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Abstract We propose a scheme for cloning unknown two-particle entangled state and its or-
thogonal complement state with assistance from a state preparer. Two stages were included
in this scheme. The first stage requires usual teleportation by using a one-dimensional non-
maximally four-particle cluster state as quantum channel, after Alice’s (the state sender)
Bell measurement, Bob (the state receiver) can get the original state with certain probability.
In the second stage, after having received Victor’s (the state preparer) classical message, the
perfect copies and complement copies of an unknown state can be produced in Alice’s place,
the probability of Alice to get the original state or its orthogonal complement state are cal-
culated. Assisted cloning of an arbitrary unknown two-particle entangled state is discussed
in the latter scheme.

Keywords Quantum cloning - Cluster state - Two-particle entangled state - Projective
measurement

1 Introduction

Quantum entanglement is considered as the fundamental resource of quantum information
processing such as quantum teleportation [1-3], quantum dense coding [4, 5], quantum
cloning [6, 7], quantum secret sharing [8—10] and so on. Different from classical informa-
tion, quantum information cannot be copied, it is so-called no-cloning theorem [11], which
is a direct consequence of the linearity of quantum theory, states that it is impossible to pre-
pare several exact copies (or clones) of an unknown quantum state. Although exact cloning
is forbidden, one can design various quantum cloning machines which produce approximate
clones [12-19]. For example, Buzk and Hiller was originally addressed universal quantum
cloning machines [12] which is designed to generate approximate clones of states belonging
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to a finite set, Duan and Guo [13] firstly proposed the probabilistic cloning machine and
so on. The other category of quantum cloning machines were developed by some authors
[14-19].

Deterministic cloning and probabilistic cloning are two main kinds of the imperfect
cloning. Specially, if a cloning machine performs measurements with a post selection of the
measurement results, it is called probabilistic cloning. In the process of developing quantum
information theory, probabilistic cloning has attracted much attention both in theoretical and
experimental aspects. For this kind of the imperfect cloning, various protocol has proposed
[12-24]. In 2000, Pati [20] proposed a scheme where one can produce perfect copies and
orthogonal-complement copies of an arbitrary unknown state with minimal assistance from
a state preparer. Recently, Chen and Wu [21] presented a protocol to probabilistically clone
an unknown state and its orthogonal complement state with assistance. Zhan [22, 23] further
generalize and propose a protocol where one can realize quantum cloning of an unknown
bipartite entangled state and its orthogonal complement state with assistance offered by a
state preparer. Very Recently, Shi and Zhan [24] propose a protocol to probabilistically clone
an unknown tripartite entangled state and its orthogonal complement state with assistance
from a state preparer. According to these literature, we find that almost all protocol using
Bell state [20-22, 24] or GHZ state [20, 23] as the quantum channel. Hence, is it possible
to assisted cloning a quantum state by using other quantum entanglement as the quantum
channel? The gaol of this paper is to give a scheme for assisted cloning an unknown entan-
gled state based on shared non-maximally four-particle cluster state. We find that the perfect
copies and its orthogonal complement copies are also obtained with certain probability.

The organization of this paper is as follows. In Sect. 2, we propose a scheme which one
can realize quantum cloning of an unknown two-particle entangled state and its orthogonal
complement state with assistance. In Sect. 3, we propose another scheme for cloning an
arbitrary unknown two-Particle entangled state with help of the state preparer.

2 Assisted Cloning of an Unknown Two-Particle Entangled State and Its Orthogonal
Complement State

Suppose there are three participants, the state preparer Victor, the state sender Alice and
the state receiver Bob. Alice has an unknown input two-particle entangled state |¢);; =
«|00)1, + B|11)1» from Victor, with « as a real number and B as a complex number and
la|? 4+ |B]> =1, || > | B]. Alice wishes to help Bob to reconstruct the original state |¢), on
his particles and to create either a copy or an orthogonal copy of the unknown state at her
place with the assistance of Victor. The quantum channel which shared by Alice and Bob is
a one-dimensional non-maximally four-particle cluster state which given by

&)3456 = @|0000)3456 + £[0011)3456 + ¢[1100)3456 — d[1111)3456, ey

where the coefficients a, b, c, and d satisfy |a|? + |b|> + |c|> + |d|>* = 1 and |a| > |b| > |c| =
|d|. Besides the particle pair (1, 2) from Victor, Alice has another particles 3 and 6, the other
particles 4 and 5 belong to Bob. In order to help Bob to realize teleportation, Alice performs
two measurement on particles (1, 3) and (2, 6) with the eigenstates [25]

100);; = x[*)ij + vl )ijs [11);; = ylot)ij — xle7)ijs

(2)
[10);; = x [y )i + yI¥)ijs [01);; =yl — x| )ijs
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where x and y are real numbers, |x|> + |y|> =1 and |x| > |y|; i, j = 1,3 and 2, 6, respec-
tively. Hence the initial state of the combined system is
[£) 123456 = (@]00) 12 4+ B]11)12) ® (a@|0000)34s6 + H|0011)3456 4 c|1100)3456 — d|1111)3456)
= ¢")13{1¢ )26 (0ax?|00) — Bdy?[11))us + |67 )as(@axy|00) + Bdxy|11))as
+ 19 )26 (@bxyl|01) + Bexyl10))as + [ )26 (—abx?01) + Bey?[10))as)
+197)13{1¢ )26 (@axy|00) + Bdxy|11))as + |7 )13(@ay®|00) — Bdx?[11))as)
+ 1Y )as(@by?101) — Bex?[10))as) + | )26(—abxy|01) — Bexy|10))as)
1Y) 13{1¢ " )a6(@exy[10) + Bbxy|01))as + |9 )as(wey®|10) — Bbx*|01))as
+ 1Y )as(—ady?[11) + Bax?|00))ss + ¥ )as(@dxy|11) + Baxy|00))ss)
+1¥ ) 13{107)as(—aex®(10) + Bby?(01))es
+1¢7)26(—acxy[10) — Bbxy|01))as + [¥ ) as(@dxy|11) 4 Baxy|00))ss
+ ¥ as(—adx?[11) + Bay®|00))as). 3

From (3), one can see the probability of Alice’s each result is 1—16 However, correspond-
ing to Alice’s every outcomes, the state of Bob’s particles can be divided into twelve main
kinds. Therefore, Such special definitions are economic in consuming the classical resource
in usual teleportation process. Here, suppose Alice and Bob agree the classical bits ‘0’ to
10T ) 1310 % )26, 17 10 [@) 13| )26 OF |97 )13]¢T )26, ‘007 to [§F) 1319 F )26 OF [$7)13|% )26,
01 to [¢)13|¥ )as, 107 to |97 )13]9 ), ‘117 to [@7) 13| )26, 0007 to [Yr)13]¢pF )26
or [ 7)13l¢ " )26, 001" to [/ )13]¢7 )26, 0107 to [T ) 1311 )26, 100 to [ F)13]h a6 OF
[V )131¥ )6, 110 to |7 ) 131¢™ )26, ‘1117 to [t 7)13|1 )6 in priori. For example, if Al-
ice’s measurement outcome is [ ) (3]¢ ™ )26. After performs measurement on her particles,
Alice sending the classical bits ‘001’ to Bob through a classical channel. According to Al-
ice’s classical information, Bob knows that the state of his two particles has collapsed into

the state
[v)as = acy?[10)as — Bbx*|01)as. “
In this case, the resulting six-particle state can be written as

[ )W 19 )26 (@7 12) = [ )13l )as(@cy®[10)as — Bbx*(01)4s). &)

In order to reconstruct the original state, Bob first operates a unitary transformation U, =
(ioy)4 ® Is on (4) and have

Utlv)as = ercy®|00)s + Bbx*|11)ss, ©)
where I and ioy, are identity operator and the Pauli operator, respectively. Secondly, Bob in-

troduces an auxiliary particle N with the initial state |0) y and operates another unitary trans-
formation U, under the basis {|00)45|0)x, [11)45|0) n, [00)45|1) 5, [11)45]1) v}, namely [26]

(A A,
U2—<A2 —A1>’ @)
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Table 1 Bob’s unitary operation and the probability of successful teleportation (BST) corresponding to
Alice’s measurement results

AMR U, I71) E2)) BST
dy? 22
0 (02)4 ® (I)s5 2 1 ldy=|
1 (4 ® (D5 d 1 ldxy|?
00 (D4 ® (0x)5 5 1 lexyl?
2
01 (4 ® (ioy)s el 1 ley??
2
10 (1)4® (25 4 5 ldy? 2
. 2
11 (14 ® (i0y)s 5 5 ley*?
000 ©)4® (D5 1 3 lexyl®
. dy? 2,2
010 (0x)4 ® (ioy)s 1 bez |dy*|
100 (0x)4 ® (0%)5 1 d ldxy|?
2 .
110 (i0y)4 ® (D)5 5 £ ley?|?
2
1 (i0y)4 ® (02)s 5 4 ldy?|?

where A; is a 2 x 2 matrix and can expressed as

Ay = diag(t1, 1),

A =diag(1-72,/1-23). ®)

Here, 11, 7, by means of the state of particles 4 and 5. Therefore, in this case, one may take

2 . . . . .

)1 =1, |1)2 = £5. The unitary transformation U, will transform the state which described
bx2 y

in (6) into

UsUi[v)as = cy*(@]00)ss + Bl 11)45) ® [0}y + By/P2x* — 2y 11)us @ (). (9)

Then Bob measurements the particle N, if he finds |1) v, the teleportation is fails. If he finds
|0) v, Bob knows the state of particles 4 and 5 has been found in the original state |¢), the
maximal probability of successful teleportation is |cy?|>. About Alice’s other measurement
results (AMR), Bob also can obtain the original state with a certain probability by appropri-
ate operation (see Table 1).

Next we will shown that Alice how to create either a copy or an orthogonal-complement
copy of the original state |¢) with assistance of Victor. As mentioned before, if Alice applies
projectors |1 )13{¥ | )26(¢~| into the combined state |¢ ), the state of particles 1, 2, 3 and
6 will collapse in the state |1y 7)13]¢~)26. Alice sends particles 1 and 2 to Victor and keeps
particles 3 and 6 in her place. Since Victor completely knows the original state’s parameters,
so he can choose to measure his two particles on whatever basis. Here, Victor performs two-
particle projective measurement on his particles 1, 2 in a set of mutually orthogonal basis
{lc), 1), |A), [A1)} which are give by

lic) = «|00) + B[11), k) = B7100) — | 11),
|A) = «|01) 4 B[10), A1) = pB*I01) — [10).

(10)
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The above four entangled states are related to the computation basis vectors {|00), [01), |10),
[11)}, and form a complete orthogonal basis in a four-dimensional Hibert space. Obviously,
the |«) is equal to the original state and the basis |« ) is equal to |¢, ). Thus, the entangled
state [y ")13]¢p )26 in these basis can be rewritten as

1YW ) 13107 )26 = lk)12(—B*x%[01)36 + y?[10)36) + |k 1) 12(@x?|01)36 + By?*|10)36)
+1A)12(B*xy]00)36 — arxy|11)36) + A L) 12(—axy]|00)36 — Bxy|11)36).
(11)

From (11), if Victor’s measurement result is |« )1, (the probability is i), the (3) can be
rewritten as

e )12k L 1Y) 130T 197 )as(@7 1)
= |k 1) 12(@x?|01)36 + By?|10)36) (atcy?|10)as — Bbx*|01)45). (12)

Then, Victor sends the measurement outcome to Alice with two bits through a classical
channel. After having received Victor’s message, Alice knows that the state of her particles
3 and 6 has been found in the state |v)35 = ax?|01)36 + By*|10)36. Alice first performs
unitary operation U = I3 ® (0, )¢ on her particles which can transform the state |v’)36 into

Uilv')3s = ax?|00)36 + By*[11)36. 13)

Next Alice introduces an auxiliary particle A with the initial state |0), and makes a same
unitary operation U} which describe in (7) under the basis {|000)364, |110)364, |001)364,

[111)364}. Here, one can easily obtain |t]) = i—z and |t7) = 1. The unitary U} can transform
the state which describe in (13) into

UsU{ V)36 = ¥ (@100)36 + BI11)36) ® [0} 4 + ary/x% — y2[00)36 ® [1) 4. (14)

Finally, Alice measurement the particle A, if she finds |1) 4, cloning of the original state
fails. If her result is |0)4, then she can get a copy of the original state with probability
lcy*|?. However, it is just a copy of the original state. If Victor’s measurement outcome is
|A)12> and sends his result to Alice via classical channel. After obtaining two cubits from
Victor, Alice knows that the state of her particles 3 and 6 has been collapse in the state
B*xy|00)36 — axy|11)36. Then Alice carry out a unitary operation I3 ® I on her particles 3
and 6 to get the complement copy |« ) with probability [cxy?|2. In this case, Alice can obtain
the orthogonal complement state and need not to introduce a additional particle. victor’s
measurement results are also maybe |«) > and |A ] )1,, respectively. In this two case, (3) can
be rewritten as

i) 12 1Y) 13 T )a6(d 1)

= |k)12(—B*x*|01)36 + y?|10)36) (ecy?|10)a5 — Bbx?01)s5), (15)
A2 Y )3 T 1e ) 6(d7 1)
= |2 1) 12(—axy|00)36 — Bxy|11)36) (ctcy?|10)45 — Bbx?|01)s5). (16)

From (15)—(16), we find that Alice also can copy of the original state and its orthogonal
complement state by choosing appropriate operation. For an unknown two-particle state, our
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protocol produces an accurate copy of the original input state |cy*|> + |cxy?|? of the time
and an orthogonal-complement copy |cy*|? 4+ |cxy?|? of the time if Alice’s measurements
result is [ 7)13]|¢ ™ )26. In the process of teleportation, using the similar analysis, Alice will
obtain a copy or a complement copy of the unknown state in her position by appropriate
operation.

3 Assisted Cloning of an Arbitrary Unknown Two-Particle Entangled State and Its
Orthogonal Complement State

In this section, we will shown how to cloning an arbitrary unknown two-particle entan-
gled state by using a one-dimensional non-maximally four-particle cluster state as quantum
channel. Suppose Alice has input an arbitrary unknown two-particle entangled state

[ )12 =001 + B101) 12 + y[10)12 + 8[11) 12, )

where the coefficients are all complex number and satisfy |a|? + |8]> + |y|*> + |§]> = 1.
Similarly to the cloning scheme in Sect. 2, the original state is completely unknown and
arbitrary for Alice and she wishes to create either a copy or an orthogonal copy of an arbi-
trary unknown |¢’) at her place with the assistance of Victor. The quantum channel which
shared by Alice and Bob is still a one-dimensional non-maximally four-particle cluster state
which described in (1). We also assume Alice possesses particle 1, 2, 3 and 6, Bob possesses
particle 4 and 5. The initial state of the combined system is

12") 123456 = @) 12 ® |&) 3456 (18)

In order to realize teleportation, Alice performs two measurement on particles (1, 3) and
(2, 6) with the eigenstates. After Alice’s measurements, all the possible outcomes are

13(@ 126 (@71¢') = @ax?|00)ss + Bbxy|01)as + ycxy|10)as — 8dy*|11)ss, (19)
130" 6(@71¢") = aaxy|00)ss — Bbx*[01)as + y cy*[10)4s + Sdxy|11)ss, (20
13(8 " las (@ 712y = aaxy|00)us + Bby*101)ss — ycx’|10)4s + 8dxy|11)ss, 21
1300 26 (™ 1¢") = ay?|00)s5 — Bbxy|01)4s — yexy[10)4s — 8dx®|11)as, (22)
13(0 " L6 (W 1¢') = abxy|01)ys + Bax?|00)ss — ydy®|11)as + Scxy|10)ss, (23)
1300 a6 (¥ 12') = —abx?|01)45 + Baxy|00)ss + ydxy|11)ss +8cy’|10)ss,  (24)
13007 s (¥T1¢) = aby?|01)4s + Baxy|00)ss + ydxy|11)ss — Scx|10)4s, (25)
13(0 7 las (W 1¢") = —abxy|01)as + Bay®|00)ss — ydx®|11)ss — Sexy[10)ss,  (26)
13V he(@712') = acxy|10)4s — Bdy?|11)4s + yax’|00)s + 8bxy|01)ss, (27)
13(¥ a6 (@1¢") = acy®[10)4s + Bdxy|11)as + yaxy|00)ss — 8bx*|01)ss, (28)

130 he(@712') = —acx?10)4s + Bdxy|11)ss + yaxy|00)ss 4+ 8by*|01)ss,  (29)
130V " las(@1¢") = —acxy|10)as — Bdx’|11)as + yay?|00)ss — 8bxy|01)ss, (30
3t e (T 1E) = —ady?[11)45 + Bexy]10)as + ybxy|01)as + Sax?|00)s, 3D
13 a6 (¥ 1) = adxy|11)4s + Bcy®|10)ss — ybx?|01)4s + 8axy|00)s, (32)
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13U (Y1) = adxy|11)as — Bex?[10)as + yby*|01)as + 8axy|00)s, (33)
13U he(WT1¢") = —adx?|11)45 — Bexy|10)4s — ybxy|01)ss + 8ay®[00)ss.  (34)

Without lose of generality, we assume Alice’s measurement outcome is | ) 13]¢ ™ )36.
Then she told her result to Bob with four bits via a classical channel. According to Alice’s
measurement outcome, Bob knows the state of his particles has been in

|w)4s = acy®|10)as + Bdxy|11)4s + yaxy|00)ss — 8bx7|01)ss. (35)

To achieve her goal, first, Bob carry out unitary operation U; = (0,)4 ® Is on her particles
4 and 5, which transforms |w)45 into

Uilo)as = acy®|00)ss + Bdxy|01)as + yaxy|10)ss — 8bx?|11)4s. (36)

Secondly, Bob introduces an auxiliary particle N in the initial state |0)y and performs an-
other unitary transformation U, on her particle pair (4, 5). In the basis vectors {|00)45]|0)n,

[01)4510) v, 110)4510) v, [11)45|0) v, [00)as5]1)wv, [01)as[ 1), [10)as[1) v, [11)45]1) 5}, the uni-
tary operation U, is a 8 x 8 matrix which can take the following form

(A Ay
U2—<A2 —A1>’ (37

where A; is a 4 x 4 matrix and can expressed as

Ay =diag(ty, 12, 73, Ta),

(38)
Ay =diag(\J1 -2, 1= 73, /13, /1 - 7).
Here, 1, 15, 13, T4 also depends on the state of particles 4 and 5, one may take
d y dy dy?
1) =—, ) ==, lt3) = —, IT4) = —7—. (39)
c X ax bx

After Bob’s collective unitary operation U, on her particles, the initial joint state of
Ui |w)45]0) y is transformed into

U, Uy |o)as = dy*(«|00)45 + Bl01)as + [10)as + 8|11)45) ® |0) y + ()’ZO‘V c? —d?|00)4s

+dyB/x? — y2|01)4s + yy+/a’x? — d?y?[10)4s

— ¥V b2x* — d?y4|11)45) ® |1) . (40)

At last, Bob measurement the particle N. If the measurement result is |1)y, Bob can’t re-
construct the original state on her particles, it is means the teleportation is fails. If he finds
|0) 5, Bob can get the original state |¢’) in her position with the possibility of |dy?|?>. About
Alice’s other measurement result (AMR), Bob’s appropriate operation (include U; and U,)
and the probability of successful teleportation (BST) are listed in Table 2. In fact, it is easy
to find that in the case of Alice’s any other measurement outcomes, the probability of suc-
cessful teleportation is also |dy?|>. Hence, in teleportation process, the total probability of
successful teleportation is 16|dy?|%.

To create either a copy or an orthogonal-complement copy of the original state |¢’),
Alice also needs Victor’s help. If Alice applies projector | ) 13(¥ ¢ )26(¢~ 1) into the
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Table 2 Bob’s unitary operation and the probability of successful teleportation corresponding to Alice’s
measurement results

AMR Uy m) ©2) j23) 2a) BST

9Dt (D3 (g r; ay a -1 422
67) 13167 )26 (N3® (s 2 -4 ¢ 3 jdy??
1671316 )26 (D3 ® (1g dy d —a dy2 P
160131626 (N3 ® (g d _dy ] -5 dy? 2
¢+ 131w )26 (D3 ® (02)6 = ) -1 o jdy??
#1319 )26 (D)3 ® (0x)6 - 2 ¥ d jdy??
16701310 s (13 ® (@26 d dy 2 —O gy
9B s (D3®(ou)g as -4 y a 422
Wt (003® (e dy -1 dr dy dy? 2
W) 13l6 26 (@03 (D —dr 2 dy d dy??
L T L SR C O PY-Y0) VIR S d & 422
W @380 —1 dy dy dy} dy?P?
W) 1alv )26 (0x)3 ® (0x)6 3 d f;’% Z ldy??
WOl ©@03® G L -4 d dy dy? 2
OB @®es % _d —d d dy? 2

combined state |¢’), the state of particles 1, 2, 3 and 6 will collapse in the entangled state
| Y1310 )26. Alice sends particles 1 and 2 to Victor and keeps particles 3 and 6 in her
place. Since Victor (the state preparer) completely known the parameters o, 8,y and § of
the original state |¢’), he performs a two-particle projective measurement on the qubit 1 and
2 in a set of mutually orthogonal basis vectors {|x1), | x2), | x3), | x4)}, which are given as:

[x1) = @|00) + Bl01) + y[10) +8|11) =|¢'),
Ix2) = ne|00) +nBl01) — n~ 'y [10) —n~'8]11), @D
[x3) = B*100) — a*|01) + 6%[10) — y*[11),
Ix4) = nB*|00) — na*|01) — n~'8*[10) 4+ n~'y*[11),
where n = ‘;22:‘:; . These four non-maximally entangled basis states {|x1), | x2), |x3), | xa)}

are related to the computation basis vector {|00), |01), |10}, |[11)} and form a complete or-
thogonal basis set in a four-dimensional Hilbert space, i.e., (x;|x;) = &;;. Thus, the entangled
state [V )13]¢ )26 in the basis {|x1), |x2), |x3), | x4)} can be rewritten as:

1Y) 13197 )26 = Ix1)12(—=B*xy|11)36 + " y*|10)36 — §*x%01)36 + 1 *x¥|00)36)
+ x2)12(=nB*xy|11)36 + na* y*[10)36 4+ 1~ 8*x%101)36 — 7" ¥ *x|00)36)
+xa) 12 (@xy|11)36 + By*[10)36 + ¥ x*[01)36 + 8x|00) 36)
+ xa)12(axy|11)36 + nBy*110)36 — 0~ yx*|10)36 — ' xy[11)36). (42)
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Table 3 The unitary operation corresponding to Victor’s measurement results

VMR Uj 7)) I25) I25) A AS
, 2 ,
Ix1)12 (0x)3 ® (0x)6 z 1 5 2 Ix3)12
2
[x2)12 (0x)3 ® (0x)6 2 1 ;—2 : [x4)12
2 ,
[x4)12 (0x)3 ® (0x)6 b 1 X 2 [x2)12

=

If the result of Victor’s measurement on the two particles 1 and 2 is |x3)12, (3) can be
written as:

Ix3) 1201 )13 o )60 1)
= |x3)12(cexy|11)36 + By*[10)36 + ¥ x*|01)36 + 8x]00)36) (tcy?| 10)45
+ Bdxy|11)ss + yaxy|00)ss — 6bx*|01)s5). 43)

Victor sends the measurement outcome to Alice through classical channel with two classical
bits. After having received Victor’s message, Alice knows her particle has been in the state

|')36 = axy|11)36 + By*|10)36 + ¥ x*[01)36 + 8x¥|00)36. (44)

In order to cloning the original state, Alice first performs unitary operation U = (0y)3 ®
(0y )6 on his particles 3 and 6, then we can get

Ul')36 = axy|00)36 + By*101)36 + yx*[10)36 + Sxy|11)36. (45)

After carry out the operation U, Alice introduces an auxiliary particle A in the initial state
|0) 4 and performs another unitary transformation U, which describe in (37), here,

y
) ==
IT4) T

2
. z. (46)

I !/ 4
T,)==, T, =1, ;) =
I7y) T I75) I73) T
Then, the initial joint state which describe in (45) is transformed into

UsU/0')36 = y*(@|00)36 + B101)36 + ¥ [10)36 + 8]11)36) ® [0) 4 + (aty+/x2 — y2]00)36

+yvat = y*10)36 + 8yv/x* — y*[11)36) ® 1) 4. (47)

Finally, Alice measures the particle A in the bases {|0) 4, |1)4}. If the measurement result is
|0) 4, Alice knows she has already successfully reconstructed the original state on her par-
ticle 3 and 6. Otherwise, the scheme fails. Evidently, the maximal probability of successful
cloning the original state is |dy*|? if Alice’s measurement result is [*)3|¢~)26. However,
it is just a copy of the original arbitrary unknown state. Surely, it is also possible for Alice to
get the state |x1)12, | x2)12, | x4)12- If so, the state of the particle 3 and 6 will collapse to the
state which describe in (42). If Victor sends her measurement result (VMR) to Alice, Alice
can get the orthogonal complement state (AS) by appropriate operation (see Table 3).
Based on above analysis, Alice can get an arbitrary unknown two-particle entangled state
and its orthogonal complement state with certain probability. For an arbitrary unknown two-
particle state, the probability of Alice produces an accurate copy of the original input state
is |dy*|? and get an orthogonal-complement copy is 3|dy*|? if Alice’s measurement result is
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[ ) 13]¢7 )26. In the process of teleportation, if Alice’s measurement outcome is one of the
other 15 states (i.e., [¢™)26/0™)13, 165)261¥ )13, [¥5)asl¢* )13, [¥F)26l¥)13), applying
the same analysis method as above, Alice also can obtain a copy or complement copy of the
arbitrary unknown state at her place.

4 Conclusion

In summary, We have proposed a scheme that one can produce perfect copies or orthogonal
complement copies of an unknown two-particle entangled state via quantum and classical
channel with help of a state preparer. The cloning scheme needs two step. In the first step,
Alice needs to performs measurement on particles with the eigenstates and seeds her mea-
surement results to Bob via classical channel. Based on Alice’s classical information, Bob
can reconstruct the original state on his particles. However, the particles 1, 2, 3 and 6 are still
in Alice’s place and the quantum channel is non-maximally entangled state, so it is a proba-
bilistic teleportation process in essence. In the second step, Victor performs two-particle pro-
jective measurement on the particle which seeded by Alice. After having received Victor’s
measurement result through classical channel, Alice can get the input entangled state and its
orthogonal complement state by appropriate unitary operation. The probability of successful
teleportation and cloning the original entangled state and its orthogonal complement state
are also calculated. Furthermore, our scheme can be easily generalized to producing more
copies or complement copies, it is also can generalized to an unknown N -particle entangled
state case.

Different from other protocol [20-24], our protocol choosing one-dimensional non-
maximally four-particle cluster state which can not being reducible to a tensor product of
two Bell states as the quantum channel. Moreover, the cluster states have the properties both
of the GHZ-class and the W-class entangled states in the case of N > 3 and it is harder to be
destroyed by local operations than GHZ-class states [27]. Except four-particle cluster state,
our protocol also need Bell-state measurement, classical communication, and two-particle
projective measurement. These are all feasible according to the present technologies. In op-
tical systems, a four-qubit cluster state has been prepared and applied to the Grover search
algorithm [28, 29]. Nowadays, the cluster state has been the universal resource in one-way
quantum computation [30] and a number of feasible protocols for generating entangled four-
particle cluster states have been proposed [31-34], so our cloning protocol may be helpful
to realized the cluster state’s potential characteristic and the protocol may be realized in the
realm of current experimental technology.

Acknowledgement This work was supported by the Specialized Research Fund for the Doctoral Program
of Higher Education under Grant No. 20060357003.

References

. Bennett, C.H., Brassard, G., et al.: Phys. Rev. Lett. 70, 1895 (1993)

. Bouwmeester, D., Pan, J.W.,, et al.: Nature 390, 575 (1997)

. Boschi, D., Branca, S., et al.: Phys. Rev. Lett. 80, 1121 (1998)

Bennett, C.H., Wiesner, S.J.: Phys. Rev. Lett. 69, 2881 (1992)

Hao, J.C., Li, C.F., Guo, G.C.: Phys. Lett. A 278, 113 (2000)

Duan, L.M., Guo, G.C.: Phys. Rev. Lett. 80, 4999 (1998)

Murao, M., Jonathan, D., Plenio, M.B., Vedral, V.: Phys. Rev. A §9, 156 (1999)

NoUpEwN -

@ Springer



Int J Theor Phys (2009) 48: 167-177 177

8. Hillery, M., Buzek, V., Berthiaume, A.: Phys. Rev. A 59, 1829 (1999)
9. Zhang, Z.J.: Phys. Lett. A 341, 55 (2005)
10. Deng, F.G., et al.: Phys. Rev. A 72, 022338 (2005)
11. Wootters, W.K., Zurek, W.H.: Nature (Lond.) 299, 802 (1982)
12. Buzk, V., Hillery, M.: Phys. Rev. A 54, 1844 (1996)
13. Duan, L.M., Guo, G.C.: Phys. Rev. Lett. 80, 4999 (1998)
14. BruB, D., DiVincenzo, D.P., Ekert, A., Fuchs, C.A., Macchiavello, C., Smolin, J.A.: Phys. Rev. A 57,
2368 (1998)
15. Gisin, N., Massar, S.: Phys. Rev. Lett. 79, 2153 (1997)
16. Werner, R.F.: Phys. Rev. A 58, 1827 (1998)
17. Fan, H.: Phys. Rev. A 68, 054301 (2003)
18. Leung, D.W,, Shor, P.W.: Phys. Rev. Lett. 90, 127905 (2003)
19. Zou, X.B., Pahlke, K., Mathis, W.: Phys. Rev. A 67, 024304 (2003)
20. Pati, A.K.: Phys. Rev. A 61, 022308 (2000)
21. Chen, A.X., Wu, S.D.: Commun. Theor. Phys. 40, 651 (2003)
22. Zhan, Y.B.: Phys. Lett. A 336, 317 (2003)
23. Zhan, Y.B.: Int. J. Theor. Phys. 44, 1541 (2005)
24. Shi, J., Zhan, Y.B.: Int. J. Theor. Phys. 46, 3331 (2007)
25. Zeilinger, A.: Rev. Mod. Phys. 71, S288 (1999)
26. Li, WL, Li, C.F, Gao, G.C.: Phys. Rev. A 61, 034301 (2000)
27. Dong, P, Xue, Z.Y., Yang, M., Cao, Z.L.: Phys. Rev. A 73, 033818 (2006)
28. Giihne, O., et al.: Phys. Rev. Lett. 95, 120405 (2005)
29. Walther, P., Resch, K.J., Rudolph, T., Schenck, E.H., et al.: Nature 434, 169 (2005)
30. Raussendorf, R., Briegel, H.J.: Phys. Rev. Lett. 86, 5188 (2001)
31. Wang, X.W,, Shan, Y.G., Xia, L-X., Lu, M.W.: Phys. Lett. A 364, 7 (2007)
32. Xia, Y., Song, H.-S.: Int. J. Theor. Phys. (2007). doi: 10.1007/s10773-007-9596-7
33. Zheng, S.B.: Phys. Rev. A 73, 065802 (2006)
34. Ye, L., Guo, G.C.: Phys. Lett. A 361, 460 (2007)

@ Springer


http://dx.doi.org/10.1007/s10773-007-9596-7

	Scheme for Cloning an Unknown Entangled State with Assistance via Non-maximally Entangled Cluster States
	Abstract
	Introduction
	Assisted Cloning of an Unknown Two-Particle Entangled State and Its Orthogonal Complement State
	Assisted Cloning of an Arbitrary Unknown Two-Particle Entangled State and Its Orthogonal Complement State
	Conclusion
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


