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Hyperentanglement concentration
of nonlocal two-photon six-qubit
systems via the cross-Kerr
nonlinearity

Qian Liu'*!, Guo-Zhu Song?, Tian-Hui Qiu?, Xiao-Min Zhang?, Hong-Yang Ma' & Mei Zhang?

We present an efficient hyperentanglement concentration protocol (hyper-ECP) for two-photon
six-qubit systems in nonlocal partially hyperentangled Bell states with unknown parameters. In our
scheme, we use two identical partially hyperentangled states which are simultaneously entangled

in polarization and two different longitudinal momentum degrees of freedom (DOFs) to distill the
maximally hyperentangled Bell state. The quantum nondemolition detectors based on the cross-Kerr
nonlinearity are used to realize the parity checks of two-photon systems in three DOFs. The hyper-ECP
can extract all the useful entanglement source, and the success probability can reach the theory limit
with the help of iteration. All these advantages make our hyper-ECP useful in long-distance quantum
communication in the future.

As one of the striking features of quantum information, entanglement, has been widely used in quantum
information processing, such as quantum teleportation!, controlled teleportation®®, quantum dense coding**,
quantum key distribution®?, quantum secret sharing!’-'2, quantum state sharing'*, quantum secure direct
communication’, and so on. Single photons are interesting candidates for quantum communication, and they
can carry quantum information in several degrees of freedom (DOFs). The entanglement in which photons are
simultaneously entangled in more than one DOF could be called hyperentanglement. Many kinds of hyperen-
tanglement have been discussed, such as polarization-momentum?!, polarization-time-bin?, polarization-fre-
quency®, and polarization-orbital-angular-momentum?*. The hyperentangled Bell states in both the polarization
and two different longitudinal momentum modes DOFs have been introduced in experiments®?. Hyperentan-
glement of photon system can increase both the channel capacity of long-distance quantum communication**and
its security. It can also be used on complete Bell states analysis***?7%, high-speed quantum computation®*,
superdense coding®!, quantum key distribution®?, etc.

However, the entanglement and the fidelity of the entangled systems inevitably degrade because of the interac-
tion with the environment during the storage and transmission. One of the methods to depress the noise effect on
entangled systems is entanglement concentration. It can be used to extract the maximally entangled state from a
large number of less entangled pure states. In 1996, Bennett ef al.** proposed the first entanglement concentration
protocol (ECP) for two-photon system, which is called as Schmidt projection method. They utilized collective
measurement to obtain the coeflicient information. As it requires the collective measurement on multiple parti-
cles simultaneously, it is difficult to manipulate in experiment. Later, Bose et al.** designed an efficient ECP with
entanglement swapping. In 2000, Shi et al.*® proposed an ECP based on entanglement swapping and collective
two-qubit unitary evolution. In 2001, Yamamoto et al.*® and Zhao et al.*’” independently presented two ECPs
assisted by linear-optical elements and postselection. In 2008, Sheng et al.*® presented an interesting ECP that
exploited cross-Kerr nonlinearity, which had a higher efficiency and yield than those with linear optical elements
with the help of iteration. Motivated by those innovation works, many interesting ECPs have been presented and
discussed for different physical systems and different entangled states*~*%.

The concentration of hyperentangled states also has been extensively studied in recent years. In 2013, Ren,
Du, and Deng* gave the first hyperentanglement concentration protocol (hyper-ECP) for two-photon four-
qubit systems with linear optics. In 2014, Ren and Long® proposed another hyper-ECP for nonlocal partially
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hyperentangled Bell states in polarization-spatial mode DOFs assisted by nonlinear interactions. In 2015, Li
and Ghose®' presented two hyper-ECPs for time-bin and polarization hyperentangled states with unknown
parameters and known parameters, respectively. In 2016, Cao et al.” presented a hyper-ECP utilizing photonic
module system. In 2017, Wang and Ren et al. gave two efficient hyper-ECPs for polarization-spatial-time-bin
hyperentangled two-photon six-qubit systems®>**. The hyper-ECP for three-photon partially hyperentangled
GHZ states in polarization, spatial-mode and time-bin DOFs with linear optics was also proposed in the next
year>. The hyper-ECP for polarization-spatial-time-bin hyperentangled Bell states using cross-Kerr nonlinearity
has also been discussed®. Although many hyper-ECPs have been presented, the concentration of two-photon
six-qubit hyperentangled Bell states in both the polarization and the double longitudinal momentum modes
DOFs has not been researched.

In this article, we present an efficient hyper-ECP for partially hyperentangled Bell states of two-photon six-
qubit systems. Two photons considered in our hyper-ECP are simultaneously entangled in polarization and
two longitudinal momentum DOFs, which is not taken into account in other hyper-ECPs. We use the quantum
nondemolition detectors (QNDs) to check the parity of the two-photon in three DOFs to implement our proto-
col, and therefore the unsuccessful instances in each round can be reused in the next concentration round. The
success probability in our scheme can be greatly improved and the maximum of the success probability is nearly
100% with the help of iteration. Moreover, it does not require that the parties know the exact information about
the partially hyperentangled Bell states. These good features make our scheme eflicient and useful for quantum
information processing involving hyperentanglement.

Results
The hyper-ECP process for two-photon six-qubit systems The hyperentangled Bell state of two-photon six-qubit
systems in three DOFs can be described as follows?:

L Al + V)AIV)S) ® iz<|l>A|r>B Al g)

V2 V2

1
® E(u)AII)B + |E)AlE)B).
Here the subscripts A and B denote the two photons. The three independent DOFs are polarization (H/V) and
a double longitudinal momentum (r/l and E/I). H and V represent the horizontal and vertical polarization of
photons, respectively. I (r) represents the left (right) mode and E (I) represents the external (internal) mode. The
four Bell states in the polarization DOF of two-photon systems can be written as
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(1)

1
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and four Bell states in the first longitudinal momentum DOF are
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while the four Bell states in the second longitudinal momentum DOF can be denoted as

[y hg =—=Dalr)g £ 1) allp), (5)

1

lo™) 55 =E(|I>A|I>B + |E)AlE)B), (6)
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AB_ﬁ

Here |¢i)i\3 (i = P, F, S) is the even-parity state of photons in i DOF, while| ‘/fi}JAB (j = P, F,S) is the odd-parity
state of photons in j DOF, the superscripts P, F, and S denote the polarization, the first longitudinal momentum,
and the second longitudinal momentum DOFs of a two-photon six-qubit system, respectively. In long-distance
quantum communication, the maximally hyperentangled Bell state| HEs) may decay to a partially hyperentangled
Bell state [/) o after passing through the noisy channels. Here,

[Y)ap =(a|H)alH)p + BIV)alV)B) ® (v 1) alr)p + 8|7)all)B)
® (elD)all)p + €|E)Al|E)B).

The parameters o, B, ¥, 8, €, ¢ are unkown and satisfy the normalization condition
> + B2 = |y > + 81> = |e* + |e|* = L
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Figure 1. Schematic diagram of the principle of P-QND constructed by the cross-Kerr nonlinearity, one can
distinguish the states |[H) 4 |H)pand | V) 4| V) g from the states |H) 4| V) p and | V') 4 |H) p with different phase shifts
+6 and 0 of the coherent state, respectively. | X) (X|is the homodyne measurement to distinguish different phase
shifts of the coherent probe beam. PBS denotes the polarizing beam splitter which is used to reflect the vertical
(V) polarization photon and transmit the horizontal (H) polarization photon, respectively.
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Figure 2. Schematic diagram of the principle of the F-QND. One can distinguish the states |rr) and |I) from |Ir)
and |r]) by the different phase shifts 0 and 40 of the coherent state.

In order to realize the hyperentanglement concentration of the unknown partially hyperentangled Bell state
|Y¥) A, we use the QNDs shown in Figs. 1, 2, and 3. The P-QND shown in Fig. 1 has been described in Ref.””, and
the other two QNDs are improved based on the schemes shown in Ref.”’”. Based on the principle of the cross-Kerr
effect (see the Methods section), if one let the two photons A and B pass through the circuit as P-QND shown in
Fig. 1, they can only get two measurement outcomes o) and |oe™ ) for the coherent probe beam, with the cor-
responding polarization states |H) 4 |H)p (|V)4|V)p) and |H)4|V)p (|V) a|H)p). It is essentially the polarization
parity-check measurement of photons, which can be used to distinguish the even-parity states |¢=)p from the
odd-parity states |y %) p. F-QND is the first longitudinal momentum parity-check QND, which can be used to
distinguish the first longitudinal momentum states |r)4|r)p (1) all)g) from [r)4|l) (|[)a|r)p) by different phase
shifts 0 and 6 of the coherent state. The phase shift of the coherent state for the second longitudinal momentum
states|I)4|I)p and |E) 4 |E)p is 0, different from phase shift £6 of the states|I)4|E)p and |E) 4 |I) g, which can be
realized in S-QND, the second longitudinal momentum parity-check QND.

The basic principle of our hyper-ECP for two-photon six-qubit systems in an unknown partially hyperen-
tangled state is shown in Fig. 4. Two photon pairs AB and CD shared by Alice and Bob can be in an identical
partially hyperentangled state when they were produced from the same source and passed through the same
channel. Thus the state of the photons CD can be denoted as
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Figure 3. Schematic diagram of S-QND, which is used to distinguish the states |II) and |EE) from |IE) and |EI)
by different phase shifts 0 and &6 of the coherent state.

Alice Bob
r,E>A r,E>B
‘ | s [0, r-o ’
1’1>A I’I>B ’
< 5 g >
D, ! . ' Ry, F-OND Dy,
De, - Dp,
D, r’E>C r’E>D D,
D, I Dy,
rI). S, rl)yig, S-OND
Dcs I | DDS
D6 l’l>c 1’1>D D
Dy, = D,
D I’E>c l’E>D Ry, Dig

Figure 4. Schematic diagram of our hyper-ECP for a two-photon six-qubit partially hyperentangled Bell

state with unknown parameters resorting to cross-Kerr nonlinearity. S; and S, are two identical partial
hyperentanglement sources. Rog and Rys are half-wave plates, which are used to rotate the polarization of the
state by 90° and 45, respectively. The 50:50 BS is used to accomplish the Hadamard operation for the two
longitudinal momentum modes. PBS denotes a polarizing beam splitter which is used to transmit the horizontal
polarization component and reflect the vertical polarization component. D represents the single-photon
detector.

[¥)cp =(@|H)c|H)p + BIV)c|V)p) ® (v|lclr)p + 8r)cll)p)
® (ell)c|I)p + €|E)c|E)D).

Before the photons CD are sent to Alice and Bob, the bit-flip operations are performed on the polarization mode
of the photons by the half-wave plates Rgg. The bit-flip operation of the double longitudinal momentum modes
of photon C can be achieved by the exchange of the modes|r, E)c and|l,I)c,|r, I)c and |, E) ¢, respectively. The
bit-flip operation of the double longitudinal momentum modes of photon D can be achieved by the same way.
Then Bob lets the photons B and D pass through the P-QND, F-QND and S-QND, successively. After the opera-
tions above, the whole state of the four photons and three coherent states can evolve into

)
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State of ABCD | P-QND |F-QND |S-QND | P

|W1)aBcD Even Even Even 8laBydec|?

|W2) ABCD 0dd Even Even alyses*(la|* + 1B1Y

|W3) aBcp Even 0dd Even 4laBec?(ly)* + 1514

|Wy) ABCD Even Even 0dd 4aBys|P(e|* + |e*)

I¥s) apcp 0Odd Odd Even 2leel(lal* + B Uy I* +181*)

|We) apcp odd even odd 20y 81 (lal* + 181N (lel* + lel*)

1W7) aBcD even odd odd 20y + 181 (el* + le])
[Ws)apcp odd odd odd (ot + 181N Up* + 181 el* + lel*)

Table 1. The relation between the states of four photons, the parity check measurement results and the
probability.

[W)apcpla)ila)aa)s

— [@*H)alV)clH)BI V)b + B2IV)alH)c|V)5IH) b))

+ap(H)alH)cH)s|H)plee)1 + [V)alV)cIV)5IV)plee™)1)]

® [V alr)clrslDplae®)s + 8% r)all)cllslrplae™™), (10)

+yd(Dalbclr)slripla)z + Ir)alr)clsll)p)le)2]

® [€*[1)alE)cl1)s|E)plove™)s + e?[E)alT) clEV5 ) plare™) s

+ec(DallclDl)p + |E)AlE)clE)BIE)p)|at)3].
The corresponding relatlon between the states of ABCD, the parity check measurement results of three QNDs
and the probablhtyP )(i=1,2,3,4,5,6,7,8) is shown in Table 1. The superscript “(1)” denotes the first round
of concentration. According to the Homodyne measurement results of three QNDs, the eight collapsed states of
four-photon system can be divided into four cases.

In the first case, all the three parity check measurements give even-parity results. The remaining state of the
four-photon system can be described as

)
)

[W1)aBCcD :\7%(|H>A|H)C|H>B|H>D +V)alV)clV)BIV)D)
Pl
(11)

® ys(Ihalbclr)slr)p + In)alr)clhsll)p)
® es(IDall)clsl)p + |E)AlE)c|E)BIE) D).

The probability that Alice and Bob get the above state is Pfl) = 8lafydec|®

Alice and Bob use Rys to rotate the polarization of the state by 45°. BSs are used to perform the Hadamard
operation on the double longitudinal momentum DOFs of the state. Then the selected term shown in Eq. (11)
is transformed into

1
|¥]) aBCD =$(|¢+>£3|¢+>€D + 1) sl VD)
1
® E(|w+>£3|¢—>€D + 1Y) A ) ep) (12)

® = (167510 + 107561V ).
V2
The last step is to distinguish the photons C and D in different polarization and different longitudinal momen-
tum DOFs. The PBSs are used to transmit the horizontal polarization component and reflect the vertical polari-
zation component. The corresponding relation between the measurement results and the states of CD is shown
in Table 2. From Table 2, one can see that if both the single-photon detectors D¢; and Dp; click, the photon pair
AB is left in the state

) ag = 9T hslv ) iEleo )55 (13)

That is, the two-photon system AB is projected into the ideal maximally hyperentangled Bell state. Finally,
according to the results of the measurement, one can perform corresponding phase-flip operations on the qubits
to achieve the ideal state. The phase-flip operations on the qubits can be accomplished by putting conditional
half-wave plates in the appropriate paths of photon. The corresponding relation between the final collapsed
hyperentangled Bell states of photon pair AB, the half-wave plates and the relevant paths of photon is shown
in Table 3. Ry denotes the half-wave plate set at 0° which performs the operation |H) — |H),|V) — —|V)on
the polarization mode of photons. The half-wave plates Rgg performs the bit-flip operatlon on the polarization
mode of the photons. If the photon pair AB is in the hyperentangled Bell state [¢~ A ey~ yE 4Blo 7 )up> Alice can
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States of CD Detectors

Dc1Dp1 Dc2Dp2 DesDps DeaDpa
DecsDps DcsDps De7Dp7 DesDps
Dc1Dp3 DesDpi DeeDps DesDpes
Dc¢2Dps DeaDp2 DesDp7 De7Dps
Dc2Dp7 DeaDps DesDps De7 Do
Dc1Dps DcsDps DosDps Des Dy
Dc2Dps DesDp7 DesDpa De7Dpa
Dc1Dps De3Dps DesDp1 Des Dps
Dc1Dp2 DesDpa DesDps Des Doy
Dc2Dp1 DesDps DesDps De7Dps
Dc¢2Dp3 DeaDpi1 DesDps De7Dps
Dc1Dp4 De3sDpz DesDp7 Des Dps
Dc1Dp7 DeaDpe DesDps De7Dpi
Dc¢2Dps D3 Dps DeeDpa Des D
Dc1Dps De3Dp7 DegDp2 Des Dpa
D¢2Dpe DcaDps DesDpi De7Dps

1652165 Eplo™) e

165)8pl¢ ) Epl¥ ) En

65 eplvH)Eplo®)ep

95 Epl ¥ ) Epl¥E)en

W) ep v ) Enl¢*)ep

[ P ) Ep [ ey,

W) epl¥ ) Eple®)ep

T R T £

Table 2. The relation between the states of photon pair CD and the measurement results.

State of AB Half-wave plates | Paths

‘¢+>AB|¢+> B‘¢+>,SAB none none
lo) EplvT)igle )55 | Ros Roo, Ro |r,E),|L, E)
9" )ap1Y VaploT)Ap | RosRoo R Ir. D), Ir, E)
lot)hslv ) isle)Ss | RosRoo, Ro |r, 1)1, E)

lo ) Eslv Y isleo™)Ss | Ro all the four paths

WP 1 E 1 A—\S Ro |, 1), |L 1)
|07 ) al¥ " Vapld ™ Yap Roo. Ro B LE)
Ry |L,1),11, E)
sl CD|¢+ Rop, Rg |r,I),|r, E)
T s :lr?)“'lg

Table 3. The relation between the states of photon pair AB, the half-wave plates and the relevant paths.

accomplish the phase-flip operations for all the three modes by putting Ry in the paths|/,I) and|r, E), Roo, Ro in
the paths|r, I) and|l, E) of the photon A, respectively.

In the second case, one of the parity check measurement results is odd-parity result. The four-photon system
is projected into the state [\W2) apcp, | W3) aBcp Or | W4) aBcD, respectively, with the corresponding probability P
(i = 2,3,4). We take the state| W) spcp as an example. Here

1
|W2) apcp = = (@?|H)AlV)c|H)BIV)p + B2IV)alH)c|V)5IH) D)
VE2 (14)
® y8(l)allyclr)lr)p + 1 alr)cll)sll)p)
® es(I)all)cI)gI)p + |E)AlE)c|E)BIE) D).

Alice and Bob perform Hadamard operations on the three DOFs of photons C and D, respectively, and then the
state | W,) agcp can be transformed into the state |W)) apcp. Here

1
|W5) aBcD =ﬁ[(a<2>|H>A|H>B +BPIV)AIV)B)Io TRy

+ (@@ H)alH)g — BPIV)alV)B)Y ) ep]

1 15
® ﬁaw*)igm& + 1Y) hlY ) Ep) (4
1
® E(waw%}) +107) 31 D)
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@ @_ 8 i i
Here, \al“ \/3\4 nd 8 T Then according to the measurement results in Table 2, we can

obtain the state |1,0 )} A with or without single-photon operations, here

s ap =@ @ [H)alH)p + B2 V)AlV)5) ® ¥ ) 51035, (16)

This is a partially hyperentangled Bell-type state with the longitudinal momentum DOFs in a maximally hyper-
entangled Bell state. For states|Ws3) 4pcp and |W4) opcp, one can also obtain a partially hyperentangled Bell-type
state with two DOFs in a maximally hyperentangled Bell state. The final state of photon pair AB can be denoted as

1) as =16) 051055 © P alr)s +8@1r allp),

(17)
i) =16 10 Vs @ €@ 1Al 5 + 6P E)AIE)8).

2 2 2 2
Here,y® = ¥ s - ___ & @O _ ___€  nde® = __£___ 1In this condition, another
4 TR ol elile? el

round of the hyper-ECP process is required.

In the third case, two of the parity check measurement results give odd-parity results. The four-photon
system is projected into the state |Ws)apcp, |Ws) aBcD or [W7) AB% Then after the whole quantum circuit, Alice
and Bob can get the two-photon system in the state |1//5 ) AB» W )apor| 1//7 ) A with or without single-photon
operations. Here,

1) ap =@ @ [H)alH)p + BP1V)AIV)E) @ (¥ @D alr)s + 8P alllp) ® 16755
[P ag =@ @ [H)alH)p + BPV)alV)E) @ €@ ) all)p + P |E)alE)p) v )5, (18)
i) ag =P alr)s + 8P1r) allp) ® €@ all) s + e P E)4E)p) ® 915

The corresponding probabilities are shown in Table 1. For those partially hyperentangled states, another round
of hyper-ECP is needed.

In the last case, all the three parity check measurements give odd-parity results. Then after the whole quantum
circuit and conditional unitary operatlons on photon B, the two- Ithoton system can be projected into the partially
hyperentangled Bell-type state Ws ) 45 with the probability P8 . Here

W) ap =@@ [H) Al H) g + BP1V)AIVIE) @ (v P IDalr)s + 8P [r)all)p)

(19)
® (€@ Dall) g + @ [E)AlE)p).

This state can also be used in the next round to obtain the maximally hyperentangled Bell state.

For another identical four-photon system A’B'C’'D’, the same operations are also performed on photon pairs
A’B’and C'D’ by Alice and Bob. Therefore, we can also obtain eight different collapsed states of photon pair A'B’,
and the photon pair A’B’ in less-entangled state can be used as auxiliary photons in the next round.

Improving the success probability by iteration The success of the hyperconcentration schemes is based on the
three parity checks. When three even-parity outcomes occur, the hyperconcentration schemes succeed with
probability P; = Pfl) = 8lafydee|?. Otherwise, these schemes fail. However, the other states can also be used
to distill the maximally hyperentangled Bell state. In this subsection, we will use the auxiliary photon pair A’B’
to distill a maximally hyperentangled Bell state from the partially hyperentangled-type state obtained in the first
round. That is, we will iterate the hyperentanglement concentration processes to improve the success probability,
such method was first proposed in 2008%. The principle in the next round is similar to what is shown in Fig. 4.

For the second case, the partially hyperentangled Bell-type state is only less entangled in one DOE, while the
other two DOFs are in the desired forms. Here, we only discuss the state | Wz ) in detail, while the other cases
can be handled in the similar way. The state of the four-photon system ABA’B’ is |‘~I/21 YaBa’B> Here

|‘1’2( )ABA'B' —Wz NaB® |1/f N up
=@ H)alH)p + BPIV)alV)p) ® [v ) iplo ™55 (20)
® (@?H)y|H)p + B2V IV)p) @ [y ) 51055

In this case, we can just perform parity check for the less-entangled mode, hence Bob can let photons B and B’
just pass through the P-QND. If the outcome of the P-QND is even, the two-photon system AB can be projected
into the maximally hyperentangled Bell state |1/f), the success probability of this round is

4514
@ _ MW@ a2 0 2ZlelflBl
P2 = p2jq@ @2 = ptv 2T PL_ 1)
P 2 (alt + 18192
For the partlallzy hyperentangled Bell-type states |1/3)} ; and |¥/4) ] 5, the success probabilities in the second round
are P; Vand P4 ,respectlvely Here
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20y 1481t
2 1 1
PP = P2y @s@12 = pil =L
Iyl + 13 o
4 4
@ _ py @, @2 _ p_ 2lellel
P, =P, ’2lee =P —.
4 i 2 = e T e

Given the analysis of the second round for the second case, we can see that in the mth round, the probabilities
of success (failure) of getting the desired state from the (s — 1)th round are

m m m+1 m+1
o _ 2B o _ Ll 18P
2T (e IBEY TH T (e 4 1B
m m m+1 m+1
o _ 2171181 o P 18P 23)
35 T W’ 3f T 2’”—52”‘2’
Iy 127 +181°7) (v IP" +181%)
m m m+1 m+1
m 20l |e)? O S o Gl

BT (el 4+ 162 YT (e + el

Here P:'(,T) and Pi(,m) (i=2,3,4) denote the success and failure probabilities for obtaining the maximally hyperen-
tangled state in t{le mth round, respectively. Then we can compute the success probability P; (i = 2,3,4) after n
(n > 2) rounds for the second case,

if
For the third case, the partially hyperentangled Bell-type state is less entangled in two DOFs, while the third
DOF is in maximally entangled state. Thus, in the second round, we will pay attention to two QNDs. Here, we
will discuss the state |1//._-52)) Ap in detail, the other cases can be handled in the similar way. If the photons B and
B’ are in even-parities in polarization and the first longitudinal momentum DOEF, we can obtain the maximally
hyperentangled Bell state|1/7) with the probability

See

2 D2 1 D ) p2
e ) o5
For the state |1//§m)) B which corresponds to two odd-parity results in the (i — 1)th round, the probabilities of
the four parity check results are

(m) (m) p(m) (m) (m) p(m) (m) (m) p(m) (m) (m) p(m)
Pse. =Py Py, Psgzpz,r:lps,r;’ P521:P2?P3?> Psgqa:PzZ}stfl- (26)

» <« » « « »

The subscripts “e€”, “e0’, “oe” and “00” indicate the parity check results for two QNDs, with “¢” being even and

0~ being odd. In this case, the success probability of the mth (m > 2) round is

N 2f 7 2s 2f 7 2f 2f 37 3f 3.f 3.8
(1) p2 (2) pB3) (2) p(3) (m=2) n(m—1) p(2) p3) (m—1) ,(m)
+Ps”(P5] + P57 Ps +.--+P3JP3J.--P3?; 2 )PZ’J,PZ’fn-PZt’f“ Py (27)
(1) p(2) p2) p3) p(3) (m—1) p(m—1) p(m) p(m)
+Ps Pz,fP3fP2,fP3,f"'P2’,}1 P3:1; PPy .
We can easily achieve the total success probability after n (n > 2) rounds
n
Py = P{". (28)
m=2

For the partially hyperentangled Bell-type states| 1//6(2) )apand |1//;2) ) AB> the corresponding success probabilities are
(2 1) p@
Pg” =P Pee

PP —ppR) = pVay @52 @@ 2 = ppp®

7ee

1 1 2 2
= P 4ia DO = 0P, 2

For the partially hyperentangled Bell-type states| I/Iém) )apand| %(m) ) AB» the probabilities of the four parity check
results are

(k) (m) py(m) (k) (m) py(m) (k) (m) p(m) (k) (m) p(m)
Pgee = Py Pys > P660=P2,SP4,f’ P6oe=P2,fP4,s’ P6oo=P2,fP4,f’ (30)
(k) (m) p(m) (k) (m) p(m) (k) (m) p(m) (k) (m) p(m)
P7ee:P3,sP4,s’ P7eo:P3sP4,f’ P7oe:P3,fP4,s’ P7oo:P3,fP4,f'

The corresponding success probabilities of the mth (m > 2) round are
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(m) 1) p2) (2) p(3) (2) p(3) (m—=2) p(m—1)\ p(2) p(3) (m—1) p,(m)
Pg =Ps (Pyg + Py Py + o+ PypPyp--- Py TPy e )P iPypePyp TPy
(m—2)

M p@ | p@pG @) p(3) (m=1)\ p(2) p(3) (m—1) p(m)
+ Pg (Pyy + Py Py + -+ PP - Py Py )Pz,sz)mez?; 2

1) p@) p@) p3) p(3) (m=1) p(m—1) p(m) p(m)
+ P Pz,fpgpszg-..sz; P4f; PP/,

(m) (1) p2 (2) p3) (2) p3) (m=2) p(m—1) p(2) p3) (m—1) p(m)
Py =Py (Py + PyyPyy + -+ PigPyy -+ Py Pyl )Py Py - Py Py

(1) p2) (2) p®3) (2) p3) (m=2) n(m—1)y p(2) p(3) (m—1) p,(m)
+P; (P4,s +P4,fP34,s+"'+P34,fP4,f"'P4Zf1 P4T )P3,fp3)f"'P31}1 P;:

(1) p@) p@) pB3) p(3) (m=1) p(m—1) p(m) p(m)
+P; P3JP4JP3JP4J-~P3;’ P4fj’} PPy,

By iterating the hyperconcentration process #n (n > 2)times, the total success probability for each condition is

n n
P = Z Pé'n), P; = Z P;m) (32)
m=2 m=2

For the last case, the principle of this step is the same as the first round, except that the photon pair CD is replaced
by A’B’. Thus, using the whole quantum circuit shown in Fig. 4, we can achieve the maximally hyperentangled
Bell state |1/¢) with the probability

(31)

2 1 1 2) p(2) p(2
Pé ) ——Pé )8|O[(2)/3(2))/(2)(3(2)6(2)8(2) |2 = Pé )Pz(,S)P;,S)Pg,S)' (33)
The success prObablhty Of the 3th round iS

PS) =P§1)(P§)25)P£,25)P(2)P(3) + pé’ZS)PiZS)PQ)PG) + Pizs)P(z)P(z)PG)

2f 7 2s 3,7 3s 3,5 4 f " ds
(2) p(2) p(2) p(3) p(3) (2) p(2) p(2) p(3) p(3) (2) p(2) p(2) p(3) p(3)
TPy Py Py Py s Py + Py Py Py Py Py e + Pyp Py Py d Py Py (34)
(2) p(2) p(2) p(3) p3) p(3)
+ Py P3Py Py (P3Pl

Then we can obtain the success probability of the mth (m > 3) round for the last case

(m) (1) 2) p(2) (2) p) pB3) pB3)
Py =Py Z[(Pg,s)Pb,s +Pa,fpb,fpz(1,s)Pbs
a,b,c
2) p(2 ~2) p(m=2) p(m— —1)\ p2 -1
o PP PR P P Dy ) p il
2 2) (3 ~2) p(m— 2)p2 ~1) p(m—1
P2+ PP 1+ PP PN ) p . =D = i )
W5 S p@ 4 p@p0) e
+ P Z Z(Pi,s + Py P
ijk Li=2
@) pB) (=1 p(D\p2) O pU+D) | 52 (m—=1) p(m)
+o PPPY - PETVP P PP P P P
(1) p(2) p(2) p(2) (m—=1) p(m—1) p(m=1) 5(m) 5(m) p(m)
+ Py Py Py Py .-.P2}’ P3f}“ P4:} Py PP,
Here,a # b # ¢ € {2, 3,4} and satisfy the limitation a < b, whilei # j # k € {2,3,4}.
The total success probability for the last case is
n
Py = P{". (36)
m=2
Through n rounds of our hyper-ECP, the success probability can be improved as
P =P+ Py+ P34+ Py + P5 + Ps + P; + Pg. (37)

The relation between the total success probability, the initial parameter and the iteration number is shown in
Fig. 5. The four plots show the success probabilities for n = 1,2, 3,4 iterations. The parameters of the arbitrary
partially hyperentangled Bell states are chosen as|y | = |€|. As shown in Fig. 5, we can find that, the total success
probability is correlated to the six parameters of the partially hyperentangled Bell state, and with the iteration of
our hyper-ECP process, the success probability P will be greatly improved. The maximum of the success prob-
ability can reach 95.4% after n = 6 iterations, and it can be improved to nearly 100% by iteration.

Discussion

We have proposed an efficient hyper-ECP for partially hyperentangled Bell states in the polarization and double
longitudinal momentum DOFs resorting to the cross-Kerr nonlinearity. We focus on the case that the param-
eters of the partially hyperentangled Bell state are unknown to the two legitimate users. In our hyper-ECP, two
identical partially hyperentangled pairs are used to distill maximally hyperentangled Bell state. Hyperconcen-
tration is realized with the three parity checks, where one for the polarization state and the others two are for
double longitudinal momentum mode. Both the users are required to perform some quantum operations on

Scientific Reports |

(2020) 10:21444 | https://doi.org/10.1038/s41598-020-78529-2 nature research



www.nature.com/scientificreports/

(a) n=1 (b) n=2
1.0 1.0
n, 0.5 n 0.5
0 0
0 0.5 0
0.25 0.25 0.25
05 0
o f by o f
(c) n=3
1.0
o 0.5
0
0 0.5

0.25 0.25 .
05 0 05 0

o f b f o f i

Figure 5. The success probability P of our hyper-ECP for two-photon six-qubit systems in an arbitrary partially
hyperentangled Bell state. The parameters of the arbitrary partially hyperentangled Bell states are chosen as

ly| = lel.n =i (i = 1,2,3,4) is the iteration number. Different figures correspond to the schemes with different
number of iterations.

their photons. After the first hyperconcentration round, the protocol has a certain success probability P, and the
success probability can be greatly improved by implementing more rounds of hyperconcentration.

In our hyper-ECP, the cross-Kerr nonlinearity is developed to structure the QNDs to check the parity of the
two-photon in three DOFs. Thus, it will affect the practical efficiency of our hyper-ECP. Although a lot of works
have been reported on cross-Kerr nonlinearity®®*, we should acknowledge that the cross-Kerr effect in the
single-photon regime is a big challenge with current technology®-%2. However, recent researches show that the
use of cross-Kerr effect is promising in the not so distant future®*-72. For example, in 2011, He et al.* researched
the interaction between continuous-mode coherent states and single photons, and they indicated that the effects
influence the cross-phase modulation process and let the treatment of single-photon-coherent-state interactions
more practical. In the same year, Feizpour et al.5* showed that a cross-Kerr phase shift is capable of being ampli-
fied to an observable value by using weak-value amplification. In 2016, Beck et al.”® achieved a large conditional
cross-phase shift of /6 between a retrieved signal and control photons. In the same year, Tiarks et al.”! dem-
onstrated the generation of a 7 phase shift with a single-photon pluse. In 2019, Sinclair et al.”* reported strong
cross-phase modulation at low light levels generated by a resonant cross-Kerr nonlinearity based on Rydberg
interactions and electromagnetically induced transparency. The nonlinear phase was measured as large as 8
mrad per nanowatt of signal power, corresponding to a x ®) of 10782/ V2. On the other hand, in our scheme, a
small phase shift, as long as it can be discriminated from zero, is required. All those researches indicate that our
scheme is possible to be realized with the current experimental techniques. Moreover, other kinds of nonlinear
interaction can also provide practicable ways to realize the needed parity check.

The hyperconcentration of the unknown partially hyperentangled Bell states in our scheme can also be
achieved using linear optics. However, the restriction on hyperconcentration schemes based on linear optics is
that they can not iterate and the success probabilitis are lower than those with nonlinear optics. Certainly, we
can first perform parameter estimation and then use the hyperconcentration schemes for states with known
parameters to get higher success probability. But in fact, the estimation of parameters consumes extra quantum
resources. In our scheme, we can extract all the useful entanglement source, and the success probability can
reach the theory limit with the help of iteration. Although the success probability of our scheme can be greatly
increased, this scheme can only distill the maximal hyperentangled Bell states from less entangled pure states.
For other kinds of decoherence, further research is required.

In summary, we have proposed an efficient hyper-ECP for partially hyperentangled states that are entangled
in polarization and double longitudinal momentum DOFs. In our hyper-ECP, the partially hyperentangled states
have six arbitrary parameters, which are unknown to the two legitimate users, and the QNDs resorting to the
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cross-Kerr nonlinearity are used to accomplish our scheme. The unsuccessful instances in each round can be
reconcentrated to achieve higher success probability. Since hyperentanglement has many potential applications,
our hyper-ECP may be useful in long-distance quantum communication in the future.

Methods

Cross-Kerr nonlinearity. The Hamiltonian of a cross-Kerr nonlinearity medium is*”* H = fixalasajap.
aI (a;) and a; (ap) are the creation and the annihilation operators of the signal (probe) pulse beam, respectively.
hy is the coupling strength of the nonlinearity, which depends on the nonlinear material. If the probe beam is in
the coherent state |«), for a single photon |¢)s = ¢o|0)s + c1|1)s, the effect of the cross-Kerr nonlinearity on the
whole system can be denoted as

Ulg)sla), =e™/(c]0)s + c1]1)5)]a)p

(9)

=co|0)slar)p + c1l1)s|ace™ )p,
where |0); and |1); are the Fock states for the signal pulse, and ¢ is the interaction time. The phase shift6 = xtis
proportional to the number of photons with the single-photon state being unaffected.

Received: 18 August 2020; Accepted: 26 November 2020
Published online: 08 December 2020

References
1. Bennett, C. H. et al. Teleporting an unknown quantum state via dual classical and Einstein-Podolsky-Rosen channels. Phys. Rev.
Lett. 70, 1895-1899 (1993).
2. Karlsson, A. & Bourennane, M. Quantum teleportation using three-particle entanglement. Phys. Rev. A 58, 4394-4400 (1998).
3. Deng, E G., Li, C. Y., Li, Y. S., Zhou, H. Y. & Wang, Y. Symmetric multiparty-controlled teleportation of an arbitrary two-particle
entanglement. Phys. Rev. A 72, 022338 (2005).
4. Bennett, C. H. & Wiesner, S. ]. Communication via one- and two-particle operators on Einstein-Podolsky-Rosen states. Phys.
Rev. Lett. 69, 2881-2884 (1992).
. Liy, X. S., Long, G. L., Tong, D. M. & Li, . General scheme for superdense coding between multiparties. Phys. Rev. A 65, 022304
(2002).

. Ekert, A. K. Quantum cryptography based on Bells theorem. Phys. Rev. Lett. 67, 661-663 (1991).

. Bennett, C. H., Brassard, G. & Mermin, N. D. Quantum cryptography without Bells theorem. Phys. Rev. Lett. 68, 557-559 (1992).

. Deng, E. G. & Long, G. L. Controlled order rearrangement encryption for quantum key distribution. Phys. Rev. A 68, 042315 (2003).

. Li, X. H,, Deng, F. G. & Zhou, H. Y. Efficient quantum key distribution over a collective noise channel. Phys. Rev. A 78, 022321

(2008).

10. Hillery, M., Buzek, V. & Berthiaume, A. Quantum secret sharing. Phys. Rev. A 59, 1829-1834 (1999).

11. Xiao, L., Long, G. L., Deng, E. G. & Pan, J. W. Efficient multiparty quantum-secret-sharing schemes. Phys. Rev. A 69, 052307 (2004).

12. Gao, Z. K., Li, T. & Li. Z. H. Deterministic measurement-device-independent quantum secret sharing, Sci. China-Phys. Mech.
Astron.https://doi.org/10.1007/s11433-020-1603-7, in press.

13. Lance, A. M., Symul, T., Bowen, W. P, Sanders, B. C. & Lam, P. K. Tripartite quantum state sharing. Phys. Rev. Lett. 92, 177903
(2004).

14. Deng, E. G,, Li, X. H,, Li, C. Y., Zhou, P. & Zhou, H. Y. Multiparty quantum-state sharing of an arbitrary two-particle state with
Einstein-Podolsky—Rosen pairs. Phys. Rev. A 72, 044301 (2005).

15. Long, G. L. & Liu, X. S. Theoretically efficient high-capacity quantum-key-distribution scheme. Phys. Rev. A 65, 032302 (2002)
[the first version annouced on 13 December 2000 in arXiv:quant-ph/0012056 and it claims clearly that this protocol can be used
to transmit secret message directly.].

16. Deng, E. G., Long, G. L. & Liu, X. S. Two-step quantum direct communication protocol using the Einstein—-Podolsky—Rosen pair
block. Phys. Rev. A 68, 042317 (2003).

17. Wang, C., Deng, F. G,, Li, Y. S,, Liu, X. S. & Long, G. L. Quantum secure direct communication with high-dimension quantum
superdense coding. Phys. Rev. A 71, 044305 (2005).

18. Gao, Z..K,, Li, T. & Li, Z. . H. Long-distance measurement-device-independent quantum secure direct communication. EPL 125,
40004 (2019).

19. He,R,, Ma, ]. G. & Wu, J. W. A quantum secure direct communication protocol using entangled beam pairs. EPL 127, 50006 (2019).

20. Zhou, L., Sheng, Y. B. & Long, G. L. Device-independent quantum secure direct communication against collective attacks. Sci.
Bull. 65, 12 (2020).

21. Barbieri, M., Vallone, G., Mataloni, P. & De Martini, F. Complete and deterministic discrimination of polarization Bell states
assisted by momentum entanglement. Phys. Rev. A 75, 042317 (2007).

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

23. Yabushita, A. & Kobayashi, T. Spectroscopy by frequency-entangled photon pairs. Phys. Rev. A 69, 013806 (2004).

24. Barreiro, J. T., Wei, T. C. & Kwiat, P. G. Beating the channel capacity limit for linear photonic superdense coding. Nat. Phys. 4,
282-286 (2008).

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

26. Vallone, G., Ceccarelli, R., De Martini, F. & Mataloni, P. Hyperentanglement of two photons in three degrees of freedom. Phys.
Rev. A 79, 030301(R) (2009).

27. Kwiat, P. G. & Weinfurter, H. Embedded Bell-state analysis. Phys. Rev. A 58, 2623-2626(R) (1998).

28. Walborn, S. P,, Padua, S. & Monken, C. H. Hyperentanglement-assisted Bell-state analysis. Phys. Rev. A 68, 042313 (2003).

29. Ren, B. C. & Deng, E G. Hyper-parallel photonic quantum computation with coupled quantum dots. Sci. Rep. 4, 4623 (2014).

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

31. Hu, X. M. et al. Beating the channel capacity limit for superdense coding with entangled ququarts. Sci. Adv. 4, eaat9304 (2018).

32. Cui, Z.X,, Zhong, W., Zhou, L. & Sheng, Y. B. Measurement-device-independent quantum key distribution with hyper-encoding.
Sci. China-Phys. Mech. Astron. 62, 110311 (2019).

33. Bennett, C. H., Bernstein, H. J., Popescu, S. & Schumacher, B. Concentrating partial entanglement by local operations. Phys. Rev.
A 53,2046-2052 (1996).

1521

NN o)

Scientific Reports |

(2020) 10:21444 | https://doi.org/10.1038/s41598-020-78529-2 nature research


https://doi.org/10.1007/s11433-020-1603-7
http://arxiv.org/abs/quant-ph/0012056

www.nature.com/scientificreports/

34.

35.
36.

37.
38.

39.

40.

Bose, S., Vedral, V. & Knight, P. L. Purification via entanglement swapping and conserved entanglement. Phys. Rev. A 60, 194-197
(1999).

Shi, B. S., Jiang, Y. K. & Guo, G. C. Optimal entanglement purification via entanglement swapping. Phys. Rev. A 62, 054301 (2000).
Yamamoto, T., Koashi, M. & Imoto, N. Concentration and purification scheme for two partially entangled photon pairs. Phys. Rev.
A 64, 012304 (2001).

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

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

Sheng, Y. B., Zhou, L., Zhao, S. M. & Zheng, B. Y. Efficient single-photon-assisted entanglement concentration for partially entan-
gled photon pairs. Phys. Rev. A 85, 012307 (2012).

Deng, E G. Optimal nonlocal multipartite entanglement concentration based on projection measurements. Phys. Rev. A 85, 022311
(2012).

41. Sheng, Y. B., Zhou, L. & Zhao, S. M. Efficient two-step entanglement concentration for arbitrary W states. Phys. Rev. A 85, 042302
(2012).

42. Sheng, Y. B., Liu, J., Zhao, S. Y. & Zhou, L. Multipartite entanglement concentration for nitrogen-vacancy center and microtoroidal
resonator system. Chin. Sci. Bull. 58, 357 (2013).

43. Sheng, Y. B., Pan, ], Guo, R., Zhou, L. & Wang, L. Efficient N-particle W state concentration with different parity check gates. Sci.
China Phys. Mech. Astron. 58, 060301 (2015).

44. Wang, M. Y, Xu, J. Z,, Yan, F. L. & Gao, T. Entanglement concentration for polarization-spatial-time-bin hyperentangled Bell states.
EPL 123, 60002 (2018).

45. Sisodia, M., Shukla, C. & Long, G. L. Linear optics-based entanglement concentration protocols for cluster-type entangled coherent
state. Quant. Inf. Process. 18, 253 (2019).

46. Liu, A. P. et al. Heralded entanglement concentration of nonlocal photons assisted by doublesided optical microcavities. Phys. Scr.
94, 095103 (2019).

47. Chen, S. S., Zhang, H., Ai, Q. & Yang, G. J. Phononic entanglement concentration via optomechanical interactions. Phys. Rev. A
100, 052306 (2019).

48. Wang, R., Wang, T. J. & Wang, C. Entanglement purification and concentration based on hybrid spin entangled states of separate
nitrogen-vacancy centers. EPL 126, 40006 (2019).

49. Ren, B. C,, Du, E E. & Deng, F. G. Hyperentanglement concentration for two-photon four-qubit systems with linear optics. Phys.
Rev. A 88,012302 (2013).

50. Ren, B. C. & Long, G. L. General hyperentanglement concentration for photon systems assisted by quantum-dot spins inside
optical cavities. Opt. Express 22, 6547-6561 (2014).

51. Li, X. H. & Ghose, S. Hyperentanglement concentration for time-bin and polarization hyperentangled photons. Phys. Rev. A 91,
062302 (2015).

52. Cao, C., Wang, T. ], Mi, S. C., Zhang, R. & Wang, C. Nonlocal hyperconcentration on entangled photons using photonic module
system. Ann. Phys. 369, 128-138 (2016).

53. Wang, H., Ren, B. C., Alzahrani, F, Hobiny, A. & Deng, F. G. Hyperentanglement concentration for polarization-spatial-time-bin
hyperentangled photon systems with linear optics. Quantum Inf. Process. 16, 237 (2017).

54. Ren, B. C., Wang, H., Alzahrani, E, Hobiny, A. & Deng, F. G. Hyperentanglement concentration of nonlocal two-photon six-qubit
systems with linear optics. Ann. Phy. 385, 86-94 (2017).

55. Wang, H. et al. General hyperentanglement concentration for polarizationspatial-time-bin multi-photon systems with linear optics.
Front. Phys. 13, 130315 (2018).

56. Wang, M., Xu, J., Yan, F. & Gao, T. Entanglement concentration for polarization-spatial-time-bin hyperentangled bell states. EPL
123, 6 (2018).

57. Liu, Q, Wang, G. Y., Ai, Q,, Zhang, M. & Deng, F. G. Complete nondestructive analysis of two-photon six-qubit hyperentangled
Bell states assisted by cross-Kerr nonlinearity. Sci. Rep. 6, 22016 (2016).

58. Kok, P. et al. Linear optical quantum computing with photonic qubits. Rev. Mod. Phys. 79, 135-174 (2007).

59. Wang, C., Li, Y. S. & Hao, L. Optical implementation of quantum random walks using weak cross-Kerr media. Chin. Sci. Bull. 56,
2088-2091 (2011).

60. Shapiro, J. H. Single-photon Kerr nonlinearities do not help quantum computation. Phys. Rev. A 73, 062305 (2006).

61. Shapiro, J. H. & Razavi, M. Continuous-time cross-phase modulation and quantum computation. New J. Phys. 9, 16 (2007).

62. Gea-Banacloche, J. Impossibility of large phase shifts via the giant Kerr effect with single-photon wave packets. Phys. Rev. A 81,
043823 (2010).

63. He, B., Lin, Q. & Simon, C. Cross-Kerr nonlinearity between continuous-mode coherent states and single photons. Phys. Rev. A
83, 053826 (2011).

64. Feizpour, A, Xing, X. & Steinberg, A. M. Amplifying single-photon nonlinearity using weak measurements. Phys. Rev. Lett. 107,
133603 (2011).

65. Zhu, C. & Huang, G. Giant kerr nonlinearity, controlled entangled photons and polarization phase gates in coupled quantum-well
structures. Opt. Express 19, 23364-23376 (2011).

66. Hoi, I. C. et al. Giant cross-kerr effect for propagating microwaves induced by an artificial atom. Phys. Rev. Lett. 111, 053601 (2013).

67. Sathyamoorthy, S. R. et al. Quantum nondemolition detection of a propagating microwave photon. Phys. Rev. Lett. 112, 093601
(2014).

68. Hofmann, H. E, Kojima, K., Takeuchi, S. & Sasaki, K. Optimized phase switching using a single-atom nonlinearity. J. Opt. B 5,
218-221 (2003).

69. Wittmann, C., Andersen, U. L., Takeoka, M., Sych, D. & Leuchs, G. Discrimination of binary coherent states using a homodyne
detector and a photon number resolving detector. Phys. Rev. A 81, 062338 (2010).

70. Beck, K. M., Hosseini, M., Duan, Y. H. & Vuletic, V. Large conditional single-photon cross-phase modulation. PNAS 113, 9740
(2016).

71. Tiarks, D., Schmidt, S., Rempe, G. & Diirr, S. Optical 7 phase shift created with a single-photon pulse. Sci. Adv. 2, €1600036 (2016).

72. Sinclair, j, Angulo, D., Lupu-Gladstein, N., Bonsma-Fisher, K. & Steinberg, A. . M. Observation of a large, resonant, cross-Kerr
nonlinearity in a cold Rydberg gas. Phys. Rev. Res. 1, 033193 (2019).

73. Nemoto, K. & Munro, W. J. Nearly deterministic linear optical controlled-NOT gate. Phys. Rev. Lett. 93, 250502 (2004).

Acknowledgements

This work is supported by the National Natural Science Foundation of China under Grant Nos. 11704214,
11604174, 11605100, 11947037 and 12004281, the Project of Shandong Province Higher Educational Science
and Technology Program under Grant No. J1I8KZ012, the Program for Innovative Research in University of
Tianjin under Grant No. TD13-5077.

Scientific Reports |

(2020) 10:21444 | https://doi.org/10.1038/s41598-020-78529-2 nature research



www.nature.com/scientificreports/

Author contributions
QL., G.Z, TH., XM, and H.Y. wrote the main manuscript text, and prepared Figs. 1-5. QL. and M.Z. completed
the calculations. Q.L. supervised the whole project. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Q.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |  (2020) 10:21444 | https://doi.org/10.1038/s41598-020-78529-2 natureresearch


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hyperentanglement concentration of nonlocal two-photon six-qubit systems via the cross-Kerr nonlinearity
	Results
	Discussion
	Methods
	Cross-Kerr nonlinearity. 

	References
	Acknowledgements


