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Abstract: Inthis paper, some properties through a two-level atontacteng with a two-mode radiation field are presented. Thdeho
describes multi-photon process and includes a nonlinearlke medium and Stark shift. Also, the coupling paraméteaken in time-
dependent. The results show that Stark shift, nonlinear-ler medium and time-dependent coupling parameter ptgyoirtant roles
in the evolution of the field entropy. We test this observatidth accessible parameters and some new aspects areaabtain
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1 Introduction The results of this paper shown that the system are
potentially interesting for their ability to process

The Jaynes-Cummigs model (JCM}][is an exactly information in a novel way and might application in
solvable model of a single-mode quantized field M0dels of quantum logic gates. Liaet al. [17]
interacting with a single two level atom in a lossless considered a system of two two-level atoms interacting
cavity in the dipole and rotating-wave approximation vy|th a b|qual field in an ideal cavity and studied Fhe
(RWA). Many interesting physical features have beentM€ -evolution of the single-atom entropy squeezing,
studied with this model such as atomic inversi@hdnd ~ &tomic inversion and linear entropy of the system. In Ref.
entanglementd,4,5]. Much attention has been focused [18 the quantum treatement for two two-level atoms
on the properties of the entanglement between the fieldnteracting with SU(1,1) quantum system has been
and the atom@, 7,8,9] and in particular on the entropy of mvestlgateq. The Qynam|cs for the coIIectllve mod'el'of
the system. Knight and co-workerid 11,12] employing two atoms interacting with two-mode quapﬂzeo! radiation
the entropy theory regarding the interaction of the field fields in @ Raman type process has been investiga@d [
with the atom. They have shown that the entropy is a very ~However, in recent years, the effect of the atomic
useful operational measure of the purity of the quantummotion and field mode structure on entanglement
state, which automatically includes all moments of theattracted much attention2(,21,22 23 24,25. Abdalla
density operator. The effect of Stark shift on the evolution€ét al. [26] considered the interaction of a two-level atom
of field entropy and entanglement in two-photon processwith a single-mode multi-photon field in a medium
is presented in13]. Quantum entropy and entanglement consisting of the Stark shift and the Kerr-medium effects,
in the Jaynes-Cummings model without the rotating-wavewith the coupling term assumed to be a function of time
approximation have been shown if4]. Properties of but still linear with the intensity of light. The authors of
quantum entropy evolution in the Jaynes-CummingsRef. [27] nonlinearized the atom-field system considered
model with initial squeezed coherent states field havein Ref. [26]. More recently, the entanglement of two

been studied in1[3]. coupled atoms in the presence of a time-dependent
Abdel-Aty et al. [16] have studied the entropy external magnetic field has studiez8].
evolution of the bimodal field interacting with an effective In this paper we extend these investigations to study

two-level atom via the Raman transition in Kerr medium. the dynamics of a two-level atom interacting with a
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two-mode coherent field. Furthermore the field and thewhere that the Hamiltonian is given b$Q] (7 =c= 1),

atom are assumed to be coupled with modulated coupling, S A W S a

parameter which depends explicitly on time. An exactH = Q18,81+ 28,8, + 50z+ aa1pB119) (9l

solution of a two-level atom in interaction with cavity ~f A 1252 1252

field has been obtained. We investigate the effect of  T382P2|€) (6l + X18,7a1 + X28,°83

different parameters of the system on the field entropy A (t)(aa™ o + d2ao. ). (4)

and atomic inversion. The material of this paper is i , ,

arranged as follows: In Sec. 2, we introduce the model ~WhereQ; and Q; are the field frequencies ard is

and its solution under certain approximation similar to the transition frequency betwien the excited and ground

that of the rotating-wave approximation (RWA) at any States of the atoma;”and &, respectively, are the

timet > 0, In Sec. 3, We investigate the field entropy and @nnihilation and creation operators for iitie mode of the

the dynamical properties for different regemes. Numericalcavity field, B1 and 3, are parameters describing the

results for the field entropy and atomic inversion areintensity-dependent Stark shifts of the two levels that are

discussed in Sec. 4. Finally, conclusions are presented ifue two the virtiual transitions to the intermediate relay

Sec. 5. level, xi (i =1,2) are related to the third order nonlinear
susceptibilities for the processes of self-phase-moidulat
of the two modes) (t) is the effective coupling parameter

. . and considered to be time-dependent, apénd oL are

2 The model and its solution the atomic pseudo-spin operators. Now if we take the
coupling parametei (t) = A coqut) whereA andu are

The model considered here consisits of two-modean arbitrary constatnts, then the Hamiltonian (4) can be

interacting with an effective two-level atom via rewritten inthe form

multi-photon Raman transition. We consider the multiple .. A A W Ata

photon case and the quantized radiation field in theH = 218181+ 28,82 + 5 0z + &1 &151(9) (g

rotating-wave approximation, taking into account both At 1242 1242
Kerr and Stark effects in an ideal cavitQ & ) filled +8,82P2 |€) (& + X1a,°81 + X28,"8
with a nonlinear Kerr-like medium. We also assume that 4\ cosut(a)?al o +a¢aio,). (5)

the cavity mode interacts with both the atom and Kerr-like . s L . .
medium. Furthermore the field and the atom are assumed. The §o|ut|on of Schrodmgerequatlon in the Interaction
to be coupled with modulated coupling parameter whichP/Cture. i.e., the wave function of the system at any time
depends explicitly on time. The atomic levéds and |g) t>0is given by

have identical parites. Each is dipole coupled with a &

different mode of the field to the set of the intermediate|¥() = > [Aan(t) [Ny, n2;€)

statedi). If we assume that there are no dipole transitions M1.m=0

between the satd§) and that the interacting field modes +Bnyny (1) [N+ kg, m2+k2; 9)]. (6)

are far off resonance with these intermediate states, th i ;

atom can be treated as an effective two-level atom bthe coefﬂmentsAnljnz(t) andB, ny(t) are given by

means of the adibatic eliminations of the intermediateA,, n,(t) = g, n,e A2 x

state P9]. We assume that the atom can be prepared in the sinAtv
excited state and the initial state of the field is given by COSA tviy n, — Wy o, e | 7
nq,N2
¥(0))r = S 1 . sinAtvy, n,e G
| ( )>F nl,%:oqnlm2 |n1’ n2>’ ( ) Bn17n2 (t) =l qnl,nzannz 7121\2? N ) (8)
) 1,12
where Qn, n, = On,0n, and g, = b, €% describes the 1 )
amplitude of the gta%ﬁ) of the ith mode of the cavity ~mne = 5 [N2+17(N1+ka)]
_
field andby, = exp{—n;}y/ n; /ni!. The state function of +)E[n1(n1— 1)+ keny + K (ki — 1)]
the total atom-field system at= 0 is take the form A 2
ko(ko — 1
0 +¥[nz(n2—1)+k2n2+ %H%, 9)
¥(0)) =P(0)e @ P(0))a= > Gnnplni,Nzie).
ny,Np=0 1
. , @  Guyn = 2—[n2+r2(n1+k1)]
To obtain the wave function of the system at any time0 r
we will solve Schradinger equation +)% (M1 — 1)+ ke + w]
id|W(t ko(ko —1
MO ). @ 22y, — 1) ko + 2221y K 1)
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Xn17n2 =A+ B2n2 - Bl(nl + kl) 0 n2)\t
kp(kp — 1) (D|D) = [ CVZ I LIALL LT S Y
—2X1[kin1 + f] nl"% 0 ng,n2 nlynz 4v%1 N
ko(ko — 1 .
2pallony + 20 D) a1 (CID) =R +iU () 22)
where
anl n2 +Vf121 ny (n ad Vh n Wh n
, , 1+k1) (n2+k2) R(t) = * 1,2 1,M2 %
Vng,np = 5 Vpn, = 1N ( ) nl’nzzzoqnlJrkl,anrkzqnl,nz 2Vn1,n2 2Vn1+k1,n2+k2
(12) SINAtVn, kg nyt+k, SINATVR, n, X
CcoSAt (Fn, 1k ok, — Gnyny)
r = /B1/B2. Wayn, = (Xopm, —H)/A. (13) S

In our model, we should say that the solution given by
Egs. (7) and (8) is only valid for slowly oscillating term

(Xny,n, ~ u) and the Rabi frequency in the present case |s

different from that of the JCM Rabi frequency At any
timet > 0O the state vector of the system is given by

|¥(t)) =[C)le)+|D)|9), (14)
where we written the bimodal field state as

Y
C) = 3 nne e x
n1,N>=0

Wnl-,nz

COSAtVn, n, — SiNAtVn, n, | IN1,N2),  (15)

n1,np

[oe]

|D> = —i qnl-,nZanaHZ

ni,n>=0

e IMGnpny o

SiNAtVn, n, N+ ke

no + k2> , (16)

2v Ving,np
therefor, at any timé> 0 the density matrix for the system

is given by
W) (W) = ( ) ,

and the reduced density matrix of the filed of system cal
be written as

C) (C| |C) (D]

L) D) (C| D) (D 7

pi(t) =Tralp(t)] =

Using the standard tegnique in RefZ], it can be shown

IC) (C[+|D) (D] (18)

(1)

+SINAtVR n, COSA TV kg nptky X
Sin)‘t(Fn1+k17n2+k2 - Gnl,nz)]a

Vﬂl, n2

(23)
Wnl,nz

n2
2Vny ny 2Vn1+k1,n2+k2

>k
Z qn1+k17n2+k2 Ony,
n17n2:0

sinAt Vn1+k1,n2+k2 sinAt an-,nZ x

SINAt(Fny +ky,np+k — Gnyny)
— Sin)\tVnan COS)\tVn1+k17n2+k2 X

COS)\t(Fn1+k17n2+k2 — Gnan)]. (24)

3 Quantum Entropy

Following the work by P-K in Ref.12], we can express
the reduced quantum entrop§;(t) of the two-mode
coherent field in term of eigenvaluegg- of the reduced

density matrixps (t), given by expression (19), that is
Si(t) =~

If the minimum value ofS;(t) is taken to zero, the
two-mode coherent field and the two-level atom are
disentangled, if the maximum value 8f(t) is taken to be
one, the two-mode coherent field and the two-level atom

are in maximal quantum entangled state, if the value of
is between zero and one, the two-mode coherent
fleld and the two-level atom are in usual quantum
entangled states.

The atomic population inversion of the atom is

important quantity in the atomic dynamics. It is measure

NG+ ()] (25)

that the eigenvalues of the reduced density operatothe difference in the populations of the two levels of the

pi(t) are given by

atom and plays a fundemental role in the laser theory
[31]. After determiningAn, n,(t) and Bn n,(t) for the

n?t = (CIC) exn(F9) [(CID)] initial field state in Eq. (1), we can investigate the quantit
= (DID) +exp(+9) [{C|D)|, (19) o , , ,
where WO = 3 [dmosl*{ Ao (O = B O} (26)
., _1[(C|C)—(D|D) n=
6 = S|nh W 5
I By inserting Eqgs. (7) and (8) in equation (26), we obtain
(CIC) = z |in7n2|2 X W(t) = ZO|Qn1,n2|2{C052)\tan,n2+
ng,np=0 n=
W2 Sir? Atvp,,
[Co§)\tvnl7n2+ %sin%\tvnm] . (20) Wi — Vil =gz (27)
Ng,n2 n1,N2
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4 Discussion of results

In this section we examine the temporal evolution of the
field quantum entropy and atomic inversion related to the
present model as a function of the scaled tixte We
have invoked numerically sound truncation criteria. To
ensure an excellent accuracy the behavior of both of the
field entropy and atomic inversion functions have beenFig. 1. Evolution of field entropySs(t) (left curves) and
determined with great precision. For all our plots the atomic inversionW(t) (right curves) of a two level a
initial condition has been chosen, with coherencetom interacting with a two-mode coherent field for the
parameten; real. Its square is equal to the mean photonparametersi=5A4/A =0, r =0, x/A =0.
number. we have takeky = ko =1, x1 = x2 = x and
n=ny;=ny=5.

As we see in Fig. 1(a), when all parameter equal zero, ’
the field entropy evolves collapse and revival with Gk
decreases of the amplitude of oscillation in the time IR

-

ToE= s

4 &
=

evolution process. Also, in this case the number of s —
flactuations is less than the case that in one-mode. As LA R ST
soon as we increase the value of the paramefer, the T o
amplitude of oscillation decreases more and more in the

time evolution process (see Fig. 1(e) compared to Fig.  Fig. 2: The same as in Fig. 1 but fgr/A = 0.01.

1(a)). The behavior of the atomic inversion has shown in

Fig. 1((b), (d), (f). It is clear that with increasing the

value of parametepi/A, the mean value of oscillations

shifts upward. To visualize the influence of the Kerr-like With the increase of the value of the parameter

medium and the time-dependent coupling parameter in, /) “the value of the maximum field entropy decreases
the field entropy and atomic inversion, we have plotted ;ore and more. This means that the degree of

Figs. 2-4. In Fig. 2(a), we set/A = 0.01, and all the  gnianglement between the field and the atom decreases
other parameters are the same as in Fig. 1(a). It is clearly,ore and more (see Fig. 4((c), (e))). The effect of
the the number of oscillations is decrease and the fielqarr_jike medium on the atomié occupation number

entropy reached its maximum value faster than the casg.q its in inhibiting energy in the atomic system. The

that in Fig. 1(a). With the increase _of 'ghe yalue of the morex /A increases, the higher the mean valuesVitt)
parameteru/A, the amplitude of oscillation is decrease (see Fig. 4((b),(d),(P)). The effect of Stark shift paraere

and the field entropy reaches its maximum value in theyp, the evolution of the field entropy and atomic inversion

time evolution process (see Fig. 2((c), (€))). This meangy e ghsence of Kerr-like medium has shown in Figs.
that, when the nonlinear interaction of the Kerr-like

medium with the field mode is very weak the degree of2-7- In our computations, we have takep=nz = 5. In
entanglement between the field and the atom isFig. 5(a), we show the case in which the two levels have

unreduced. The behavior of the atomic inversion in Fig.uUnequal Stark shiftsr(< 1). We see that the Stark shifts

2((b), (d), (f)) as the same that in Fig. 1((b), (d), (f))). leads to decreasing of the values of the maximum field
Since the increase of the nonlinear interaction of the®NtroPY but, with increasing the value of paramter
Kerr-like medium with the field modex(/A = 0.1), the u/)\_, the valqe of the maximum field entropy increases
value of the maximum field entropy still approximately at 29@in (see Fig. 5((c), (e))) and the mean value of the
0.7 (see Fig. 3(a)). We note that the amplitude of the field@l0mic inversion decreases (see Fig. 5((d), (f))). It is
entropy decreases ag/A increases. Also, with the remarkable that whem =1 (i.e, B = [), which
increase of value of the parametgrA, the value of corresponds to the case in which the two !evels of'the
maximum field entropy decreases (see Fig. 3(e)). In thitom are equally strongly coupled with the intermediate
case, the degree of entanglement between the field and tHg12Y level. We see that the evolution of the field entropy
atom reduces. The mean value of the atomic inversion irS @most similar to the case in Fig. 1. In Fig. 6(a), wien
Fig. 3(b) become positive compared to Fig. 2(b). When= 2, theé maximum field entropy increased compared to
1/A = 2, the mean value of the atomic inversion shifted the case in whiclh < 1. With the increase of the value of

upward greater than the case that in Fig. 2(f). Whenth® parameteru/A, the value of the maximum field
X/A = 0.5, and all the other parameters equall zero, theSN{ropy decreases (see Fig. 6((c), (€))), and the mean

value of the maximum field entropy decreased more thary2/ué of the atomic inversion increases (see Fig. 6((d),
the previous case with decreases of the amplitude of?))), While whenr > 1, the values of the maximum field

oscillation in the time evolution process (see Fig. 4(a)). €Ntropy decrease which indicates that the quantum
entanglement between the field and the atom turns worse

and worse (see Fig. 7((a), (c), (e))). This may be

S
-

=
=

=
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Fig. 3: The same as in Fig. 1 but for/A = 0.1. Fig. 7: The same as in Fig. 1 but far/A = 15, r = 4.
.5“ “m“-hm‘:. g: {%\;‘ i m H T ! {

Fig. 4: The same as in Fig. 1 but for/A = 0.5. Fig. 8: The same as in Fig. 6 but for/A = 0.5.
NS I 5 Conclusion

In summary, we have investigated the time evolution of
i . i K A the field quantum entropy for the bimodal field interacting
: : with an effective two-level atom via Raman transition.
Also, The system has been chosen to include the effect of
Fig. 5: The same as in Fig. 1 but fdr/A =5, r = 0.5. both Kerr-like medium as well as Stark shift. The
coupling parameter between the atom and the bimodal
field is modulated to be time-dependent. The exact
expression of atom-field wave function is obtained, which
provides the ability to detect the details of the field
quantum entropy adjacent to the time-dependent or
independent atom-field interactions. Under certain
5 e B ;:: - approximation similar to that of the rotating-wave
: i S /== approximation withX, ~ u The field quantum entropy
calculation of a two-level atomic system has been
Fig. 6: The same as in Fig. 1 but fdr/A = 10, r = 2. introduced and its time evolution has been discussed in a
coparison with the atomic inversion behavior. The results
show that the strong effect of Stark shift and Kerr-like
medium on the field quantum entropy in the

interpreted the detuning due to the Stark shift results infime-dependent  system  comparison  with  the

disentanglement of the system. The influence of Starkime-independent system.

shift in the presence of Kerr-like medium has plotted in

Fig. 8. It is to be noted that Stark interaction behaves like

the limiting case of the Kerr-interaction. This may be Acknowledgement
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