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Abstract: The effect of atomic spontaneous decay is considered for a twodtmlinteracting with a single mode of electromagnetic
field. The exact solution of the master equation is found for a chosen istiéigd. We study the effects of atomic decay on information
and entanglement through temporal evolution of atomic quantum Fisteemiafion, partial entropy of the atom and negativity.

Keywords. Spontaneous decay, Entanglement, Quantum Fisher information, \iggati

1 Introduction motivation to include relevant damping mechanism to the
JC model because its dynamics is more interesting. The
The Jaynes-Cummings (JC) moddl] [has been used dissipative effects of the JC model are caused by the
extensively in quantum optics to describe the quantumenergy exchange between the system and environment
feature of the interaction of a single two-level atom with a which is represented by a thermal reservoir. Since
quantized radiation field. Despite its simplicity, the JC entanglement is a central topic in quantum information
model has great importance because technologicascience, the degree of entanglement in some physical
advances have enabled the researchers to experimentablystems is studied®f)]. Also there are many studies that
realize this rather idealized mod2, 8,4]. Excited by the  focused on the properties of entanglemegt]{29
success of the JC model, more researchers have paighich neglect the damping of the atom. However, the
special attention to generalize the model in order toentanglement induced by the atomic damping of a
investigate new quantum effects 5] Such a  dispersive reservoir was discussed &9][ In this paper,
generalization is of considerable interest because of itsve investigate the quantum feature attendant to atomic
relevance to the study of the nonlinear coupling between alamping  especially the entanglement. In the
two-level atom and the radiation fiel@,[7,8,9,10]. Much literature,there are more than one measure for
work has been concentrated to the theoretical study of thentanglement such as atomic quantum Fisher information,
dissipative JC modell[1,12,13] by considering cavities von Neumman reduced entropy and negativBg][. In
losses and atomic decay. Also, there are somehis article, we find the exact solution of the master
experiments that have shown decoherence of thequation with atomic damping by using dressed-state
superposition of states due to the interaction of the systen(D-S) representation. the paper is arranged as follows:
with the environment I4]. After introducing of the JC  Section 2 is dedicated to JC model and solution of density
model, attention has been focused on some dissipativenatrix elements. In Section 3, we present our results and
variants of this model in the last three decadEs 16,17, discussion of entanglement using various measures with
18,19. The experiments with highly excited Rydberg focus on effects of atomic damping. Finally, in Section 4,
atoms allowed some of the predictions of the extendedwve exhibit our conclusion.
versions of the JC model to be observed. Besides the
experimental drive, also there exists a theoretical

* Corresponding author e-marharmaneg@yahoo.com

© 2014 NSP
Natural Sciences Publishing Cor.


http://dx.doi.org/10.12785/amis/080328

1168 N SS 2 A. S. F. Obada et. al. : Quantum Information Features Attendant to Atomic.

2 The model and solution of master equation wherex'is an arbitrary operator of the combined system.
We assume that the atom initially in its excited state i.e.

Consider two-level atom interacting resonantly with a |e), while the radiation field is in the coherent state which

single mode of electromagnetic field with intensity is defined as

dependent coupling and described by Hamilton2H [

; ) =g Blal’ zo f| iqn|n> 5)

H= (2 +4ata)+A(vataate. +avartas,) (1)

Thereforex(0) in the D-S representation is given by
wherew is the field frequency as well as the transition

frequency of the two level tom interacting resonantly W|th

+ + + - - +
the cavity field,A is the atom-field coupling constant, Z a ( ><Bi ‘+‘Bk ><BJ ’+’Bk ><Bi ‘
0; = |e)(e] — |g){g|is the population inversion operator,
4. are the Pauli raising and lowering operators anga” - )Bk ><B,~ ‘ )- (6)
are the creation and the annihilation operators which
describe the cavity field. The Hamiltoniarly ¢lescribes a The solution of the master equation in the high-Q limit

nonlinear transition frone) «» |g) in the two level system  with the considered initial condition
through intensity dependent coupling. Now, we consider

00

the master equation which describes only the atomict) = [pﬁi(t)|k,e><j,e|+pﬁ?j(t)|k,e><j+1,g|+
damping of thermal reservoiBp, 33,34] by the parameter i=h)
Y, given by PO k+1,9)(J. e+ (O k+1,0) (j+1.0] ()
dp(t) L s 555 556 where
—q = VH.pWM)]+ya (20-p0. ~06.0-p—p0:0-)

)

The exact solution for this equation in the case of apee (t) = {quJ v+ oDt cospyt cospjt VK # |
high-Q cavity {/<<A) is obtained by analytic method by ki (Xk)+ | Ol 2e " cos I Yk = j
using the D-S representatior84 i.e., representation (8)
consisting of the complete set of eigenstates of the

Hamiltonian (), which is given by

P (t) = (P (1) = igay eV @Dt sinpt cosput K |

9

) = 7<|e m=lgn+l)  (1=012..) () ©

with o % (1) = { gy e Vi kDt singyt sinpjt VK #£

HlgO=-5.  HIB)=Enlf) . 30X~ lal*e " cos At =
Ei—w(n—s—l)iun Uh=A(n+1) with

We write the atomic operators in terms of the D-S as Xe=e (M) 2 )21 (2y/Tyt)

(11)
& |Bo><970 )+ 1Bo) 970| ><B ' wherely(-) is the modified Bessl function ami= |a|?.
T V2 Z n-1 The coherence properties and entanglement will be studied
by using the exact solutio8)-(10).
- l3n+> < n— 1‘ + By > < ‘ > < ‘ In the following section we use the elements of density

matrix to obtain information features of the system such as
entanglement, total correlation and degree of mixing of the
modified JCM model with atomic damping.

+ |6 ) (B

+ |6 ) (B

0.5.= 3 [¥) (4
+ |6 ) (B

and using the following representation

3 Measures of entanglement

We start by mentioning of the measures and indicators of

~ b OX() A A .
x:e"“%e HEL A k()] (4)  entanglement.
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3.1 von Neumman entropy wheredg = j—e andLg can be resolved by rewriting the

. o ) } ] above equation.
We start our investigation with the degradation of purity of If we want to estimate through measuring(6), the
the system states caused by atomic damping reservoir, byariance off is limited by a fundamental bound, which is

using von Neumman entropy given by the quantum Cramer-Rao (QCR)[43]
° inequality
Sr=- Z)AFIn(AF) (12) 1
i= NG > AQQCR = (17)
hich b d f entang| t of th al®)
Which ay be USed as a measire o gn anglement ot the If Fo(8) is large, the variance/)of our estimation is
state of the whole system, whe’ré are eigenvalues of the o1
density operator of the systefit).
The reduced entropy of the field and the atom have
been introduced in35,36]. It has been shown that the "
reduced entropy is very useful and sensitive measure 03'3 Negativity

the purity of the quantum state, because it includes all thg\Ie ativity is a good measure of entanalement in ever
moments of the density operator. The purity of the field 9 y 9 9 y
sense. It a computable measure of entanglement and

thiﬁégv;;tlgates by using the field entragywhich is thereby fill an important gap in the study of entanglement.
It is based on the trace norm of the partial transpp%e
© of the bipartite mixed statg, a quantity whose evaluation
S =- ZO)\iF In(/\iF) . (13) is completely straightforward using standard linear
i= algebra packages. It essentially measures the degree to
whichp™s fails to be positive, and therefore it can be
tyregarded as a quantitative version of Peres’ criterion for
separabilityB7]. From the trace norm gb™s, denoted by
[|A™]|,. the negativity is defined as

where)\i': are the eigenvalues of the reduced field densi
matrix pg (t) = Tra{p(t)}, which is computed by using
numerical calculation. To study the purity loss of atomic
state, we use the marginal density matrix of the am

which is given by ||ijTA‘ ||1 -1
N(p) = ——+— (18)
2
Ep=— ZJ/\iAIn()\iA) (14) which corresponds to the absolute value of the sum of
i= negative eigenvalues @'A[38] , and which vanishes for
where unentangled state$\(p) does not increase under local

T2 is an entanglement monoton®9], and as such it can be

/\fz _ ;{1 4 \/( 5 p_ee(t)_p_gg(t))2+4| 5 p_eg(t) 2 operations and classical communications (LOCC), i.e., it
3 iZo | I i I )
used to quantify the degree of entanglement in composite

and A7, are eigenvalues of the reduced density matrix
’ systems.

Palt) =Tre{p(t)}- In the following section we discuss the effect of
damping parameter on entanglement properties through

) . . . the previous measures.
3.2 Atomic quantum Fisher information (QFI)

4 Discussion and results
The QFI, which lies at the heart of the quantum
estimation theory, is the information we know about a
certain parameter in a quantum state. It is related to theNow, we proceed to describe the Figures. In Fig. 1 we
degree of statistical distinguishability of a quantumestat plot atomic von Neumman entrof84(T) and atomic QFI

from its neighbors in parameter spacetQO@1]. Fa(T) against scaled tim& = At for the atom initially in
Considering a quantum stgt¢6) with 6 a parameter, the the excited state) and field is in the coherent stiwe
QFl for O is defined as with o = 4 with different values of the atomic damping
y . ,
arameter—. From Fig. 1(a,b), we find that at weak
Fo(6) = tr[p(6)L3] as) P 2 9- 1@bh)

damping/\x = 0.00001 the entropy and QFI exhibit a

periodic behaviour with periodnfr,n = 1,2,3....) with

unvariant amplitude, we notice that information about the
1 atom is lost in Fig. 1(b) in wide range between every two

96p(6) = 5 [Lop(6) +p(6)Le] (16)  local maxima. For larger value of damping parameter to

whereL g, the so-called symmetric logarithmic derivative,
is determined by the following equation
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y_ 0.3 in Fig.1(c,d), behaviour of entropy and QFI correspondence atomic von Neumman entropy but with

X : : el )
shows some oscillations but when time increases entroplifférent scale maxima oa(T) = In(2)and maxima of

tends to stationary behaviour and information is lostN(p) = 0.5. Foer = 0.3, negativity exhibits oscillatory
completely in Fig. .1(d). Increasing d.amping parameterbehaviour, the negativityN(p) of the global system
makes atom goes.fma_llly £ ) to max'ma”y entgngled vanishes in the asymptotic limit, this means that in this
state and information is lost completely in short time. region (N(p) = 0) the entanglement between the atom
S and the field is completely destroyed, and the total state of
Ta - A— the system disentangled in a finite time and goes to a
w vacuum state. Finally, Fig. 2(c) presents the von
Neumman entropy3(p) of the total system for different
previous values of the damping parameter. For weak
damping parameter the total entrofp) = 0 at any time
since there is no dissipation almost, this means that the

atom and the field are disentangled. F}\/ar: 0.3, S(p)

] L — — L. arise rapidly as will as the coherence loss of the atom and
Fam the field. Finally the total state will reach a statistically
b E:uuunul mixed state and hence loss of information.
1} - a) +'2.=0.0000
i )
0.4
= o3
=
02}
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Fig. 1. The evolution of the: atomic von Neumman entropy e A A=0.00001
Sa(T) and quantum Fisher informaticEA(T) for & = 4 with ok N SIS —— m—
¥=0.00001in Fig.1 (a,b) andf = 0.3in Fig.1 (c,d) scaled time

Fig. 2.The evolution total von Neumman entrdy ) and

i — dwith Y — y_
To visualize the influence of atomic damping on the ~ NegativityN(p)forar = 4with ¥ = 0.00001andy= 0.3

temporal evolution of the negativity and the von
Neumman entropy. We have plottét{p) and S(p) with
different values of the atomic damping parameter

Y _ 0.00001, 0.3 (see Fig. 2). From Fig. 2(a), the
A o oy o In this article we have studied a system of a two-level
negativity with 5- = 0.00001 behave similar to the atom interacting resonantly with a single-mode quantized

5 conclusion
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electromagnetic field through

coupling. The atoms and the field are initially prepared in

intensity dependent[25] M. Abdel-Aty, J. Phys. A: Math. Gen38, 8589 (2005); M.

S. Abdalla, A.-S. F. Obada and M. Abdel-Aty, Ann. Phys.,

the excited and coherent state, respectively. The effect of 318, 266 (2005); M. Abdel-Aty, M. S. Abdalla, A.-S. F.
atomic damping on entanglement dynamics has been ObadaJ.Phys. A:Math. Ger$4, 9129 (2011).
discussed through some measures such as atomic QFI[26] M. Abdel-Aty, J. Mod. Opt.,50, 161 (2003); Jian-Song

atomic von Neumman entropy and negativity , von
Neumman entropy for global system have been treated.

Zhang and Ai-Xi Chen, Quant. Phys. Lett,,69 (2012); A.-
B. A. Mohamed, Quant. Inf. Re\l, 1 (2013).

We have made a comparison between QFI and atomic vof?7] A--S. F. Obada, H. A. Hessian, J. Opt. Soc. Am28, 1535
Neumman entropy as a measure of entanglement, we have (2004).

shown that information about atom completely disappear
as time becomes very large in the case of large dampin

parameter. Negativity and von Neumman entropy ar
studied for global system under effect of atomic decay.
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