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‘We propose two schemes for concentrating unknown nonmaximally tripartite GHZ entangled states via cavity

quantum electrodynamics (QED) techniques. The finial pure states obtained from the two schemes are shared by two

or three parties. Our schemes only require large-detuned interaction between two driven atoms and the quantized

cavity mode, which is insensitive to both the cavity decay and thermal field, thus the schemes are well within current

experimental technology.
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1. Introduction

Quantum entanglement is one of the most im-
portant resources for fundamental studies in quan-
tum mechanics. The nonlocal property of entangle-
ment plays an important role in quantum information
processing, such as quantum teleportation,[l_s] quan-

(4] quantum cloning,[s] quantum

(7]

tum dense coding,
cryptography®l and quantum secret sharing,[” etc. In
recent years, there has been a rapid development in
quantum information. However, if we want to achieve
a faithful quantum information processing, maximally
entangled states are the preferred resource.[l Because
local operation and classical communication cannot
generate entanglement between distant systems, the
distribution of maximally entangled states is needed

in quantum information processing.

But, due to the decoherence during storage or
transmission of qubits through channels, the amount
of entanglement will rapidly decrease, thus the entan-
gled states shared by different users are usually non-
maximally entangled pure states, or in the more gen-

eral case mixed entangled states. To overcome this

problem, many quantum distillation or concentration
protocols have been suggested. Bennett et all8! pre-
sented the first entanglement concentration scheme,
where the entanglement of the total system is trans-
ferred to the smaller number of maximally entangled
pairs. Recently, Bose et all®! proposed another phys-
ical scheme to concentrate nonmaximally entangled
photonic polarization states using entanglement swap-
ping. Experimental entanglement distillation schemes
for the nonmaximally entangled photonic polarization
states have also been proposed in Refs.[10, 11]. Cav-
ity quantum electrodynamics(QED) technology pro-
vides an active tool to do quantum information pro-
cessing with atoms.['2=16] Cao et all'"18! discussed the
scheme for the concentration of nonmaximally atomic

entangled states.

Here, we will propose two schemes for concentrat-
ing the unknown Greenberger—Horne—Zeilinger (GHZ)
entangled states in cavity QED. This paper is orga-
nized as follows. Section 2 discusses the concentra-
tion for two pairs of unknown nonmaximally entangled

GHZ states, and two users share the final maximally
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entangled state. Three users share the final maximally
entangled state is discussed in Section 3, and Section

4 presents the conclusion and some discussions.
2.Concentration for two wusers
sharing the final maximally en-

tangled states

In this section, we present the scheme for con-
centration of maximally entangled state from the
two identical unknown nonmaximally tripartite GHZ
states by local operation. Suppose the two identical

nonmaximally tripartite GHZ states are
|¥)123 = alggg)12s + ibleee) a3, (1a)
|¥) 456 = alggg)ase + ibleee)ase, (1b)

where |a|?+|b|? = 1, atoms 1, 2, 4 and 5 belong to Al-
ice and atoms 3 and 6 are sent to Bob. The combined

state of the system is

[) =(alggg)123 + ibleee)123)
® (alggg)ase + ibleee)ase), (2)

which can be rewritten as

1 .
) = —= |(a®|9999) 2356 + ib*|ecee)ass) @ |6™)1a

V2

+ (iab|ggee)2sss £ ableegg)asss) @ |¢i>14 , (3)

where |¢i>14 = 1/\/5(|99>14 +1ilee),,) and |1/":t>14 =
1/\/§(|ge>14 +ileg),,) are four Bell states of atom
pairs (1, 4).
that, if Alice operates Bell state measurement (BSM)
on atom pair (1, 4), the state of the rest particles will

From the above equation we can see

collapse to one of the following states:
iab
= — ee + ilee , 4a
) \/5(|99 )2356 + ile€gg)2sse) (4a)
|¥) iab(l ) ileegg)asse),  (4b)
= — ee —ilee ,
2 V2 ggee)23s56 99)2356
Lo :72
=—(a + ib°|eeee , 4c
[¥)3 \/Q( |9999)2356 | )2356) (4c)

)a = %mggggm ~Vlecee)asss).  (4d)

But the

realization,

BSM is
(19]

complex for experimental
so here we investigate separate atomic
measurements to achieve the goal of joint BSM by
using optical cavity.

We consider two identical two-level atoms simul-
taneously interacting with a single-mode cavity and
meanwhile the two atoms are driven by a classical

field. In the case of wo =w and 2 >>§ >> g ( 2 is

the Rabi frequency of the classical field, § is the detun-
ing between atomic transition frequency wy and cavity
frequency w, g is the coupling constant between cav-
ity and particle), there is no energy exchange between
the atomic system and the cavity, thus the scheme
is insensitive to both the cavity decay and the ther-
mal field. Then the interaction between the single-
mode cavity and the atoms can be described, in the

rotating-wave approximation, as2!

Ha =5 | T () el + a5} ()

j=1,4

D>

jk=14,j#k

(S8 +57S, +He)|, (5)

2
g _
where A = 25 Sj+ = \ej><gj|, Sj = \gj><ej|, and

le;) , lgj) are the excited and ground states of
the jth atom, respectively. If the two atoms are si-
multaneously sent into the cavity, they interact with
the cavity. By using the evolution operator of the
system U(t) = e Hote=iHert together with Hy =

n _2134 (S;r + S’;), H.g being the effective Hamilto-
J=1
nian, it is easy to verify the evolutions by adjusting

the interaction time At = m/4 and modulating the
driving field 2t = =:
1 .
9)119)4 — E(|g>1 9), —ile);le)s), (6a)

1

|g>1 ‘6>4 - \/5(|9>1 |e>4 - i|e>1 |g>4), (6b)
) l9), — %(|6>1 9)4 —1l9)1 l€)y), (6¢c)
e)yle)y — %Oe)l le)s —1l9)119),)- (6d)

We can assume, without loss of generality, the

quantum state of atom pair (1, 4) is

6%) 10 = 1/ V2lgghs +ilee)s). (1)

As the atom pair is sent to the cavity, they will simul-

taneously interact with the cavity mode. By adjust-

ing the interaction time A\t = m/4 and modulating the

driving field 2t = 7, the states of the atom pair will
evolve, according to Eq.(6), as
614 =75 (99010 + 1))

5| (lag)1s — ilees,) +i(lee)ss —ilag).y)

= |gg>14 . (8)
Similarly, the other three Bell-states of the atom pair

would evolve into

167, = %uggm ~ifee)1y) = —ilee)ys
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1
|1/}+>14 = E(|ge>14 +1ileg)1s) = l€9) 14,

_ 1 . .

97010 = 5lgeh, — ilegh) = ~ilaeh,. )
In this way, we can achieve the goal of BSM with unity
probability of success by two separated single-atom
measurements.

Without loss of generality, we assume the col-
lapsed state is in the form of Eq.(4a). After mea-
surement, Alice performs a Hadamard gate operation
on particle 2, which leads the state to

iab .
[¥) == |19)2(Ige€)ss6 + ilegg)sse)

(10)

Then Bob sends atom 3 through a classical field and
adjusts the phase and amplitude so that it under-
After

a von Neumann measurement on atom 2, if the mea-

+ |e)2(|gee)sse — ilegg)sse) | -

goes the transitions |g); — |e)s, |e); = [g)5-

sured result is |g)2, the state of atoms 3, 5 and 6 is
ab/2(|eee)sse +1|999)ss6), and if the result is |e)q, the
state of the three atoms is ab/2(|eee)s56—1/999)s56). In
both the above two cases the final states are maximally
entangled states. Therefore, the unknown nonmaxi-
mally entangled GHZ states are concentrated into one
maximally entangled state. The final maximally en-
tangled states are shared by two users. When the col-
lapsed state is in the form of Eq.(4b), we also gain the
maximally entangled state under the same procedures.
But if we select Eq.(4c) or Eq.(4d), we cannot con-
centrate the unknown nonmaximally entangled GHZ
states. So the unknown nonmaximally entangled GHZ
states are concentrated into one maximally entangled
GHZ state with a successful probability P = |abl|?.

3. Concentration with three users
sharing the final maximally en-

tangled states

In this section we present the physical scheme
for concentration of maximally entangled state from
three identical unknown nonmaximally tripartite GHZ
states. In this case three users share the residual maxi-
mally entangled states. Three identical tripartite GHZ

class states are
[¥)123 = alggg)123 + ibleee) 23,

[%)a56 = a|ggg)ase + ibleee)ass,

|Y) 780 = alggg)rsg + ibleee)rso,

where atoms 1, 4 and 7 belong to Alice, atoms 2, 5

and 8 belong to Bob, and atoms 3, 6 and 9 belong to
Charlie. The combined state of the system is

1Y) =(alggg)i2s + ibleee)123) ® (alggg)ase + ibleee)ss)

® (lalggg)se + ibleee)rsg). (12)

Now Alice performs a Controlled-Not (C-NOT)

gate operation!'? on atoms 4 and 7 with atom 4 used
as target qubit and atom 7 used as control qubit. Then

we obtain
|¢> :(a |ggg>123 +1ib |eee>123)

® {(az ‘999>456 + iab ‘eee>456) |999>789

+ (iablegg)s6 — 52|g€€>456)666>789], (13)
which can be expressed as
|¥) =(alggg)i2s + ibleee)123)

® [(a2 |9999) 5689 =+ iablggee)ssse) | )z

- (b2|6666>5689 + iab€€99>5689)|¢i>47] 7(14)

where |¢%) 47 and |1pF) 47 are Bell states. Then Alice
performs a BSM on atoms 4 and 7. If the measured

result is |@)47, the whole state will collapse into

[1) 1235689 :1/\/§(a|999>123 + ibleee)123)

® (a®|g999)s6s0 + ablggee)seso). (15)
Then Bob performs C-NOT gate operation on atoms
5 and 8 with atom 5 used as target qubit and atom 8
used as control qubit. Thus we obtain
|¥) 1235680 =(@|ggg)123 + ibleee)123)
® (a®|gggg)sese + ablegee)sass), (16)

which can be expanded as

1) 1235680 = 1/2 | (a2blggege) 13560 Tiableeggg)izses )| ™) 28

+ (a*|99999) 13569 £ ab®|eeege)13569)| ™ )as | - (17)

Then Bob performs a BSM on atoms 2 and 8. If the
measured result is [1)T )45, the whole state will collapse
into
|%)13560 =1/2(ab|ggege) 13569
+ a’bleeggg)13s69)- (18)
At the same time, Charlie performs a C-NOT gate
operation between atoms 3 and 6 with atom 3 used as
target qubit and atom 6 used as control qubit. So the
state |1)13569 becomes
19) 13569 :1/2(‘12b|99€g€>13569

+ azb\eegeg>13569), (19)
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which can be rewritten as

|¢>113569 :1/2\/§a2b(|gee>13569

+ i|€99>13569) |¢i>36- (20)
Then Charlie performs a BSM on atoms 3 and 6. If
the measurement result is |¢T )36, the whole state will
collapse into
6150 = V2 /40%b(|gee)iso — ilegghiso). (1)
Charlie sends atom 1 through a classical field and
adjusts the phase and amplitude. The transitions
l9); — le)y, le); = |g); can be realized. So we ob-
tain the final state

@hiso = V2 /4a®b(|ece)iss + lggghize).  (22)
This is the maximally GHZ classical entangled

state. Three users share this final maximally entan-
gled state. If Alice, Bob and Charlie select |¢¥),47,

[T )9g and |pT)36 as measurement states, respec-
tively, they can also gain the maximally entangled
state by the above procedures. So the unknown quan-
tum states are concentrated into one maximally en-

tangled state with a successful probability P = |a2b|?.
4. Conclusions

In conclusion, we have presented entanglement
concentration schemes for an unknown atomic non-
maximally entangled GHZ state via cavity QED tech-
niques. In the schemes, we use the large-detuned in-
teraction between two driven atoms and a quantized
cavity mode, so they are insensitive to both the cav-
ity decay and thermal field. In our schemes the ini-
tial pure nonmaximally entangled states are unknown,
thus the concentration process can deal with the un-

known input states successfully.
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