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We present a scheme for locally concentrating a non-maximally entangled four-photon cluster state

into a maximally-entangled four-photon cluster state. This scheme has a high success probability.

The controlled-NOT (CNOT) gate is a crucial ingredient in this scheme, and we use a nearly
deterministic CNOT gate, which is similar with that first introduced by Nemoto et al. (Phys. Rev.
Lett., 2004, 93: 250502). This CNOT gate has a simple structure and does not need the strong

nonlinearity.
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1 Introduction

Quantum entanglement is an important concept in quan-
tum mechanics. It is a key ingredient in the field of quan-
tum information processing (QIP) [1-7]. For many tasks
in QIP, the quantum channels should be preferred in
maximally entangled states, so one needs to convert non-
maximally entangled states into pure maximally entan-
gled ones. Generally speaking, the non-maximally entan-
gled states usually include two different types. The first
type is the mixed state and the second type is the pure
less-entangled state. Both of which will make the fidelity
of quantum teleportation degraded, quantum dense cod-
ing failed, and the quantum cryptography protocol in-
secure. Many schemes have been proposed to extract
maximally-entangled states from non-maximally entan-
gled states, such as entanglement concentration (for pure
non-maximally entangled states) [8-10], entanglement
purification or distillation (for mixed entangled states)
[11-14].

The concentration schemes for two-particle state have
been well studied. In a three-particle system [7, 15-17],
there are two classes of tripartite-entangled states. They
are the Greenberger-Horne—Zeilinger (GHZ) state and
the W state. The entanglement concentration for two-
particle state is usually suitable for the case of multi-
partite GHZ state [18-20]. However, these kinds of en-
tanglement concentration cannot deal with the case of a

less-entangled W state. In 2003, Cao et al. presented an
entanglement concentration for a W class state with the
help of joint unitary transformation [21]. In 2007, Zhang
et al. presented an entanglement concentration based on
the Bell-state measurement [22]. In 2010, Wang et al.
presented an entanglement concentration for a W state
with linear optics [23]. In 2012, Sheng et al. presented
two two-step practical entanglement concentration pro-
tocols for concentrating an arbitrary three-particle less-
entangled W state into a maximally entangled W state
assisted with single photons [24] and so on.

Recently, more and more attention has been focused
on the cluster states. The cluster states are harder to
be destroyed by local operations than two-particle states
and three-particle states [25]. A few schemes begin to
mention the concentration for cluster states [26-28]. In
2013, Si et al. presented an efficient three-step entangle-
ment concentration for an arbitrary four-photon cluster
state [26]. Zhao et al. presented two-step entanglement
concentration for arbitrary electronic cluster state [27],
and Choudhury et al. presented an entanglement con-
centration protocol for cluster states [28].

In the present article, we present a scheme for locally
concentrating a non-maximally entangled four-photon
cluste state into a maximally-entangled four-photon clus-
ter state. We can obtain a maximally-entangled cluster
state via local operations and classical communication.
The scheme needs some controlled-NOT (CNOT) gates
[29] to assist the concentration. It has a high success
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probability and a simple structure. It only needs the help
of the linear optical elements and weak cross-Kerr non-
linearity.

This paper is organized as follows. In Section 2 we in-
troduce the cross-Kerr nonlinear interaction between two
light modes and use a nearly deterministic CNOT gate,
which is similar with that first introduced by Nemoto et
al. [30]. In Section 3 we present a scheme for the en-
tanglement concentration of a non-maximally entangled
four-photon cluster state. Section 4 includes discussion
and conclusions.

2 Cross-Kerr nonlinearity and CNOT gate

We consider the cross-Kerr nonlinear interaction between
a signal beam S and a probe beam P. The Hamiltonian
for the interaction is [30]

H = —hynshy, (1)

where x is the coupling strength, 7, and #,, are the pho-
ton number operators of the signal mode and the probe
mode, respectively. If the signal mode is in a Fock state
In)s and the probe mode is in a coherent state |a)p,
then the combined system (signal mode + probe mode)
evolves as follows:

eiXﬁSﬁpt|n>S|a>p - |n>5|aein9>p (2>

where § = xt and ¢ is the interaction time. From Eq. (2)
we can see that the state of the signal mode is unaffected,
while the state of the probe mode picks up a phase shift
which is proportional to the number of photons in the
signal mode [31]. The phase shift of the probe mode can
be measured by homodyne detection [32]. In this way, we
can determine the state of the signal mode without de-
stroying it by measuring the probe mode. This is a kind
of non-destructive measurements.

PBS, PBS,
L] H

|y 0 e . Classical
BS, . . feedforward
c : . .

.

@

BS,

Fig. 1 The controlled-NOT gate. PBS: The polarizing beam
splitter which is used to transmit the horizontally and to reflect
the vertically polarized photons. 6, —6: Cross-Kerr nonlinearity.
HD: Homodyne detection. The probe light is initially in a coherent
state |a).

The CNOT gate with weak cross-Kerr nonlinearity
was first introduced by Nemoto et al. [30]. Here we use
a similar form of it. The CNOT gate is shown in Fig. 1.
We suppose that the input photons are prepared in the
state

l1)be = a|HH )pe+b|HV )pe+c|VH)pe+d|VV)pe  (3)

where |a|?+|b|?+|c|*+|d|? = 1, H and V represent hori-
zonal and vertical polarization, respectively. The control-
ling photon b passes through a balanced Mach—Zehnder
(M-Z) interferometer made up of two PBSs, while the
target photon ¢ passes through a balanced M-Z interfer-
ometer made up of two BSs. The Pauli operator o, acts
on one arm. The input photons b and c¢ interact with
the probe mode (in a coherent state |a)) via the cross-
Kerr nonlinearities respectively, then the state evolves as
follows:

lp1)oe @ |o) = (al HH )pe + O HV )oc
+c|VH)pe + d[VV)ie) ® |a) — [9)

[RiT. _
- 12 2 (a| HH )pe + b|HV Ype)|ave )
T\R _
1\~ €V Ve + dIV H)ue)[ae™)
T\R
+{y =5 (@[HV )pe + b HH)c)

+y/ R12T2 (VH) e +dVVi)] ® ) (4)

where R and T represent reflection and transmission co-
efficients, respectively. We perform the X homodyne de-
tection on the probe mode. If we find that the probe
mode is in the coherent state |aet?), we do a feed-
forward operation on photon ¢ and obtain the following
state:

lo2)be = V R1To(a|HH )y + b|HV )p.)
—+ T1R2(0|Vv>bc + d|VH>bc) (5)

On the other hand, if we find that the probe mode is
in the coherent state |a), we carry out a single photon
operation o, on photon ¢ and obtain the the following
state:

lo3)ee = VT1R2(a|HH)pe + b|HV )p.)
VR To(c|VV e + d|VH)pe) (6)

When the conditions /11 Ry = VR115 and T1 = Ry = %
are satisfied, we obtain a nearly deterministic CNOT
gate, the success probability is p = 4|T1 Rs| = 1.
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3 Entanglement concentration of a non-
maximally entangled four-photon cluster state

In the following, we present the scheme for the concentra-
tion process of a non-maximally entangled four-photon
cluster state in detail. The schematic diagram is shown in
Fig. 2. In the scheme, besides some CNOT gates to assist
the concentration, there are also some other ingredients,
for example, PBSs and single-photon detectors.

D,

Fig. 2 Schematic diagram of entanglement concentration for
a non-maximally entangled four-photon cluster state. CNOT:
Controlled-NOT gate. D;: Single-photon detector.

We suppose that a non-maximally entangled four-
photon cluster state in polarization is described as
[©)arbyerd, = ((|HHHH) +b|HHVV) + ¢|VVHH)
_d|VVVV>)alb101d1 (7>
where |a|? + |b|2 + |¢|? + |d|? = 1. First, we use a photon
pair in the state
[P)asd, = (alHH) +b|HV) + c|[VH) +d[VV))asa, (8)

Let photons a; and as pass through the first CNOT gate,
and photons d; and dy pass through the second CNOT
gate, then the following transformation can be accom-
plished:

[P)arbreids @ |9)azd, — (ablHHHHHYV)
+ab|lHHHVVV) + ¢d[VHVHHV)
—cd|VHVVVVY) arasbrerdids + (ac|HVHHHH)
+aclVVVHHH) + bd HVHVVH)
—bd|VVVVVH))a asbycrdids + (0| HVHVVV)
+bclVVVHHV) + adlHVHHHYV)
—ad|VVVVVV)) i anbrerdid, + (a*|HHHHHH)
+v? |HHHVVH)) + *|VHVHHH)

_d2|VHVVVH>)a1a2b101d1d2 (9>
|

1
l91)arbrerds @ |9)azds — 2ab® + 2]cd?

abcd
- (Cd)2 |VHVVVV>] aragbicidids

S T 2ed

After photons as and dy pass through PBS, photon ay
is detected by single photon detectors Dy and Ds, while
photon d» is detected by single photon detectors D3 and
D,4. The above state will collapse into different states
depending on which detectors click:

Case 1. If D1 and Dy click, the state will collapse into

1

[91)arbrerds = W

HHHVV)) + cd(|VVHH)
7|VVVV>)]a1b161d1 (10)

[ab(|HH HH)

with a success probability of p; = 2|ab|? + 2|cd|?.
Case 2. If Dy and D3 click, the state will collapse into

1

lP2)arbrerds = W

HVVHH)) + bd(|HHVV)
7|VVVV>)]a1b161d1 (11)

[ac(|HHHH)

with a success probability of ps = 2|ac|? + 2|bd|?.
Case 3. If Dy and Dy click, the state will collapse into

1

|<P3>a1bw1d1 = W

HVVHH)) + ad((HHHH)
_|VVVV>)]a1b101d1 (12)

be(|HHVV)

with a success probability of p3 = 2|bc|? + 2|ad|?.
Case 4. If D1 and D3 click, the state will collapse into

1
Val* + B[+ Je[* + 1d]*

+b* HHVV) + *|VVHH)

—d2IVVVVY)arbrerd, (13)

|P4)arbrerds = (a?| HHHH)

with a success probability of py = |a|* + |b|* + |c|* + |d|*.

Now, let us discuss the concentration process when we
have the four-photon state |©1)a,b,c,d,- We use a photon
pair in the polarization state

1

Plosts = i+ 2

+ed([VH) + [VV)]agbs (14)

[ab(|HH) + [HV))

Let the photons a; and ag pass through the third CNOT
gate, photons d; and dsz pass through the fourth CNOT

gate, then the following transformation can be accom-
plished:

[(ab)> ((HHHHHV) + |HHHVVV)) + (cd)*lVHVHHV)

\HVHHHH) + VVVHHH) + |HVHVV H)
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abed

—|VVVVVH))a asb1¢ ———— (|[HVHVVV VVVHHV HVHHHV
| >) 1a3by 1d1d3+2|ab|2+2|cd|2(| >+| >+| >
1
—VVVVVV))arasbic ——— —[(ab)*(|(HHHHHH) + |HHHVV H
| >) rasbieidids T 2|ab|2 T 2|Cd|2 [(a ) (| >+ | >)
+(Cd)2(|VHVHHH> - |VHVVVH>)]a1a3b101d1d3 (15)
|
After photons a3 and d3 pass through PBS, if Dg and —VVVV))arbicrds ) (18)

D7(Ds) click, then the original four-photon state is left th bability of
in the maximally entangled cluster state. W @ SHeCess probabiity ©
4 4 4 4

1 _ |ab|® + |ed[” _ 2(|ab|" + |ed]")
|P)etuster = 5 ((HHHH) + |[HHVV) PU=PS G (ed)E b + |ed]? (19)

+HVVHH) — |[VVVV))arbrerds (16) Moreover, we can concentrate the four-photon into

. . the maximally entangled cluster state from the less-
with a success probability of .
entangled four-photon state |¢11)a,pic,d, 1 the next

. 2labed|*  4labed|? (17) round. With repeating the entanglement concentration "
Peluster = P1 (|ab|? + |cd|2)2  |ab|? + |cd|? process n times, the total success probability of the state L
. . £ 2]
If D5 and D7(Dg) clicks, then the original four-photon [$1)arbrerdy concentrated into the maximally entangled E
. . ’ cluster state is o
state is left in a5
1 - S
arbyerd, = —————|(ab)?(|(HHHH pPt=> Pf (20)
o1t} armess, = (a0 ) 2 :
.-
+HHVV)) + (¢d)*([VV HH) where =
‘ 2
“ 4|abed|? P — @ 2|abed)|* B 4|abed|* =
P TabR  Jed TP ab + fed )2 T (jabl? + [ed?) (ab* + Jed])
" labl® + |ed|® 2|abed|® 4]abed|®
Pf=pu® 1 2 © 3 2 2 2 1 1 8 8
(lab|* +[ed|*)* — (lab[® +[cd|*)*  (lab]? + [cd|?)(|ab|* + [cd|*)(|ab]® 4 |cd]®)
gn
po 4|abed| (21)

(lad[? + [cd[?)(|abl* + |cd|*)(|ab]® + |ed|®) - - - (|ab>" + [ed|*")
I
The entanglement concentration processes for the state pb_ i pb
|©2)arbrerd; and |©3)a,bicid, are similar as that for the n Pt i
state |©1)a, by c1d, , SO With reiteration of the entanglement "
concentration process n times, the success probability of pPe = Z pe (22)
. 3
|02)arbrerd; and |©3)arb,e d, concentrated into the max- =1
imally entangled cluster state are

respectively, where

b 4|abed|?”
" (lac? + [bd]?)(lacl* + [bd|*)(Jacl® + [bd[F) - - (Jac[*" + [bd|*")
4labed)?”
Pt = labed| (23)

(lbcf? + [ad|?)(Jbe|* + |ad|*)([bef® + |ad[®) -- - (Jbef*" + [ad]*")

The state |©4)aib;ed, has a similar form with the bility of the state |©4)a,b,e,d, cOncentrated into the max-
2

a
state |©)a,bieid;, We only need replace T

imally entangled cluster state is

b? 2 a2 : / n
Ve vemrers M Zameee with ), Pl = Zpid (24)
b, ¢ and d'. Therefore, after reiteration of the entangle- i=1

ment concentration process n times, the success proba- where
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= 1
Pl =
h=2 (la[* + [B1* + [e]* + [d[*) - (Jal>"* + B2 + |2 +[d*"*")

n=1

o A|abed)|?™"

4|abed|?”"

(lab>"™" + led™ ") (Jab>" ™ + |ed[" ") - (|ab]**" + |ed]*")

T acP o (Jac b ) (Jac? + b )

4|abed|?™"

+
(
Therefore, by combining above steps, we obtain the total
success probability
Piotat = P* + P 4+ P¢ + P (26)
In Eq. (26),iffa=b=c=d=

N[

, then

Ptotal:Pa+Pb+Pc+Pd
[e%S) 1 n
_Z<—) =1 (27)
n=1 2

We have plotted the total success probability of this en-
tanglement concentration process for the iterating times
n =1,2,3,4,5, as shown in Fig. 3. We can see that a high
success probability can be obtained after reiterating the
entanglement concentration process 5 times.

1.0 1

0.8 1

0.6 1
P

0.4 1

0.2

01 02 03 04 05 06 07
d
Fig. 3 The total success probability P of obtaining a maximally-
entangled cluster state after iterating entanglement concentration
process n = 1,2,3,4,5 times (in the bottom-up order). Here
a=b=1de (0,2).

4 Discussion and conclusions

By far, we have fully presented our scheme. Let us dis-
cuss its feasibility. Our scheme is based on the cross-Kerr
nonlinearity. We know that the natural cross-Kerr non-
linearities are extremely weak. However, Nemoto et al.
[30] have shown that weak cross-Kerr nonlinearities can
be used for quantum information processing. After their
work, a series of studies have been done on the cross-Kerr

[bel" ™ 4 Jad ") (Jbef™ ™ + |ad[*" ™) - ([be[*™" + |ad|*™")

} (25)

|
nonlinearity [33-34]. In our scheme, we need to differen-

tiate the coherent states |ael?) and |ae™i%)
general, they are not completely orthogonal, and cannot
be distinguished determinately [35]. For a measurement
of the momentum quadrature, the probability of misiden-
tifying them is given by Pepror = erfc(\/ia sin®). Perror
is small when asinf is large. For a smalld, as long as

a is large enough, we can differentiate the states |ael?)
7i9>

. However, in

and |ae with a small error probability. For example,
for asinf = 3, the error probability will be in the or-
der of 1073, and Pe, o decreases rapidly with increasing
asinf. This scheme is also influenced by the quantum
controlled-NOT gates, and we have used a nearly deter-
ministic controlled-NOT gate.

There is a work by another group (Si et al. [26])
which also reports on a concentration scheme for clus-
ter states in an optical set-up. This work uses a single
photon resource to assist the protocol and also uses lin-
ear optical elements and a weak cross-Kerr nonlinear-
ity. Let us discuss the differences between our scheme
from their’s and the advantages of our scheme. We use
an almost deterministic controlled-NOT gate with weak
cross-Kerr nonlinearity without Toffoli gates which are
not completely deterministic. In addition, we use two-
photon less-entangled states to assist the entanglement
concentration. All of this can simplify the process of en-
tanglement concentration. It has a high success proba-
bility which is larger than that in Si et al.’s scheme.

In summary, we have proposed a scheme for local con-
centrating a non-maximally entangled four-photon clus-
ter state into a maximally-entangled four-photon cluster
state. The scheme is based on linear optical elements,
cross-Kerr nonlinearity, and homodyne measurement.
The key ingredient of the scheme is a controlled-NOT
gate, and we use a nearly deterministic CNOT gate
which is similar with that first introduced by Nemoto et
al. [30]. And we can accomplish concentrating process
only via local operations and classical communication.
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