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Abstract: The physical model composed of coherent multimode cavity-field interacting with

coherent coupling-atom is proposed. The evolution properties for the process of multi-photon

interaction in the system mentioned above are studied by utilizing complete quantum theory. It

shows that multiphoton entangled states and multi-atom entangled states can be swapped into

each other periodically in the process of coupling multi-atoms interacting with multimode cavity-

fields. Meanwhile the entanglement information transfer can be realized in the above process.

The results of the entanglement transfer are thereby illustrated by means of calculating the

fidelity of atoms numerically. And the general characteristics of the entangled information

transfer are further revealed. It is pointed out that the results reported up to now are only specific

examples of the research under different conditions.
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0 Introduction

Since Einstein, Podolsky and Rosen suggested
EPRMY,

quantum entanglement phenomena has

attracted attention of both theorists and
experimentalists®®, Tt is one of the most
important features of quantum mechanics.

Entanglement indicates a system composed of two
or more particles, can exhibit the novel property
that results of measurement on one particle cannot
be specified independently of the parameters of the
measurements on other particles. It has been well
known that quantum entanglement plays a key role

in many such applications as

[7-12]

quantum

, super-dense coding"®!, quantum

L4 quantum key distribution™®,

and quantum computational speedupst’®. The

teleportation

error correction

resource of entanglement has a number of useful
applications in quantum communication and light-

quanta communication.

t[lﬂ

Since Bennet , et al have proposed the

scheme of quantum teleportation via quantum

entanglement states of separation variation in
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1993, the field of quantum teleportation, a way to
transfer unknown state of a quantum system from
one location to another, is focused on quantum
communication and plays an important role in a
number of quantum computation schemes. The

significant experimental and theoretical advances

have been made in teleportation. In 1994,
Vaidman™®' extended theoretically the quantum
teleportation into infinite-dimensional Hilbert

(¥ presented the

space. Braunstein and Kimble
method (B-K method) of quantum teleportation
with two-mode squeezed vacuum states as quantum
channel in 1998. Many schemes are offered by
Chinese up to now. Based on the proposal of

(203 and co-

Braunstein and Kimble, Xia Yun-jie
workers studied the continuous variables quantum
teleportation via minimum-correlation mixed state.
The results show that the mixed entangled state as
a generalized type of Einstein-Podolsky- Rosen
entangled states is a good quantum channel. They
analyzed in detail teleporting a coherent state by
means of this channel as an example. When the
parameters of minimum-correlation mixed state are
chosen properly, the fidelity will almost reach to
unity. The minimum-correlation mixed state as a
quantum channel is better than the two-mode
squeezed vacuum state. Zhou Xiao-ging™®”’, et al
made three-particle entanglement using the source
of three-particle W states. Put this particle

entanglement down as quantum channel, and
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transfer information of Bell states measurement
and von Neumann measurement using classical
channel, then the quantum teleportation net may
be realized. Based on this idea , they investigated
the physical principle for building the quantum
teleportation net using three-particle W states,
find out the unitary transformation matrix for
quantum teleportation of three-particle W states,
They

propose a scheme for quantum communications net

and design a quantum teleportation net.
and its protocol. If all stations work as schemed,
quantum communications between any two stations
may be realized.

However, the studies of quantum information
transfer via the interaction of atoms with light-fields is
less than the above mentioned. Recently, Lai, et
al’®*?) have suggested a scheme for entanglement
swapping in the process of two-level atoms interacting
with cavity-fields of coherent sate. But up to now, the
general system consisting of coherent cavity-field and
coherent-atom has never been reported. We shall

discuss it further in this paper.

1 The theoretical model and exact solution

Based on Ref. [ 22-23], now we consider the
physical system made up atoms interacting with
cavity-field as shown in Fig. 1. Let the relative
phase of corresponding atomic transition in each
neighboring cavity-field is a constant &, and the M
The dotted
lines and the arrows represent their coherence

Atom—1 2M-1 2M

Cavity-1 modes photon odes [_)hOtOHS modes photon;]

Fig. 1

pairs of atoms coupled are coherent.

The model of the M pairs coupled atoms interacting

with the M coherent multimod light fields

among atoms and the direction of atomic motion
respectively in Fig. 1. The relative phase of light-
field corresponding mode in each neighboring
cavity-field is always 7. There is also coherence
among M cavity-fields. In the interacting picture
and under the rotating-wave approximation, the
effective Hamiltonian for the system can be (here,

h=1)

c{f EHI} = gAZ[(Ha k(t))a;;(l‘)Jr
o (Z)(l_[la;yk )] Falot (Dow (O +
on (Dol (D]} (@)

where, all of k(k=1,2,3,---
@, and [ (L =1, 2)
subscript stand k-th cavity-field, j-th mode light-

M), j(G=1,2,3,-,
in both superscript and
field, and /-th atom respectively (Ditto). Since
conserving the relation between interaction picture
and Schrodinger picture, the coherence among
cavity-fields during the
Acipor expl —i(k—1)E] -
—lweit) sa; (D) =A, aexp [—i(k—1)y] »
i) s F=1,2,3,
is the light field(atomic transition) frequency, and
A CAL ) s

(photon) operator, ¢; are the atomic operators of

atoms, and among

interaction, theng, (t) =
exp (
exp (— s M. where w;., (w,)

complex coefficient of atom

[-th atom., a; (a;) denotes photon creation
(annihilation) operator of j-th mode, g and A mean
atom-atom coupling constants,

:g\Ak:A(kzlazwgv"'yM) il’l
The state evolution of the system

atom-field and
while we assume g,
order to simple.
can be described by | ¢ (1)) =U) [¢(0)), where
|¢;(O)> is the initial state of the system, U(z) is
time evolution operator for the system. The
evolution matrix in the k-th subsystem can be
repeated

obtained by lots of complicated and

calculation, as following

o . sin (3, ) w2 A2 0s 3, —1
g S gﬁ wspol, . i LA “IZ Beoo igiana, A, *1; Be. agpnzing,a, %
k k & A )
e ey e el ey e Ay el ) ey )?
: * sin ‘Bk + = 1 1 —iy, i, 1 —iy, i, : * sin IBk + =
71gtA5.kA,7'k ﬁ Ak €] € 7[ [€0N] ﬂke k +e k ] 7[ [€ON] ﬁke k—elk ] 71gtA5~kAﬂ~"TAk€1 €y
U, ()= . (2)
—igtA. A, Sl; ‘B’A, ey e %[ cos fre Tk —e ] %[ cos Bre T+ ] *igz‘AE’:,lA,y,k%ﬁkA,lef ey
b
2 2 0
28" 1 Al kA b % < —igiA., ﬁA b 81‘;& —igtA,, kA by 51‘2‘& AF cos B — A
k ¢ ¢ k
Al (e ) (e )? e e e e e e b
Where

Ag.k:Ag.z.k(l: 1.2); A,,.k HA ks

j=

q q
Ay=1lalr 5 Ay =11a; Vi

i=1 =1

4 .
=[1(a Nra)r +alia; Ni);

i=1
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At'Agkl ]_[(e ek ak ) Where
- il U (2} q
e H(e Ny k=D @ = iNjpog o) ”ﬁ—llFu. @ [ =) | o) [nge ) o= [y )
=1
,BA:«/szgt‘Ae,k| |A77-,/e|~ ('l\’_l 2)

2 The evolution property of state
vector for the system

As a specific example, let M=2, namely k=
1,2, assuming that the light-field are in initial

common number state at =0

and all the atoms coupled are in the excited state
[ (0))=lenensenr e s where |ex) (I=1,2)
denoted that /-th atom in k-th cavity-field is in
HY=U |$(0))

the evolution formulation of the state vector

excited state. According to | ¢l

describing this system at arbitrary time >0 can be

given as follows

\¢,<o>>:{” HZM OJH]F,,{QFM@M,M

i (t)>:<7111}4%2\: F, FJI 1S N2t | 1L N2 @) enen
eren) —iA. AL gt 1+%<Nzl>ﬂ SIZWZ‘“NZM e ®|nﬂ N lenen sern gon ) —
iAg.gA,;zg‘t{l—F%(Nzl)ﬂ Smﬂj‘ﬁNZZel es ®\nll s TN lenes »giaesn )+
2A§,2A;,§g2z2{1+%<1\121>2 CO“$N32@1 ) ey )? ®\nﬂ,n;+2Nﬂ>\en€21’
gign) —iA AL gt Sizwa“'ll\]zlefef 1+“)SN‘+ZZ_<N22>2 j@l\n,ﬁNnvn,-z>\@ugzwew@zz>—
A AL A AL ”Wmlmz(el >2<e;>2j§|n_,1+N_,1,n_,z+N_,z>\eugﬂ,elzgm—
A ALALA LG T WN&NZZ(J ) (ey )? j§|nﬂ+Nﬂ s TN L e go s giren) —
1A AL ALA g sin ““:ioaf‘z”z )N21N32(ef)3(6;)3éi)lInjleNﬂ,71]2+2N]2>|611g217
812820 1AL AL gt Sm:“NZIFI es 1+Cos+i_l(]\]22)2 j@‘nﬂ+Nﬂ’nj2>‘g11621’612822>_

A A A A gz 5 SIN Q) SIN ey
el c241,2 -

Qeel Qe

SIN @1 SIN Qs

Ag_lA,;lAg.gA,;izg'Z tz

N2, N2, Ce; )? (e;r )? ® | ;) +N‘,1 s Njo +N,,2> ‘ 811 €21 velzgéz)_
=1

N21N22(6f )2(6;)2 @‘njl+N]l s 1o +N,'z> ‘gn@m a§12622>*

Qeel Aee2
o i S @ur—1 )
2iA. AL AL, 1y S0 @1 (008 @ T (o i ye (o @l Nivsme +2Nio) L guen »
Qeel Aee2 1=
‘ ) , w2 1 2| &
g F2AL A g e 058 TN oy (o y? 14+ T (N2 | @ [y 2N, sme) | -
aml 2 i=1

33 (cOs @1 —

1) sin a.»

721A§1A A52A772g

Z11821 5€12€22)

Nj2 +N]2> |g11g21 s€12 820 )

®‘7111+2N11 s 75 )+N >\g11g;1 ,g12627>+4A2

aﬁ 1Qee2

2iAL AL ALAL

N3,N2, (e )P (ef )* @ |ny +2N,
=1

e (oS aw1 —1)sIn aws

aﬂq Qee?

N31N22(€17)3(€2+)3 °

AZAL A g (cos ap1 — 1) (cos aw: —1)
a2y 281 7 2 ‘
Qeel Aee?2

N3, N3, (e )4(e2+ ) @‘71,1 +2N>,1 vni,2+2sz> |gng21 9g12g22>} 3

Where
:1:11[2<n]k+N,k>+1] ;
q |
Nz, =11 7("“H\,]”*’)';

i=1 N -

g |
N3, =T, /(2N
=1 ny !

Qeek :\/ZgﬂAg.k | |A7].k ‘ [ le: z . (here k=1,2)
Obviously, Eq. (3) includes interference factor sin
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Qur /e s (B =1,2). It embodies the coherence of

atoms and light-field. If the initial atoms are
respectively in | ¢, (0)) = | e1; g21» €12 g22)» and
|¢H(O)>:| g1 s Q12 €223 ‘ a (0)) = ‘ g 8210
g1282, ) » We can also obtain evolution equations by
this method marklng respectively | ¢¢% (1) ).
= (1)) g5 (¢) ). The Eq. (3) and these can
be simply extended into the situation of k=1, 2,
Each

items for the system composed

*,M(here M is arbitrary positive integer).
of them includes 22

of arbitrary M subsystem.

3 Periodical swapping of entangled
information

3.1 Initial atoms in entanglement state
For Initial atoms in entanglement state, if
M=2, assuming that initial atoms are in maximum

quantum entangled state
‘¢M(O)>:1/«/§( |611€21 7612622>+
‘g11£‘21ag12g22>) 4)
and light-field are in state vacuum

¢, (0) > P},Pyyééwoﬂ,oﬂ> (5

‘“;1’ (n,‘:
Form \¢§"")(Z)> and ‘g[)f?%)(t)>9 in the special case
when
t=2p+Dr/[V2g | Awi | 1A, (N1D7 ]
(p:()’lyZy\?)’"') (k::lvz) (6)

The system vector state become

wm»>=1m@(§yq“oﬂ»+cl@uzwﬂ,

i=

q
2N,2>) |g11g21 ag|2g22> +C2 ®|0,1 9012> ‘611@21 ’
J

q
912622>+C3 (®1|OJ1 v2sz> ‘@11621 ’g12£‘22>+
i=

C1 (§|2Nﬂ7012>‘g11g219g12g22> 7
where

G :16A? A’” ,ﬂg t H (ZNj) ! (2Nt e

(ei ) (el )! /[(2]5%1)7[]4

- (N,
C =14201 2H<2Nﬂ+1>]
- (N)!

h=2lloNTp )

_ o (N;»!
C 2«/7A»9A 28" f [1 B 12N11+1]

;1_111«/(21\],2)!(ef)z(e§>2/[(2p+1)n]2;
C, :—2ﬂA%,lAﬁ$g2ﬁﬂ«/<2N,])z(er>2 .
B (N, ! ,
(e;)°[1 2H2N1)+1]/[<2p+1>n]
The evolution of the state vector for the system

made of arbitrary M subsystem can be rewritten as

following

[ =1V2Z(D 0,10, 1o+
2N, oo

q
O]M>+C/1 (@1‘2]\7]1 )
=
92N;M>) \gngzl 98128225
q
C/2 @ ‘ OJ1 ’sz y oo
J=

g1Mg2M> +

,O]mw—l) O]M> |€11€21 9€12€22 9°°°%

, q
@ ‘ O_/l 90;2 9%
=

€1M—1) €2(M—1) »€1M€2Mm »+C 3

O,y(Mﬂ) 92N,M> ‘611@21 9€12€22 9% s €1 (M—1) €2(M—1) »

q

gIMg2M>+“'+C/2M® | 2Nj1 52Ny seeey
=

2Nj<M—1) 7OjM> ‘gngm 2 8128229°°"

g1m-1) 82M—1) s€1M€20 ) (8)
It is found that atomic entangled state can be
transfer into light-field entangled state under the
time of their interaction satisfied the condition
shown Eq. (6). The desired photon entangled state
must be purified from mixed entangled state.
However, when the following condition is fulfilled
1=2pn/V2g | A | | A s | (N1 ] (9
The Eq. (8) is simplified as
\</1a(t)>*1/f Z

CTRMRELAY: }

FF

ny Ayt 11.\/[ ([enemn s

€12€22 5 "9€1M€W1>+ |(£,11g21 s 8128229°°"

glwgm>)®|01190]m "’O]M> (10)

At this instance, the atoms are maximal
quantum entangled state while light-field resume
into ground state. Analyzing the procedure
expressed by Eqs (8) and (10), the results shown
with the p value

gradually increasing, the atoms and light-field are

that with time running, i. e.

periodically in entangled and disentangled state
And the atoms reach the maximal

while the light-field is

disentanglement namely complete separate state

respectively.
entangled degree
and vice verse. So that two kinds of entangled

states for photon and atoms are changed
periodically and alternately. That is to say, They
can be transformed periodically into each other. Its
period is T=n/[v2g | Aui | | A0 | (N1OT ] Tt is
closely related to the coupling constants between
the atom and light-field, the complex factors of the
atoms and photon operator, the photon number of
initial light-field, and the photon number of
interaction. But the coupling intensity A between
atoms never influence on its period.

It is important problem of fidelity in process of
quantum  states transfer because quantum
information transformation with high fidelity has
only practical significance. So according to the
results obtained above, the fidelity of atoms in our
model can be illustrated by means of numerical

calculating. In order to describe the deviation
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between input and output quantum states, the 1.it correspond to | |p —p. || being close to zero.

important physical concept, that is fidelity, was If the atoms and light-fields are initially

proposed. The fidelity of mixed quantum states is satisfied Egs. (4) and (5) respectively, according
[26]

firstly defined as to Eq (7)., the system density matrix can be

F(pl’p2):[tr(«/‘;2 m)%}o (D writt.en as p, (1) :|¢J(Z)><¢J<Z)-|’ ar.ld reducible
density operators of atoms and light-fields denote
as p, (t) = try (p,(t)) and p, (1) = tr, (p, (1))
respectively. For simply, in Eq (1), let ¢=1,

where p; and p, indicate the density operator of two
different states respectively, and 0<<F(p; »p,) <1.

In the special case that p; and p, are both pure ) : ) _
. o N,= 1, we will consider the situation of the
quantum states, trp; = tro; =1, F (p1sp02) = trpipz » . . . . . . .
o . . single-mode light-field interacting with single-
when F (pisp;) = 0, quantum information

(quantum states) are completely distorted in the photon in each subsystem. The fidelity of the

C . toms itt E 7 11
procedure of transfer, namely, the initial state is atoms can be written as by Eqs (7) and (11)

perpendicular to the final state; when F(p,0,) =

'+

1., - 2 71
F.(0.(0) 50, (0) = 1r( /p,(0) p, (1) pl,(o>)2]“:%§0\Fnl-{ ‘1+27;+3(cos Orus —1)

Ag»—zAZ (n+1) (+2) (cos Oy —1) . 2 ., - ﬂ )

TTATTTA, @D exp (28| 2| 145, (cos B =D | 1511 Ccos s =D +

A%A;Z (n+1)(n+2)(cos Gr,15—1) . 2+ ., - 2‘{

| | | B 1 s O 1 (12)
‘AE‘Z‘AV 2ot 3) exp (—i2A;,,) 2n_l(cos b — 1 ) |

where, 6, =v2 | A.| | A, |gt Vim. We can perform with (a), (b) and (¢) in two figures, we can also
the fidelities of the system and the light-filed by see that the oscillation period of F, decrease with
the same method, writing as F,(¢) and F,(¢). The the increasing of n,, A, and A,. It is revealed that

problems of F.(¢) and F, (¢) will discuss in other more and more quick transforming from the atoms
paper due to space is limited only. The evolution entanglement  states into  the  cavity-field
law of F, (t) may be directly displayed utilizing entanglement  states.  So  the entanglement

numerical calculating as showed in Fig. 2 and 3. information appeared periodically in atoms and

where A, and A, are A, and A, respectively, n, is light-fields. And the transfer process has no

the initial mean photon number. From Fig. 2 and correlation with atom-atom coupling constant A.

Fig. 3, we can see that the atoms fidelity evolution This completely agrees with the results discussed
can present the oscillation property. Comparing in former.
1.0 T T T 1.0 T T T 1.0
~ 08 { _os
) s = 05
K <
0.6 ~ 06 =
0.4 0.4 0 . . .
0 50 100 150 200 0 50 100 150 200 0 50 100 150 20(
&t gt gt
(a)4,=0.1:4,=0.13n,~1 (b)4,=0.1:4,=0.1:1,=10 (€)4,=0.1:4,=0.1:72,=100
Fig. 2 Time evolution characteristic of fidelity for atoms in different initial mean photon—number 7,
1.0 T T T 1.0 T T T 1.0
0.9 : 0.9
Sos 1= 08 1S0s
0.7 0.7 1
L 1 L L L 1 0 1 1 '
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
gt gt gt
(2)4,=0.05:4,=0.05:1,=1 (b)4,=0.1:4,=0.05:1,=1 (€)4,=0.6:4,=0.6:1,=1

Fig. 3 Time evolution characteristic of fidelity for atoms in different coefficient A, and A,
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3.2 The case of initial light-field in entangled state

At ¢t = 0, the field modes are in maximal

photon entangled state given by [¢,(0))=1/y/2

(®\2Nﬂ ,ZN]2>+®\O]1 ,0,27) when the atoms are
i=1 i=1

in ground state ‘ Ja 0)) = ‘ 8118215 812 822 ). Using
[¢s*> (1) ), Eq. (6) can be satisfied by adjusting

the interaction time t properly. Then we have

‘¢<[)>:1/ﬁ(D1 ler1em serness )+ 1 gngos
g12g22>)<§‘0j1 a0;2> +Dz @‘O_/l ,2N,2> ‘611321 ’

q
g12g22>+D3 (81 | 2N,/1 ’O_/2> ‘gugzl 9612622>+
=

9q

D& ®|2N,,172N;2>‘g11g21’g12g22> (13)

j=1

Where

D =16A:F A% AZEAL, g 1 11/ 2N, T (2N, T -
j=1
(el (e ) /LC2p+ D]
D, :—2ﬁA;fA§,1g2ﬁ[1/(2]\1,1> T(ef )P (e )? »

e (2N, ) ! .
L=2lleN ST N, T/ LTl

‘ o« (2N;)!
FZAZ o221 —2][——
Di=—22AL A, g [ 1 2,v:1(z\7]1 NN,

15[1«/(21\7,-2) He )2 (e, )P /L2p+Dnl*;

- o q (Zle)! .
D, =1//2[1 S IRCIESE

o (2N, !
A B IRC PES

Also from Eq. (13) we can know that

K

entangled information stored initially in light-field
can be transfered into the atoms which are initially
in ground state and which light-field can back to
vacuum state. There are also disturbs in Eq. (13).
We can obtain desired entangled state by purifying
or distilling. There is no loss of generality here
since the formulas in Eq. (13) can be also extended
to the following manifestation while the Eq. (9) is
satisfied

g =142 >

V=
LRIV

F, F

17"

eFo (D]2N

q
ZNJZ [ 92NjAw>+®|O]1 3012 ’""OjM>) *
=
‘gllgzuglzgzz sttt QM oM ) 14
Similarly, the atoms disentangle completely
but light-field is in maximal photon entangled
These show that

information can be periodically swapped between

state. evidences entangled
atoms and cavity-field too, when either of them is
initially entangled state.

Otherwise, if Egs. (6) and (9) aren’ t
satisfied, both of light-field and atoms are mixed

entangled state during most of a period. If we want

to obtain entanglement state the interaction time
must be controlled by adjusting many elements
properly. In this case, the fidelities of the system,
the atoms and the light-fields can be calculated by
using the same method as shown in Fig. 2 and
Fig. 3. They may show directly the distortion of
These

contents aren’ t given due to space on a printed

quantum information transfer process.
page is limited only.

On the other hand, the coupling intensity A
between atoms has never influence on the transfer
of entangled information. It should be noted that
the A have

swapping for W-type multi-atom entangled state by

directly controlled reserving or
another calculating.
3.3 Discussion

The outcome mentioned above indicate that
when A, ,=A,, =1, é&=9=0, and ¢=1, in this
special case, there is not coherence among the
atoms and among the cavity-field, that is,
considering only the multi-photon interaction of
coupling atoms with single-mode light-field. These
are the same as Ref. [24]. As A.,=A,, =1, &=
7=0, and Ny = 1, this result agrees with the
entangled  information  transfer using the
interaction of multimode cavity-field with the
coupling atoms, reported in the Ref. [ 25]. The
course of the single atom interacting with one mode
light-field, that 1is, not considering coupling
interaction between atoms, can be occurred under
AM:AM:L 511]:0,)\:0,(1:1 and N, =1.
The results should be exhibited in Refs. [22] and
[23]. In contrast to the special case studied in
Refs. [22-257] and this paper, one can immediately

see that the results obtained under different

conditions and this paper possess certain
generalization.
4 Conclusions

We have shown that general evolution

equations of the system via studying multi-photon
interaction of the multimode coherent light-field
with coherent coupling multi-atom. By analyzing
the process of evolution, it is found that the
phenomenon of the atom and the photon entangled
state swapping each other periodically under either
the atoms or the light-fields are initially in the
entanglement states. The entangled information
swapping transfer will be realized under the certain
time condition. Its period is clearly related to many
elements. The above results have simply proved

via numerical calculating the fidelity of atoms.
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In principle, the entangled information can be

transferred using any photon interaction of any

mode coherent cavity-field with any coherent atoms

coupled by this method.
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