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We present the linear entropy dynamics of the �eld state in the dispersive cavity in the Jaynes{Cummings model

with an intensity-dependent coupling in the dispersive approximation, and investigate the in
uence of dissipation on

entanglement between the �eld and the atoms. We show that the coherence properties of the �eld are also a�ected

by the cavity when the nonlinear process of the �eld interacting with the atoms with an intensity-dependent coupling

is involved, and �nd that the dissipation constant, the intensity of the �eld and the atomic distribution angle have

di�erent in
uence on the coherence properties of the �eld.
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1. Introduction

The Jaynes{Cummings model (JCM) with an

intensity-dependent coupling is an important model

to describe a two-level atom interacting with an elec-

tromagnetic �eld for its exact solvability within the

rotating-wave approximation and its periodical and

symmetrical dynamics properties. Many authors have

studied the squeezing of the �eld,[1] the phase[2;3] and

the entropy of the �eld,[4] the disentanglement[5;6] in

the model. However, all the work was done only on

the condition that the in
uence of the environment is

not taken into account. The environment which is rep-

resented by a thermal reservoir always exists, and af-

fects the system considered. Because of the dissipation

and 
uctuation originating from the coupling to the

environment, the primary system will collapse from

a correlated state into a statistical mixture[7�9] irre-

versibly (which is usually called decoherence or purity

loss). The entanglement between the atom and the

�eld, as well as the decoherence induced by the cavity

of the usual dispersive JCM was studied in Ref.[10].

It shows that the cavity has practically no in
uence

on the coherence properties of the �eld from a qual-

itative point of view; however, although the atom is

not directly coupled to the cavity modes, its coherence

properties are strongly in
uenced by dissipation both

qualitatively and quantitatively.

The purpose of this paper is to study the linear

entropy dynamics of the �eld in the JCM with an

intensity-dependent coupling in the dispersive approx-

imation and examine whether the coherence proper-

ties of the �eld are in
uenced by the reservoir during

the passage of the atom through the height Q of the

cavity. We �nd that the dissipation suppresses the am-

plitude of the entanglement between the �eld and the

atom, and makes the �eld lose its coherence. Finally,

we discuss the in
uence of the dissipation constant,

the intensity of the �eld and the atomic distribution

on the coherence properties of the �eld.

2. The JCM with an intensity-

dependent coupling in the dis-

persive approximation and the

linear entropy of the �eld

First, we consider a single-mode �eld interacting

with an e�ective two-level atom with an intensity-
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dependent coupling without considering the in
uence

of the dissipation. The Hamiltonian of the system un-

der the rotating wave approximation is

Ĥ = !0Ŝz + !â+â+ �[Ŝ+R̂+ Ŝ�R̂
+] (�h = 1); (1)

where â+ and â are the creation and annihilation oper-

ators of the radiation �eld, Ŝ+ and Ŝ� are pseudopsia

operators of the atom, � is the coupling constant, !

and !0 are the frequencies of the �eld and the atomic

transition, respectively, � is the atomic distribution

angle. The operators R̂ and R̂+ are de�ned in the

following way[11]

R̂ = â
p
N̂ ; R̂+ =

p
N̂ â+; (2)

where N̂ = â+â. In an invariant subspace spanned by

j+i
 jni and j�i
 jn+1i, the Hamiltonian takes the

following form:

Ĥ =

2
4 !n+ !0=2 �(n+ 1)

�(n+ 1) !(n+ 1)� !0=2

3
5 : (3)

The eigenvalues of H are given by:

En� = w(n+ 1)� 1

2

p
Æ2 + 4�2(n+ 1)2; (4)

where Æ = ! � !0 measures how far the two systems

are o� resonance. In the large detuning approxima-

tion, we have

jÆj=�� n+ 1; (5)

for any relevant n. In this approximation, the eigen-

values are given by:

En� = !(n+ 1)� jÆj
2
� �2(n+ 1)2

jÆj : (6)

Eq. (5) re
ects that Æ is related not only to the

coupling constant � but also to the intensity of the

�eld.[14�16] If condition Eq.(5) is ful�lled for all n val-

ues, which plays a signi�cant role in the problem, we

can work with the e�ective Hamiltonian:

Ĥe� =!

�
â+â+

1

2

�
+ !0Ŝz=2

+ g
h
(â+â+ 1)2j+ih+j � (â+â)2j�ih�j

i
; (7)

where for simplicity we have set g = �2=jÆj.
Now, we assume that there is a reservoir coupling

to the �eld in the usual way. In the dispersive approx-

imation, we assume that the initial state of the system

can be described by the ket:

j a�f i =
�
cos

�
�

2

�
j+i+ i sin

�
�

2

�
j�i

�

 j�i; (8)

where � =
p
nexp(i�), j+i ( j�i ) denotes the excited

(ground) state of the atom, n is the initial average

photon number, and � is the phase of the coherent

�eld (here for simplicity, we let � = 0), 0 � � � �

denotes the atomic distribution. We obtain the equa-

tion of motion of the density operator for the system

in a standard form

d�̂(t)

dt
= �i[Ĥe� ; �̂] + L�̂; (�h = 1): (9)

The losses in the cavity are phenomenologically repre-

sented by the superoperator L. At zero temperature,

this superoperator can be written as

L = k(2â:â+ � â+â:� :â+â); (10)

where k is the dissipation constant. The action of â:

and :â+ on an operator Ô is de�ned as

(â:)Ô = â(Ô); (:â+)Ô = (Ô)â+: (11)

In the interaction picture, the master equation takes

the form

d�̂(t)

dt
=� ig[(â+â+ 1)2j+ih+j � (â+â)2j�ih�j; �̂(t)]
+ k(2â�̂(t)â+ � â+â�̂(t)� �̂(t)â+â): (12)

This process of the �eld interacting with the atom

with an intensity-dependent coupling is a nonlinear

process. The reduced �eld operator is

�̂f (t) = TrA�̂(t) = �̂++(t) + �̂��(t): (13)

Liouvillians corresponding to the matrix elements

�̂��(t) and �̂++(t) have the forms

L++ =� ig(M2 � P 2)� 2g(M � P )

� k(M + P ) + 2kF;

L�� =� ig(P 2 �M2)� k(M + P ) + 2kF; (14)

where the superoperators in the equations are de�ned

as M = â+â:, P = :â+â, F = â:â+. They satisfy the

commutation relation[10]

[F;M + P ] = 2F: (15)

The master equation can be solved by applying the dy-

namical symmetry method proposed in Ref.[12], and

we obtain

�̂++(t) =e
L++t�̂++(0)

=exp[� ig(M2 � P 2)

� 2ig(M � P )� k(M + P )]

� exp

�
[1� exp(�2kt� 2igMt+ 2igP t)]

� kF

(k + ig(M � P )

�
�++(0); (16)
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�̂��(t) =e
L
��

t�̂��(0)

=exp[� ig(�M2 + P 2)� k(M + P )
�

� exp

�
[1� exp(�2kt+ 2igMt � 2igP t)]

� kF

(k � ig(M � P ))

�
���(0): (17)

From Eq.(8), we can obtain

�++(0) = cos2
�
�

2

�
j�ih�j;

���(0) = sin2
�
�

2

�
j�ih�j: (18)

By using Eqs.(16){(18), we can have

�̂++(t) = cos2
�
�

2

�
exp(�j�j2)

�
1X

m;n=0

�m��np
m!n!

exp(�mn(t)

+ i�emn(t))jmihnj; (19)

�̂��(t) = sin2
�
�

2

�
exp(�j�j2)

�
1X

m;n=0

�m��np
m!n!

exp(�mn(t)

+ i�gmn(t))jmihnj;

where

�mn(t) =� k(m+ n)t+
j�j2k

k2 + g2(m� n)2

� fk � e�2kt[k cos 2(m� n)gt

� g(m� n) sin 2(m� n)gt]g; (20)

�emn(t) =� (m2 � n2)gt� 2(m� n)gt

+
kj�j2

k2 + g2(m� n)2

� f � g(m� n) + e�2kt[k sin 2(m� n)gt

� g(m� n) sin 2(m� n)gt]g;

�gmn(t) =� (n2 �m2)gt+
j�j2k

k2 + g2(m� n)2

� f � g(m� n)� e�2kt[g(m� n)

� cos 2(m� n)gt+ k sin 2(m� n)gt]g:

Here, we discuss the coherence loss of the �eld by

means of linear entropy, which is de�ned as[13]

Sf = 1� Tr(�̂2f ): (21)

For a pure state Sf is zero, Sf ' 1 corresponds to

a mixture with information and coherence e�ectively

lost. From Eqs.(19){(21), we obtain

Sf (t) =1� exp(�2j�j2)

�
1X

m;n=0

j�j2(m+n)

m!n!
exp[2�mn(t)]

�
�
cos4

�
�

2

�
+ sin4

�
�

2

�

+ 2 cos2
�
�

2

�
sin2

�
�

2

�

� [ cos (�emn(t)��gmn(t))]

�
: (22)

Here, the distinguished roles for dissipation be-

comes clear. The term of Sf (t) containing the factor

�mn(t) in the form of exponential re
ects the presence

of the reservoir (for when k = 0, �mn(t) vanishes). In

the system considered, the �eld is initially prepared

in the coherence state and Sf (0) = 0, but in a short

stage Sf (t) increases and the coherence of the �eld

loses. The function �mn(t), which is always nonposi-

tive and decreases with time, a�ects the value of Sf (t)

and shows that the cavity has an in
uence on the co-

herence properties of the �eld.

3. Numerical results and conclu-

sions

The function �mn(t) presenting in the form of ex-

ponential in the term of Sf (t) controls the coherence

loss of the �eld and has a similar form to those of

dispersive JCM.[10;17] In the usual dispersive JCM,[10]

only the form of the linear entropy of the atom Sa(t)

contains � (t), and only the coherence of the atom is

in
uenced by the cavity, though the atom does not

couple to the cavity directly. The coherence of the

�eld remains unchanged by the environment and Sf (t)

behaves periodically, with a maximum value 0:5 and a

minimum value 0, which correspond to the entangle-

ment and disentanglement between the �eld and the

atom, respectively. However, in the system we con-

sidered, the �eld is also a�ected by the cavity and its

coherence will lose due to the dissipation. Next, we

will discuss the in
uence of the dissipation constant

k, the intensity of the �eld n and the atomic distribu-

tion angle � on the coherence properties of the �eld in

detail.

Firstly, we study the in
uence of the dissipation

constant on the coherence properties of the �eld. Fig-

ure 1 investigates the linear entropy of the �eld as a
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function of time for several values of k with n = 1

and � = �=2. The behaviour of Sf (t) is complicated,

with the presence of local maxima and minima val-

ues. The presence of the local maxima and minimal

is due to the entanglement and disentanglement be-

tween the �eld and the atom. Because of the in
u-

ence of dissipation on the entanglement, the amplitude

of the entanglement decreases with the time. During

the repeating periods of entanglement and disentan-

glement, the �eld loses and gains its coherence. How-

ever, the coherence recovered by the atom is always

smaller than what was lost. The amplitude of the en-

tanglement tends to zero after some time. One �nds

that the larger the k is, the more quickly the ampli-

tude is suppressed, and the more rapidly Sf (t) reaches

its maximum value and the asymptotic value 0.

Fig.1. Linear entropy of the �eld as a function of gt for di�erent values of the dissipation

constant. n = 1, � = �=2. (a) k=g = 0:01. (b) k=g = 0:05. (c) k=g = 0:1.

More examination �nds that there is a great dif-

ference in the results when k is small enough and

large enough, even the other parameters remain un-

changed. When k � 0:001g, the behaviour of Sf (t),

which approximately appears in a period of � (plotted

in Fig.2(a)), is very similar to that of the same model

without dissipation. In this case, the amplitude of

the entanglement is suppressed very slowly. But if

k � 0:5g (plotted in Fig.2(b)), Sf (t) reaches its max-

imum value (the �eld reaches its maximum mixture

state) and the asymptotic value 0 (the �eld reaches

the vacuum state) in a very short while. Here, we can

see that if k is small enough (� 0:001g), the in
uence

of the cavity on the �eld can be ignored and the co-

herence of the �eld is determined by the interaction

between the �eld and the atom. However, if k � 0:5g,

the coherence of the �eld is predominantly controlled

by the cavity, whose in
uence is to lead the �eld into

the vacuum state and lose its coherence completely.

Secondly, we examine the in
uence of the inten-

sity of the �eld. The evolutions of the linear en-

tropy of the �eld are shown in Figs.1(c), 3(a), 3(b)

for n = 1; 2; 3 with k = 0:05g and � = �=2. We see

that with the increasing value of n, the amplitude of

the oscillation of Sf (t) is further suppressed, and the

entanglement between the �eld and the atom becomes

weaker. It is noticeable that the larger the n is, the

stronger the mixture of the �eld is.
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Fig.2. Same as Figs.1. (a) k=g = 0:0001. (b) k=g = 0:5.

Fig.3. Linear entropy of the �eld as a function of

gt for di�erent values of the intensity of the �eld.

k=g = 0:05, � = �=2. (a) n = 2. (b) n = 3.

Thirdly, we investigate Sf (t) with di�erent atomic

distribution angle � and plot Sf (t) for � = �=2,

� = �=4 and � = 0 with k = 0:1g and n = 1 in

Figs.1(c), 4(a) and 4(b). Comparing these �gures, one

can �nd that the more the � tends to �=2, the larger

the degree of the maximum mixture state of the �eld

is, and the stronger the entanglement between the two

subsystems. We also �nd that the linear entropy of the

�eld is symmetric to � = � (on the condition that the

other parameters are unchanged). When � ! 0 (or

�), the amplitude of the entanglement always tends

to zero.

Fig.4. Linear entropy of the �eld as a function of gt

for di�erent values of the atomic distribution angle.

n = 1, k=g = 0:1. (a)� = �=4. (b) � = 0.

In summary, we have studied the linear entropy

dynamics of the �eld in the JCM with an intensity-

dependent coupling in the dissipative cavity. Our re-

sult shows that the coherence properties of the �eld

are also a�ected by the cavity both qualitatively and

quantitatively when the nonlinear process of the �eld

interacting with the atom with an intensity-dependent

coupling is involved. In the dissipation approximation,

we obtain: (1) If the dissipation constant k is small
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enough, the in
uence of the cavity on the coherence of

the �eld can be ignored. (2) The larger the intensity

of the �eld is, the weaker the entanglement between

the �eld and the atom is, and the larger the degree of

the maximum mixture state of the �eld is. (3) The

more the � tends to �=2, the stronger the maximum

mixture state and the entanglement between the two

subsystems become.

|||||||||||||||||||||||||||
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