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Abstract: We study the interaction between a moving four-level atoah @me-mode field in the presence of Kerr like medium and
obtain the exact solution of the model. The atomic inverskirld entropy, Purity and Fidelity have been examined uwdeous
values of detuning, the Kerr-like medium and the time-dejeen coupling. We show that, the present system is a gooddztedor
building the quantum devices, where the mentioned parames® be used controllers. Finally, playing with the inisitates setting,
one can obtain new features of the entanglement.
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1 Introduction communication, quantum teleportation, quantum
cryptography, entanglement swapping, dense coding, and

The interaction model between a four-level atom and aguantum fcomtputir|19, eE[c. 2D%ﬁ/|9,30,31,3b2,33]£ d.Thde .
single quantized mode of a radiation field, when the egree of entanglement ( ) can be studied via

rotating wave approximation (RWA) considered, is known different measures such as von Neumann entropy,_linear
as the Jaynes-Cummings model (JCM). [This model entropy, purity and others measurements. Quantifying of

was generalized to describe the multi-photon interactionth.e state requires knowledge whether the state is pure or

and included arbitrary forms of both the field and the mlxgq. The state of the system is a pure, then Itis
intensity-dependent atom-field coupling, 3]. Also, the sufficient to use the von-Neumann entropy. The time
standard JCM has been extended in many directions, Sucﬂvolut!on of atomic (field) entropy reflects the time
as adding further levelsd] where the three-level atomic evolut|on of the degree of entanglement thus when the
systems have been discuss&b[7,8]. The influence of entropy is high, the degree of entanglement is strong.
the Kerr medium9] and the intensity-dependent coupling We aim at extending the previously cited treatments to
[10] on the dynamics of a three-level atomic system havestudy the problem of a four-level atom in the consider
been investigated. the interaction between two thred-leveconfiguration interacting with a single-mode field to
atoms and a single-mode field with multi-photon investigate the properties of the degree of entanglement of
transition in the presence of Kerr medium and detuningthe above mentioned systems from the view point of the
parameter has been studied ]l Recently, there has Phoenix-Knight B4,35,36]. The structure of the levels is
been increasing interest in the study of the interactiongiven in figure 1. The assumed model contains, in fact,
between a four-level atom and cavity fields. Various typesthree three-level subsystems with a common fourth level ;
of a four-level atom 12,13,14,15,16,17,18,20,19 have  one can distinguish here two Fig. 1. Energy-level scheme.
been demonstrated. subsystems in the ladder configuration (levels 1-4-3 and
Entanglement is a property found in the composite2-4-3) and one subsystem in the lambda configuration
quantum systems, where the correlation between th€l-4-2). Here, we study a moving atomic system of a
subsystems cannot be discussed classically. Entanglemefatur-level atom coupled to one mode electromagnetic
has been widely investigated in quantum informationcavity field in the presence of both Kerr medium and the
processing 22,2324,25,26,27] and plays important detuning parameters. We describe the Hamiltonian and
roles in many potential applications, such as quantunderive the constants of motion. Also, this generalization
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takes into account the multi-photon processes. We derive
the general form of the probability amplitudes for the
considered system. Also, we calculate some statistical
aspects of the model such as the atomic inversion, the
field entropy, purity and fidelity, also, to examine the
influences of the field nonlinearity (Kerr-like medium),
detuning and the time dependent coupling on the degree
of entanglement.

2 Description of the model i3 03
n-2

The model consists of a four-level system consists of a
moving with statesj), (j = 1,2,3,4), interacting with 0
single quantized field modes with the frequerieyand
various coupling constant87]. The atom has excited As

state|3), intermediate statelg) and|2) and ground state 04

|1), with energiesws, s, » and w;, respectively. We 145
suppose that the allowed transitiof® «— |4) and ol

|4) <— ]1)(]2)) while the transition|1) «+— |2) is

forbidden as shown in Fig.(1). The Hamiltonian A2
describing the non-resonant atom-field interaction Q
including the center of mass of the atom beside the [9)
presence of the Kerr-like medium is given by, 02

resence ol ! 125 - s
H =Hk +Ha.r +Hi, 1)

whereH is the non-linearity Hamiltoniarkia. ¢ is the
Hamiltonian of the atom (field) anH, is the interaction
Hamiltonian, for simplicity, we sdi= 1. In the RWA these
terms are Or

Hk = xata®, n
A2
Hare = 2p_M + Z w; 6jj + Qa'a, Fig. 1. The scheme for the considered atomic system
]

)

wherep is theTmpmentum operatdy is the mass of the  permion operatorgy,, and Boson operatoré and &),
atom, anda(a’) is the annihilation (creation) operator, we can establish the following commutation relation in

respectively. Also, x is the dispersive part of the su(4), for the atomic operato8$, 39:
fourth-order nonlinearity of the Kerr-like medium and

Ojc = |)(¢]; (¢=1,2,3,4) are the level occupation number [ab: Ged] = Gasdoe — Gevdua; Tanlb) = [2). (8", Gab] = [A"™, Ga] = 0. @
when j = ¢ and otherwise are the transition operators
from level | to ¢. It is important to mention that the
operatorsgj, are 4 x 4 matrices, the generators of the
unitary groupU(4) [3839]. On the other hand the

interaction HamiltoniarH, for the considered system is [@a1=1  [@d=[@.a1=0 [an]=a [@.n=-4" ®)

wheredy, is the Kroneker delta. The operata’s dnd &
are the Bose operators for the quantized field mode which
obey

given as In the general form it is easy to show that:
F'I _ Al(t)<émeim?.?a.41+éTme—lm?.T'a.M)+A2<t)(émeim?.?a.42+étmefim?.?a.m) A Atm AT(m 1) At A AT(m 1)
o N aa’|=ma"" v, aa=—-ma'""", 6
4 A3(t><éme|mk.r A34+é1me—|mk.r A43)s (3) [ ] [ ] ( )
— . Moreover, the field operators satisfy the followin
where, K and T are the propagation vector and the relations: P y g

position vector, respectivelyAs(t) is the effective

coupling parameter and takinds(t) = nssin(dst + @), n!

wherens(s=1,2,3) is an arbitrary constant ( the constant &"|n) = 7'|n— m), n>m,

coupling parameter) is the fluctuation frequency while (n—m)!

@ is the relative phase amdis multiplicity of photons. In :

the following, we present some interesting properties ofa’rm|n> _ (n+m)! In+m) @)
the operators of the considered model. Firstly, for the \/ (n)! ’
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According to the previous relations, It is
straightforward to show that the constant of motion in the According to the Schrodinger equation

atom-field system are given by d R
N N - N ~ i—W(t)=H|W(t 14
011+ 022+ 033+ 044 = |, dt ®) o), (14)
a'a—m(Gu1+ oz + G33) = Ny, and field operatoray, anda}, on the state vectotl(), we
I?’)+_k>§T§: N (8) obtain the following system of coupled ordinary
2 differential equations:
Now, we turn our attention to find the wave function of the ‘
system under consideration. iAMDY = viA(nY) +gisin(Git + ¢)e*'D(n—myt),
:t (n,t) = viB(n,t) +gosin(&t + @)€“2'D(n—myt),
3 Thewave function |:tC(n 2m;t) = v,C(n—2m;t) +gssin(&t+ @)e 48'D(n—myt),
To obtain the wave functiofiy(t)) at any timet > 0, we i%D(nfm,t) = gySin(Byt + @)e ALUA(N L) + gosin(Sst + @)e P2 B(n,t)
write it as a linear combina_tion of the stateBo,1,n), + gasin(&t + @)% C(n— 2mt) + vaD(n—mt),
|T3>0,2, ny, |Bo + 2mk,3,;n — 2m), and (15)

|[Po+mk,4,n—m), where|30> is the momentum eigen  with
state,|j) denotesjth atom level andn), n= (0,1,2,...)

. . =xn(n—1), Vv, = x(n—2m)(n—2m—1), v3=x(h—m)(n—m-—1),
are the eigen states of the number operatd¥e consider
the atom moving in a uniformly accelerated reference Y L L S RN (UL
frame. Under these considerations, the momentum (n—m)! (n—m)! (n— 2m
operator satisfies the following relations (16)
[T B = LmK ek T, and
KT Ry = [R+mK) e R
PR = RIR). ©  fi= - ek mQ- oo - T
=
2
Therefore, the state vector of the system takes the, _rr12k _mP0~ K
2 = (W — w4+mQ )
foIIowmg form: 2M M
=
—iBy -iB 3Pk’ mPy. K
an{Ant \30,1n ) +B(n,t)e |E>o,2n As = @y — s+ MQ — 0- K (17)

2M M
+ C(n—2mt)e 'B3|I_3>0+2mk 3,n—2m)

—me B _
+D(n—me |3°+ mK An—m}, (10) As one can see there are two exponential terms in each
(11)  equation: one is rapidly oscillating terms éixp; + As)t +

with @] and the other is slowly varying terms _

2 expli(d1 — As)t + ¢]). In this case if we neglect the rapidly

_ "o nQ, varying term compared with the slowly varying term, then

A 2M gt Eq.15reduces to:

2
B = W + w4+ nQ, i%A(n,t) = v1A(n,t) — g1 expi[Art — g]D(n—myt),

Bo+2mK)? id — — o expilAdt — _
By — ( OZM ) s+ (n—2m)Q, Idtht) = v1B(n,t) — G2 expi[4st — g]D(n—m.t),
d -
2 i—C(n—2mt) = v,C(n—2m,t) + Gz exp—i[Ast — g|D(n—m,t),

By = @";Tm”+w4+<n—m>a, (12) &

iD(n—mt) =G exp—i[Ait — @]A(n,t) + o exp
whereq, describes the amplitude of stgt® which are —i[Ast — @lB(n,t)

the Fock states of the field modes and depend on the initial

state of the atomic type and the quantithds,t), B(n,t), ~ GeexpilAgt —gIC(n—2m1)

C(n—2m,t) andD(n—m,t) are the probability amplitudes +vsD(n—myt),

which determined the initial stat&’(0)). (18)
In our study, we consider the field to be initially in

coherent state, thus the initial photon distributignis .

given by As = As— 0, s=1,2,3.

On = exp(—T1/2)1V2/ v/, (13) &= (5o (19)
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To solve the coupled system Etg], we consider that the atom
and the field are initially prepared in upper state and catiere
state, respectively. In this case the initial wave funciiam be
written as

|WAr (t = 0)) = [Wa(t = 0)) @ |k (t = 0)). (20)

where|Wa(t =0)), is the initial state of the atom ané# (t = 0)),
is the initial state of the field. Then the initial state isegivby

War(t = 0)) = zoqn|?o+2m?,3,n—2m>, (21)

It is worth to mentioning thaty; satisfy the quadratic
equation

4 3 2
U+ zd° + 2+ 2z + 24 = 0, (28)
where

2=01+0p+0s+0s,

Z = UgUs + U1(U3 + Ua) + Ua(U & Ua) + 0202 + G+ G5 + G5, o
23 = UgUa(U1 + Up) + 01U (Us + Ua) + G (U1 + 02) + G5 (U1 + Us) + G (U2 + Us),
24 = 01UpU304 + 01 U203 + 010383 + Up U362

(29)
The general expressions for these roots are given by
using MATHEMATICA. Having obtained the wave
function |¥(t)). Now, we are able to study the quantum

Now, we will resolve the above system in the non-resonantdynamica| properties of the atom and field such as

case as follow.

4 The solution in the non-resonance case

In what follows, under the initial condition EQJ) at the

non-resonance case. It is obvious that the coefficients @f th

coupled system differential equationk8) are time-dependent,
we can avoid this problem through the following transforiorat

C(t,n—2m) = Ga(t,n—2m)e 4+ 2]t
— i
D(t,n—m) = Ga(t,n—m)e 2t (22)
According to this transformation, we have
Gu(t) 00 0 0 —Gie'?\ /Gi(1)
q | G 0 0 0 -Ge || Gt
il - = ) _ (23)
Gs(t) (N Uz  —Ga€? Gs(t)
Ga(t) G167 G2 —Gae ¢ 0s Ga(t)
where
_ A - - A
U1 =U1+ 713 U2:U1+(42*71)-,
_ . A _ A
O3 =02~ (Bs+ ). Oa=Us— 7, (24)

2 2
Under this initial condition21), the solution of 23) are in
the form:

_ 4
Gj(t) =y OjeM,
J X; ix

where

Dlx

O | 1
Usc | pxckj Hig
D4X

(25)

—(Us—®) —Us —1 || Mkt Bxkg+ Hokik

01 —Gifse 2¢ (] 1
Op —Gofae2? (] ( Hi + Hx + Hg )
U4 G3(U3+04)€% Gze'? 0 HiHxHg

Atomic population inversion, field entropy, purity,

fidelity. It is worth mentioning that choosing different

values of the detuning, the Kerr-like medium and the
time-dependent coupling leads to different physical
results.

4.1 Atomic inversion

Here, the atomic inversion is defined in the consider
system as the difference between the probabilities of
finding the atom in the upper stafg8) and in the lower
state|1). The maximal state defined as the probabilities of
fining the atom in excited state or ground state are equal.
Using the wave function¥(t)) or the matrix p,), and
assuming that the atom starts from its excited state, the
atomic inversionWV(t) is giving by [41,42]:

inf

w(t) = Zopnﬂc(t)lz—IA(t)lz} = (C[C) - (AIA),  (30)

whereP, is the distribution function for the field initially

in the coherent state. In what follows, we shall investigate
numerically the influence of the detuning parameters and
non-linear Kerr-like medium on the dynamical behavior
of the atomic inversionW(t), when the atom is initially
prepared in its exited state. In our computations, we
choose the initial conditions of the system as follows: the
mean photon numbdt = 40, the relative phase = %,

the coupling constants are equd = 0.7, A, = 0.02,

A3 = 0.7 and the detuning parametegrs= 0.

In Fig.(2) we have plot the atomic inversion against
the scaledit, where Figs.(2a-2d) show the effect of the
detuning parameter. We show that in the absence of both
the detuning parameter and the Kerr-like medium see
Fig.(2a), the atomic inversion shows fluctuations between
The amplitude of

(6) hegative and positive values.

wherepy, = tx — U, X#K# j #Aq=1,2,3,4 and oscillations of atomic inversion decreases when the
O — (Dt Dn ot O Gin Gne 20 detuning is increased, see Fig.(2b,2c). One observes that

1= —(U1+ U3+ Us)GaGae E the negative fluctuation of the atomic inversion is revoked
O, = — (02 + Uz + Ua) 3oz 29, when the detuning parameters are increasing see Fig.(2d),
Os = — 03+ G3(203 + 0a), the oscillations oW(t) is shifted upward which means

o oo 2 o —— g that more energy is store.d in the atomic system. .
04 = —(G1+ 092+ 05— U3 — Vs — U3U4)Gze™ %, Moreover, the amplitude of the atomic inversion
(27) oscillations increases when the Kerr-like medium is
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increased, see Figs.(3a,3b). It is shown that the period o AL DAL
revival increases as soon as the value of the fluctuatiol | : | :
frequency 9, parameter increases, see Figs.(4a-4d). It is
interesting to note that the disappearance of the negativ
values of the fluctuations means that the energy is store
mainly in the atomic system and very little energy is
shared with the field (see from Fig.(4d)), the behaviour of
W(t) changed drastically, however it is shown an increase
of the collapse time of the collapse which means that the
atom reach’s the maximal state.

(ﬁ) Xﬂ[] 0 ﬂfb, EQZN‘L\S:L

| ‘ !

s CED>
N CED

Fig. 3: The same as in (Fig 2) but fdr = 0, and different values
of x forW(t).

where the subscriptd andF refer to the atom and the
field, respectively. The total entropy of the atom field
system is denoted b If the atom is in a pure state, then

in a suitable bases the density matrix is diagonal and has a
single unit element. For this caseés= 0, while if the
atom is in a mixed stat&§ # 0. Since the initial state is a
pure state, theB= 0, eitherS; the field entropy o6a the

Fig. 20 The evolution of the Atomic inversion of the atomic atomic entropy is used to measure the amount of
system versus the scaled timé for the coherent state with entanglement between the two subsystems. When
m=1,n=40,¢=7/4, X =0 =07n2=002n3=07, g — S, =0, the system is disentangled or separable and
= 0.5 and different values of. both the field and atomic subsystems are in pure states.
[35,36]. Therefore, instead of the evaluation of the field
entropy, we can obtain the entropy of the atom. The
entropies of the atom and the field, are defined through
the corresponding reduced density operators by:

4.2 The field entropy

In this section, we use the field entropy as a measure th&g) = —Trar) (Par) INPaF))- (32)
degree of entanglement between the field and the atom of

the system under consideration. Quantum entanglement is

one of the main parts for the execution of quantumThe reduced density matrix of the atom required for
information processing devices 34,43]. However, evaluating Eq.(35) is given by

According to Araki and Leib theoren?fl], for any two

components of quantum systems (for instance, the one

under consideration), the entropies are limited by the 533 g34 532 531

following triangle inequality: — _ | Pa3 Pa4 P42 Pa1
’ ’ o Pa=Tre| ()] P23 P24 P22 P21 (33)

S =Sl =SS+ & (31) P13 P14 P12 P11

(@© 2017 NSP
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whereTj, the eigenvalues of the reduced atomic density

(a)§0.5 ‘ Bl ‘ (b)‘&z matrix in Eg.B3), which given by following equation:

, r4—r34+0:r24+0,0 +03=0, (36)
05 where
30 H 01 = Y [pjip— Py, i<k
0 ]
-05 02 = 5 miloal®= Y piioupe
2t j<R=e
1 . . . 25 . . . — [P12P23P31 + P12P24Pa1 + P13P34P41 + P23P34Pa2 + .C,
O O 0 W W 0 8 O3 = Prips2Paspaa+ 04 [P PrmPrmic-+ MG + 10ic || rm?
M M j#KT<m j<K<l<m
(¢) 5 (d)&=10 - Pij PeklPem|? — (012023034041 + P12P24Pa3P31 + P13P3aPazP21 + N.C.,
1 ‘ ‘ : 1 : ‘ ‘ j<KZ#m
(37)
" 0 It is worth to mention that the four roots of EgE)
° ° are given as shown previously by using MATHEMATICA
3 30 program. Now, we turn our attention to examine

06 numerically the effect of the detuning operator and the
non-linear Kerr-like medium on the dynamical behavior
‘ ‘ ‘ ‘ ‘ ‘ of the field entropy, In Fig.(5) the maximal states are
I A T ——— occurring at the collapses and the maximum degree of
M M entanglement occurring for different values of detuning

parameter. We see that the entropy is stable for a long

time. This mean that the time of maximal state increases

Fig. 4 The same as in (Fig 2) but for = Ay = Ay = Ag = O for as the detuning parameter is increased (see Fig.(5b-5d)).
theW(t). In Fig.(6) it is shown that the entanglement increased
when the atom is papered in maximal state with a
non-zero the Kerr like medium. The results in Fig.(7)
indicate that the evolution of the field entropy against the

The matrix in Eq.83) are given, for instance, by scald time At) from which the DEM is studied for
- ) different values o#, we have considered the absence of
P11= 3 n=0 Pn|A(N,1)|7, the detuning parameters and Kerr like medium , we

observe that when the entropy is dynamically reduced to

(n,
% 2
P22= -0 PlB(N DI, the minimum values for absence the detuning and Kerr
_ C(n—2,t)2 like medium and the field can not reach to the pure state,
P33 = Xn-o PnlC I we see that fod = 0 there is increase of the number of
Pas =% oPn|D(N—1,1)2, oscillation, we have maximal state, so we have high
entanglement see Fig.(7a), but for increasdnge arrive
P12 =Y n-0 PrA(N,1)B*(N,t), to pure state and the entropy field reich to zero value. see
© 34 Fig.(7b-7d).
pra= S5 ot ahAM-20C (n-21), )
P1a= Fno0h-100A(N—1,1)D*(n—1,1), _
: ) 5 The Purity
P23 = zn:an—an (n zat)C*(n 2 t)7
R % The purity defines a measure on quantum states, giving
P24 = ZnoGn-10nB(N — 1,O)D*(N—1.1), information on how much a state is mixed. It is well
P31=Ym o0ng;,_1C(N—2,t)D*(n—2,t), known that state entanglement and mixture state are

properties central to quantum information theory. The

relation between entanglement and mixture state have
where in all of the above relation®, = |gs|? is the  attracted much attention. The puriB(t) of the system
distribution of the initial radiation field, an#l, B, C andD may be used as a good tool to give information about the
are the atomic probability amplitudes derived in B@(  entanglement of the components of the system. For this
Hence, the entropy of the field or atom can be obtained byteason we devote the present section to discuss the purity

the following relation: of the system under consideration. The purity of the field
4 state can be determined from the quantéy, 6]
S=S=-YTrinr,. (35)
2,1 P(t) = Tr(p2(1)). (39)
(@© 2017 NSP
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1 15 f———— 1
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Fig. 5: The evolution of the Field entropy of the atomic system Fig. 6: The same as in (Fig. 5) but fdr= 0, and different values
versus the scaled timt for the coherent state witth= 1, i = of x for S.

40,9 =m/4,x =0,n1=0.7,n, =0.02,n3 = 0.7, 5 = 0.5 and

different values ofA.

To do the analysis and discuss the purity, we have
plotted the purity in Figs.(8,9,10) against the scalédor
both the atomic and field subsystems for some chosen
parameters, in Fig.(8a) Corresponds to the absence of
both Kerr effect and detuning, shown that irregular

where p is the field-reduced density matrix. For a pure
state, we hav®(t) = 1 i.e. the purity takes its maximum
value of one if the state is a one-dimensional projector,

while for a maximally mixed state, i.e., for a total mixture illatory behavior for the fi luti f1h om
p= %, the purity reaches its minimal vallre= % where  0sclllatory behavior for the time evolution of the purity, |
is obvious that the purity of the system takes longer time

d is the dimension op, i.e, the minimum value of this ; .
quantity is bounded by the inverse of the dimension of thel© be pulled down compared with the effect of detuning

system Hilbert space. A necessary and Su1;ﬁCiemparameteronIy. To visualize the influence of the detuning

condition for the ensemble to be described in terms of " the purity, we set three different values of detuning

: 4 - =0, A1 = Ay = Az = 0), with all other parameters, we
pure state is thal'r(p?(t)) = 1, in this case clearly a (x = .
state-vector description of each individual system of thenotice th‘?‘t th.e purity .bgcomes.stable and less than O
ensemble is possible. For the casgp?(t)) < 1, the field and the field is in statistically mixed state. Generally, we
will be in a statistical mixture state. Howéver, for a NOte 'ghatP(t) =~ 0.5 for th_e speuﬂcally valu_es of the
maximally mixed state ensemble corresponds todetunlng parameters seen in Figs.(8b-8d). This means that

Tr(p3(t)) = % From Eq.83), it is easy to show that the purity occurs in both subsystems at the same time and
precisely at the same rate.
P(t) = P2+ P2+ P2+ P2+ 2|P12l% + 2|p132 + 2 P12 + 2| P22 + 2| P2l + 2| p3d % To visualize the influence of Kerr-like medium on the

purity, see Figs.(9a,9b) respectively; Corresponds to the

(@© 2017 NSP
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(8)6=0. D=y=0. ()5=3
T 08 T
06
a o 04
02
L L L U L L L
0 0 00 30 40 0 0 00 30 40
M M
(c)e=7 (d)E=10.
04 : 02 ‘
03 015
w02 w0l
0l 005
0 ‘ : ‘ 0 : : :
0 0 200 30 40 0 0 2200 30 40

M

M

Fig. 7: The same as in (Fig. 5) but for = A = 0 for the Field

entropy.
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Fig. 8: The time evolution of Purity of the atomic system versus presence of Kerr medium and exact resonant condition
the scaled time\t for the coherent state witm = 1, n = 40,

@=1/3,x=0,11=0.7,n2=0.4,n3 = 0.8, 5 = 3 and different
values ofA.

(x # 0, A1 = Ay = Az = 0). We plotted purity in Fig.(9a)

By taking x = 0.001. we see that purity has increased and
many sharp peaks of high values appear with some kind
of periodicity. Also, we note that purity has more revivals,
and there is not entanglement between subsystem. But for
x =0.00001, it is noticed that in Fig.(9b) after a sufficient
time, the purity becomes stable and less thdn @hich

(@© 2017 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.11, No. 5, 1479-1490 (2017)www.naturalspublishing.com/Journals.asp %m “-a ¥ ) 1487

leads to decrease in the value of purity and the field is inF4(t), Fs (t) andRs(t) can be respectively expressed as

statistically mixed state, So the amplitude of the purity ® 2

decreases as the non-linear Kerr-like medium decreases. Fy(t) = Zopncn_z(t)
In Fig.(10), the presence of time-dependent coupling n=

leads to decrease in the value of purity. With the increase o

in the values ob the value of purity also begins to increase Fa(t) = EOP”

seen in Fig.(10a), as well as Figs.(10b-10d))o& 0 and n=

)

2

Ch-2(t)

)

A = 0), after a short time, With the increase of the values ° 2l 2

of 8, the purity occurs in both subsystems, and it becomed (1) = | > dnhi2An(t)] + zoqnqszn(t)
stable and less than® So that the field is in statistically n=0 ) n= )
mixed state and there is an enhancement of exchanging o l "

energy between the atom and the field. * nZO PiCn-2(t)) + ngoq”q”HD”*l(t) '

(41)

It is obvious that the fidelity of quantum state for the
6 The Fidelity atom, the field, and the system is related to the coupling

constantA of atom field, Kerr-like medium of the initial

field. Since it is a kinetic system, the fidelity also depends
The fidelity is an important concept in quantum optics ON the time t. Substituting EQ.Q) into Eq.@41), one can
and it is the good measure of distance between quanturfet the resulting expressions of fidelity for the atoms, the
states. It has been adopted broadly as an importarff€ld. and the system. To visualize the influence of the
physical parameter in quantum communication andfluctuation frequency on the Fidelity as a function of
quantum calculations. We calculate the fidelity of the Scale timeAt The numerical results are shown in Fig.(11)
transition between a pure stgt#(0)) and the final state for different values of 6, for the special case
described byp(t) = |W(t))(W(t)|. This is equal to the X =0,41=5/4,=1043=1, see Fig.(11a)fod =0 it
square root of the overlap between the si#¢0)) and IS observed thaFs ~ 1 (solid line)(Fig.11a) andr ~ 1
the state defined by(t). The fidelity is given by the form (solid line)(Fig.11c) there are high fidelity, almost these

[47,7], no interaction between field and atom, namely the
interaction of the field with atom is shielded by the
FO) = VPOPOPO) = (WO W), @9
’ We find that theRs(t), Fs (t) dependence on time, the

. o ] fidelity begin the value 1 but it sharply drops after short
Otherwise, the fidelity of quantum state is the degreetime t = 3 to almost a constant value (collapse period)
to keep the information of the initial state in a final state (sudden death). seen in Figs.(11b,11e) but-at10 the
and is given by the relatior5p, 49,51] fidelities go to along the collapse period, however, it
builds up towards a peak during the revival period and
drops again to the constant value until it reaches a second
_ 12 _ lower peak at the second main revival. But we find the
F(P1,P2) = [Tr(VPap2v/p1)? )" = IZ \//T" (40) effect of kerr and detuning o, (t) are very important as
we see in Figs.(11c,11f) the behavior of function
wherep; andp, are the density operators correspondingCompl-ewly changed by effect Kerrlike medium and
o init 1| q Zf | statesA Y the el I ¢ detuning. In Fig.(11a,11c)fad = 1 (dotline), we find a
01 ni 'f‘ and final states/; 1S he eigen values o big deep gabs values as strong effect of fluctuation
P p2p2. F varies between 0 and 1. Whel = 1, then  frequencyd onFs(t) andFa(t), fidelities.
the initial state and the final state are coincided, indizpti To visualize the influence of the detuning parameter
that two density matrices equal to each other. In this casepn the Fidelity, the evolutions of the fidelity for (the atom,
an ideal transmitting process takes place seehe field and the system) with the coherent state. Fig.(12).
Figs.(11a,12a). foF = 0, it means that corresponding to When x = 0,4; = 4,4, = 5,A3 = 0 (dashed line),
initial and final states are orthogonal each other,A; = 104, = 543 = 2 (dot line)and
indicating that the quantum information (i.e. quantumA; = 0,4, = 2,A3 = 0(solid line). shown there is
state) is totally distorted in the transmission. If dramatic behavior of the three Fidelity as we see in
0 < F(p1,p2) < 1, indicating that certain distortion exists fig.(12a-12c), it is observed thdk(t) ~ 1 (solid line)
in the transmission process of information. iftat 0 the  there are high fidelity, almost there is no interaction
atom is in the excited state and the cavity field is preparedetween field and atom, namely the interaction of the
in the coherent state, then the time evolution of the systendield with the atom shielded by the effect of detuning. But
is described by the state vector Ef) the Fs(t) , Fr(t) Fs(t) and Ra(t) has strong interaction, and decrease
andF;(t), (s, f anda) denote the system, field and atom, fidelity. as in Fig.(12b) there is delay d%(t) on the
respectively, as well as the initial condition of systeng th fidelity of quantum information for the field. The time
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evolutions of fidelity of quantum information obviously
show the fidelity decreases gradually. It means that the
distortion increases gradually, the interaction betwéen t
field and the detuning increases, and the fidelity of the
system decreases.

To visualize the influence of the Kerr Medium on the
Fidelity of Quantum State. The,;, Ff and Fs with the
different values of Kerr coefficient and are plotted in
Fig.(13). It is obviously shown from Fig.(13) that the
periodicity of the evolutions of fidelities of quantum
information in the weak initial field is introduced by Kerr
medium. With increasing the Kerr coefficient, the
oscillation frequencies of the fideliti#s andFs increase,
while that of F; decreases obviously, indicating Kerr
medium relatively weakens the relationship between the
field and the atom. Ijy = 0.03,0.02,0.01, the evolutions
of the fidelities of quantum information exhibit the
oscillations and perfect in Figs.(13a-13c) it is observed
that Fs =~ 0 see Figs.(13a,13b) (solid line) there are low
fidelity, with little oscillations, implying that the stran
initial coherent field greatly weakens the fidelities of
guantum information. almost there is interaction of the
field with the atom is shielded by effect of Kerr-like
medium see Figs.(13a,13b). Our results show that the
fidelity can provide more detailed information about the
system behavior than some global quantities such as th
field entropy.

7 Conclusion

We have examined the properties of the entanglemen
between a four-level atom and a single-mode cavity field.
The model is generalized by assuming the existence o
the detuning parameters, the multi-photon process, thi
Kerr-like medium and the intensity dependent coupling.
The general expressions of the conservation quantities ¢
motion are given. The exact solution for this model is
given when the atom-field is initially prepared in a

coherent superposition state. We have explored the
temporal evolution of the atomic inversion, the field

entropy, purity and fidelity are calculated. For the atomic
inversion, we have shown that the atom stay in maximal
entangled state when specially values of detuning and th
Ker like medium. The degree of this entanglement has
been measured by the field entropy. The purity occurs ir
both subsystems at the same time for a maximally mixec
state and we found it in statistically mixed state. Our
results show that the fidelity can provide more detailed
information about the system behaviour than some globa
guantities such as the field entropy.
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