.5
=
e
R
=

RESEARCH ARTICLE

57

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

. S. Bose, V. Vedral, and P. L. Knight, Purification via
entanglement swapping and conserved entanglement,
Phys. Rev. A 60(1), 194 (1999)

B. S. Shi, Y. K. Jiang, and G. C. Guo, Optimal entan-
glement purification via entanglement swapping, Phys.
Rev. A 62(5), 054301 (2000)

Y. B. Sheng, L. Zhou, S. M. Zhao, and B. Y. Zheng, Effi-
cient single-photon-assisted entanglement concentration
for partially entangled photon pairs, Phys. Rev. A 85(1),
012307 (2012)

F. G. Deng, Optimal nonlocal multipartite entangle-
ment concentration based on projection measurements,
Phys. Rev. A 85(2), 022311 (2012)

Y. B. Sheng, L. Zhou, and S. M. Zhao, Efficient two-
step entanglement concentration for arbitraryWstates,
Phys. Rev. A 85(4), 042302 (2012)

C. Cao, C. Wang, L. Y. He, and R. Zhang, Atomic
entanglement purification and concentration using co-
herent state input-output process in low-Q cavity QED
regime, Opt. Ezpress 21(4), 4093 (2013)

X. Yan, Y. F. Yu, and Z. M. Zhang, Entanglement con-
centration for a non-maximally entangled four-photon
cluster state, Front. Phys. 9(5), 640 (2014)

C. Cao, H. Ding, Y. Li, T. J. Wang, S. C. Mi, R. Zhang,
and C. Wang, Efficient multipartite entanglement con-
centration protocol for nitrogen-vacancy center and mi-
croresonator coupled systems, Quantum Inform. Pro-
cess. 14(4), 1265 (2015)

C. Wang, W. W. Shen, S. C. Mi, Y. Zhang, and T. J.
Wang, Concentration and distribution of entanglement
based on valley qubits system in graphene, Sci. Bull.
60(23), 2016 (2015)

C. Cao, T. J. Wang, R. Zhang, and C. Wang, Clus-
ter state entanglement generation and concentration on
nitrogen-vacancy centers in decoherence-free subspace,
Laser Phys. Lett. 12(3), 036001 (2015)

Y. B. Sheng, J. Pan, R. Guo, L. Zhou, and L. Wang,
Efficient N-particle W state concentration with differ-
ent parity check gates, Sci. China Phys. Mech. Astron.
58(6), 060301 (2015)

C. Shukla, A. Banerjee, and A. Pathak, Protocols and
quantum circuits for implementing entanglement con-
centration in cat state, GHZ-like state and nine families

of 4-qubit entangled states, Quantum Inform. Process.
14(6), 2077 (2015)

J. Pan, L. Zhou, S. P. Gu, X. F. Wang, Y. B. Sheng,
and Q. Wang, Efficient entanglement concentration for
concatenated Greenberger—Horne—Zeilinger state with

the cross-Kerr nonlinearity, Quantum Inform. Process.
15(4), 1669 (2016)

C. Cao, X. Chen, Y. W. Duan, L. Fan, R. Zhang, T.
J. Wang, and C. Wang, Concentrating partially entan-
gled W-class states on nonlocal atoms using low-Q opti-

cal cavity and linear optical elements, Sci. China Phys.
Mech. Astron. 59(10), 100315 (2016)

130315-8

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

. B. C. Ren, F. F. Du, and F. G. Deng, Hyperentangle-
ment concentration for two-photon four-qubit systems
with linear optics, Phys. Rev. A 88(1), 012302 (2013)

B. C. Ren and F. G. Deng, Hyperentanglement puri-
cation and concentration assisted by diamond NV cen-
ters inside photonic crystal cavities, Laser Phys. Lett.
10(11), 115201 (2013)

B. C. Ren and G. L. Long, General hyperentanglement
concentration for photon systems assisted by quan-
tum dot spins inside optical microcavities, Opt. Express
22(6), 6547 (2014)

X. H. Li and S. Ghose, Hyperconcentration for multi-
partite entanglement via linear optics, Laser Phys. Lett.
11(12), 125201 (2014)

X. H. Li and S. Ghose, Efficient hyperconcentration of
nonlocal multipartite entanglement via the cross-Kerr
nonlinearity, Opt. Ezpress 23(3), 3550 (2015)

B. C. Ren and G. L. Long, Highly efficient hyperentan-
glement concentration with two steps assisted by quan-
tum swap gates, Sci. Rep. 5(1), 16444 (2015)

X. H. Li and S. Ghose, Hyperentanglement concentra-
tion for time-bin and polarization hyperentangled pho-
tons, Phys. Rev. A 91(6), 062302 (2015)

C. Cao, T. J. Wang, S. C. Mi, R. Zhang, and C. Wang,
Nonlocal hyperconcentration on entangled photons us-
ing photonic module system, Ann. Phys. 369, 128 (2016)

L. L. Fan, Y. Xia, and J. Song, Efficient entanglement
concentration for arbitrary less-hyperentanglement
multi-photon W states with linear optics, Quantum In-
form. Process. 13(9), 1967 (2014)

H. J. Liu, Y. Xia, and J. Song, Efficient hyperentangle-
ment concentration for N-particle Greenberger—Horne—
Zeilinger state assisted by weak cross-Kerr nonlinearity,
Quantum Inform. Process. 15(5), 2033 (2016)

F. Z. Wu, G. J. Yang, H. B. Wang, J. Xiong, F.
Alzahrani, A. Hobiny, and F. G. Deng, High-capacity
quantum secure direct communication with two-photon
six-qubit hyperentangled states, Sci. China Phys. Mech.
Astron. 60(12), 120313 (2017)

Y. Soudagar, F. Bussiéres, G. Berlin, S. Lacroix, J.
M. Fernandez, and N. Godbout, Cluster-state quantum
computing in optical fibers, J. Opt. Soc. Am. B 24(2),
226 (2007)

D. Kalamidas, Single-photon quantum error rejection
and correction with linear optics, Phys. Lett. A 343(5),
331 (2005)

B. C. Ren, H. Wang, F. Alzahrani, A. Hobiny, and F.
G. Deng, Hyperentanglement concentration of nonlocal
two photon six-qubit systems with linear optics, Ann.
Phys. 385, 86 (2017)

Hong Wang, et al., Front. Phys. 13(5), 180315 (2018)


https://doi.org/10.1103/PhysRevA.60.194
https://doi.org/10.1103/PhysRevA.60.194
https://doi.org/10.1103/PhysRevA.60.194
https://doi.org/10.1103/PhysRevA.62.054301
https://doi.org/10.1103/PhysRevA.62.054301
https://doi.org/10.1103/PhysRevA.62.054301
https://doi.org/10.1103/PhysRevA.85.012307
https://doi.org/10.1103/PhysRevA.85.012307
https://doi.org/10.1103/PhysRevA.85.012307
https://doi.org/10.1103/PhysRevA.85.012307
https://doi.org/10.1103/PhysRevA.85.022311
https://doi.org/10.1103/PhysRevA.85.022311
https://doi.org/10.1103/PhysRevA.85.022311
https://doi.org/10.1103/PhysRevA.85.042302
https://doi.org/10.1103/PhysRevA.85.042302
https://doi.org/10.1103/PhysRevA.85.042302
https://doi.org/10.1364/OE.21.004093
https://doi.org/10.1364/OE.21.004093
https://doi.org/10.1364/OE.21.004093
https://doi.org/10.1364/OE.21.004093
https://doi.org/10.1007/s11467-014-0435-z
https://doi.org/10.1007/s11467-014-0435-z
https://doi.org/10.1007/s11467-014-0435-z
https://doi.org/10.1007/s11128-015-0924-1
https://doi.org/10.1007/s11128-015-0924-1
https://doi.org/10.1007/s11128-015-0924-1
https://doi.org/10.1007/s11128-015-0924-1
https://doi.org/10.1007/s11128-015-0924-1
https://doi.org/10.1007/s11434-015-0941-6
https://doi.org/10.1007/s11434-015-0941-6
https://doi.org/10.1007/s11434-015-0941-6
https://doi.org/10.1007/s11434-015-0941-6
https://doi.org/10.1088/1612-2011/12/3/036001
https://doi.org/10.1088/1612-2011/12/3/036001
https://doi.org/10.1088/1612-2011/12/3/036001
https://doi.org/10.1088/1612-2011/12/3/036001
https://doi.org/10.1007/s11433-015-5672-9
https://doi.org/10.1007/s11433-015-5672-9
https://doi.org/10.1007/s11433-015-5672-9
https://doi.org/10.1007/s11433-015-5672-9
https://doi.org/10.1007/s11128-015-0948-6
https://doi.org/10.1007/s11128-015-0948-6
https://doi.org/10.1007/s11128-015-0948-6
https://doi.org/10.1007/s11128-015-0948-6
https://doi.org/10.1007/s11128-015-0948-6
https://doi.org/10.1007/s11128-016-1246-7
https://doi.org/10.1007/s11128-016-1246-7
https://doi.org/10.1007/s11128-016-1246-7
https://doi.org/10.1007/s11128-016-1246-7
https://doi.org/10.1007/s11128-016-1246-7
https://doi.org/10.1007/s11433-016-0253-x
https://doi.org/10.1007/s11433-016-0253-x
https://doi.org/10.1007/s11433-016-0253-x
https://doi.org/10.1007/s11433-016-0253-x
https://doi.org/10.1007/s11433-016-0253-x
https://doi.org/10.1103/PhysRevA.88.012302
https://doi.org/10.1103/PhysRevA.88.012302
https://doi.org/10.1103/PhysRevA.88.012302
https://doi.org/10.1088/1612-2011/10/11/115201
https://doi.org/10.1088/1612-2011/10/11/115201
https://doi.org/10.1088/1612-2011/10/11/115201
https://doi.org/10.1088/1612-2011/10/11/115201
https://doi.org/10.1364/OE.22.006547
https://doi.org/10.1364/OE.22.006547
https://doi.org/10.1364/OE.22.006547
https://doi.org/10.1364/OE.22.006547
https://doi.org/10.1088/1612-2011/11/12/125201
https://doi.org/10.1088/1612-2011/11/12/125201
https://doi.org/10.1088/1612-2011/11/12/125201
https://doi.org/10.1364/OE.23.003550
https://doi.org/10.1364/OE.23.003550
https://doi.org/10.1364/OE.23.003550
https://doi.org/10.1038/srep16444
https://doi.org/10.1038/srep16444
https://doi.org/10.1038/srep16444
https://doi.org/10.1103/PhysRevA.91.062302
https://doi.org/10.1103/PhysRevA.91.062302
https://doi.org/10.1103/PhysRevA.91.062302
https://doi.org/10.1016/j.aop.2016.03.003
https://doi.org/10.1016/j.aop.2016.03.003
https://doi.org/10.1016/j.aop.2016.03.003
https://doi.org/10.1007/s11128-014-0789-8
https://doi.org/10.1007/s11128-014-0789-8
https://doi.org/10.1007/s11128-014-0789-8
https://doi.org/10.1007/s11128-014-0789-8
https://doi.org/10.1007/s11128-016-1258-3
https://doi.org/10.1007/s11128-016-1258-3
https://doi.org/10.1007/s11128-016-1258-3
https://doi.org/10.1007/s11128-016-1258-3
https://doi.org/10.1007/s11433-017-9100-9
https://doi.org/10.1007/s11433-017-9100-9
https://doi.org/10.1007/s11433-017-9100-9
https://doi.org/10.1007/s11433-017-9100-9
https://doi.org/10.1007/s11433-017-9100-9
https://doi.org/10.1364/JOSAB.24.000226
https://doi.org/10.1364/JOSAB.24.000226
https://doi.org/10.1364/JOSAB.24.000226
https://doi.org/10.1364/JOSAB.24.000226
https://doi.org/10.1016/j.physleta.2005.06.034
https://doi.org/10.1016/j.physleta.2005.06.034
https://doi.org/10.1016/j.physleta.2005.06.034
https://doi.org/10.1016/j.aop.2017.07.013
https://doi.org/10.1016/j.aop.2017.07.013
https://doi.org/10.1016/j.aop.2017.07.013
https://doi.org/10.1016/j.aop.2017.07.013

	Introduction
	Hyper-ECP for three-photon nine-qubitpartially hyperentangled GHZ states
	Discussion and summary
	References

