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Abstract: In this communication we study the interaction between alavel atom and an electromagnetic field in the presenceeof th
classical field and Kerr-like medium. Under a certain cdodithe system is transformed to the usual Jaynes-CummingkelmThe
atomic inversion is investigated where the phenomenon pérsstructure is reported for a large value of the clasdiel coupling
parameter. Our results show that the information of vagaaned entropy squeezing beside the purity can be controjldubth of the
coupling parameter of the classical field and the Kerr-likeliam parameter.
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1 Introduction for the problem of a driven JCM was reported i3],
Following the same approach we will study the effect of
the Kerr-like medium on the JCM under the action of an
Fxternal classical field.

The aim of this paper is to examine the influence of
Kerr-like medium on the atomic motion by
considering some statistical properties. The material in

this paper is organized as follows, In Sectbwe present

a Hamiltonian to describe the interaction between a two
level atom and one cavity mode in the presence of the
external field as well as the Kerr-like medium and By
using the Heisenberg equation we obtain the wave
function in section3,and in sectionsi-6 we calculate
gome statistical properties for the system, Finally, our
conclusions are presented in sectibn

The Jaynes -Cummings Model (JCM]][has been
recognized as the simplest and most effective model o
the interaction between radiation and matter in quantun}he
optics. It describes a two-level atom interacting with a
single mode radiation field in the rotating wave
approximation (RWA) . The model has been realized
experimentally 2,3]. The success of the JCM prompted
many physicists to improve and generalize the model in
different ways. They studied multimode and multiphoton
instead of a single mode and a single photon interactio
[4,5,6]. The effect of Kerr-like medium and Stark Shift
[7,8,9] have also been studied. The effect of an externa
field on the JCM has been studied by authdi 11,12
The dynamics of the driven JCM has been considered
using canonical transformations by transforming it to a
series of multiphoton JCM for some special cases, the2
authors 1] found that there are super revivals related to
the long time-scale revivals in the average field in the
standard JCM. Also the driven JCM has shown that in th
presence of the internal coherent field the phenomenon
collapses and revivals as well as the phenomenon o
squeezing can be generated from a thermal photon state _

[12. However many efforts have been devoted to studyy(t) = w(a'a+ }) + f(A) + 952+ i(£(t)6,. — £°(t)62)
the problem of coupling the external field with the JCM , 2

most of these attempts were limited. The exact solution +iA(t) (6. -6 )(a+a"),(A=1) (1)

The system Hamiltonian

The interaction between the cavity quantized field and
two level atom in the presence of the external field and the
®kerr-like medium (through the arbitrary function of the
hoton number operatdi(fi)) takes the following forms:
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where g, and 6.are the usual Pauli operator for the the operator§z andS, with the new statest) and|—>
two-level atom,A(t) and £(t) are the time dependent (the excited and the ground state for the operafoysn
coupling parameter and the complex amplitude of theterms of the statese) and |g) ( the excited and the
external field, respectivelyy is the field frequency andd  ground states of the operatai} as follows:
is the difference between frequency of the atomic levels
while & andd’are the annihilation and creation operators
which satisfy the relatiofd, "] = 1. It is well known that |+) = cosnle) +sinn|g), |-)=cosn|g)—sinn|e).
the coupling parameter for the quantized field with atom, (7
depends on the function ckis where k is the wave S0 we can writéSas
number and z is the direction of propagation. For the R
moving atomz = (vt) is assumed where is the velocity S cos?;  sin2) sin2n 0z
of the atom, the time dependent coupling paramatey S, | =| —isiny cogn —sirfn 0+ | (8)
may be also regarded as a modulation to the amplitude of \ § —3sin2n —sirfn cogn 0
the irradiation laser field.

ConsideringA (t) = 2A; cogBt) wheref3 = vk while where [§..81=5,$.8.]=425., (8. -§ )=
we takes(t) = eexp(iyt), then the Hamiltonian2) can be (6. —6.) [éS; _ (]) é?z: [1Sza5nﬂ the d?tterr&?;ant 02 the
written in the following form: above mairix is always unity.

From 6,8) after applying the rotating wave
approximation for the news operators, we get

H(t) = w(@'a+ %) +f(A)+ %’62+ Ay (é<ﬁt> +e*i<’3t))
. _ . ga Lo Qoa Ly e ate
(6,—6.) (é+é1“) +i (£6+e('yt) —8*676(_”4)) H = w(a*a+ E)-i— f(A)+ 7Sz+|Al(aS+—aTS_) (9)

2X2
) wheren = 1tan 1% andQp = |/ w§ +4AZ. Note

that, the atomic frequency is shifted by the external field

By applying a canonical transformation .
coupling parametek, to +1, /wp + 423

. 7}
Hi(t) = UTH (U —1U(1) 3 Ui (1) 3)
where o 3 Analytical Solution
Ui(t) = expli %) (4)
We devote this section to derive the wave functigit))
to (2) we have and discuss some statistical properties of the present
. a1 Y Wa . R system. The Heisenberg equation of motion for any
Hi(t) = w(@'a+3) + f(A) + 5 0z +i(e0y —€70-)+ operatoiO(t) is given by
iAy(e) 1 &(-1B)) (5, el _ & M) (a+4T) ®) b .
i— = [O,H] (10)
dt
wherewy = (w+ Y). The first two brackets in the last thus, the equation of motion for i asdare

term in the above Hamiltonian lead to four terms, two of

them are slowly varying terms which contain the factor dna & ata ds, & At
exp(+i(B — y)t), while the other two terms are the rapidly g — 2185+ +&'S-), = =2h(aS.+a's) (11)
varying terms which contains the factor éxp( + y)t).

Therefor, if we discard the rapidly oscillating terms and  from which we can define the constant of motion as
taking the resonance case in whicB = y and

€ = Azexp(—%). the Hamiltonian §) reduced to the R — At 1§Z (12)
following form 2
hence the Hamiltoniar®f can be written in the form
R .1 e
A= wo(Ea+5) + F(f) + S8, +u(a+a)(6, — ) A= A+C (13)
+A2(0++0-) where
(6)
In order to find the wave functiony(t)) for the A A A A 1 ~ 1
(o) =w@a+S5,S )+ [f(N=2)+f(N+3)| (14)

present model, following the approachy], let us define
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¢-Mss s s sin@s -as) as)
we note thafA,C] =0, [A, H]=[C.H] =0ie.A

andC are constants of motion _ R

the new detuning parametedg(f), &,(A) are defined
to be
&1 ()

=A+f(A)—f(A+1), &(A)=A+f(A—1)—f(A)

(16)
whereA = Qp— w
The wave function
l@(t)) =U(t)|yp(0)) (7)
where . P
U (t) _ e7|H|t _ efll\teflct (18)

Assuming that the field is in the coherent stage ¢
,such that

00 2 n
W= 5wl a-exp(15)

wherea is the coherent complex parameter in general.
and the atom is initially in general atomic state

(19)

|W)a = cosBle) + €9sinb|g) (20)
whereg is a relative phase angle afdis the atomic
coherence angle. In this case the wave functio*)) at

t = 0 can be written as
¥(0)) =

[W)a®|P) (21)

In this meantime, from the above equations we can get
all information about (JCM) , But we want to examine the
effect of the given arbitrary function in the presence of the

external field.
from (7,20) can be written in the form

|@)a = [cosn cosB + €?sinn sinb] | +) 22
— [sinn cosn —€?cosn sin6] |—)

In the absence of the external classical field,Ae—~
0,i.e.n =0itis easy to seet) = |e) and|—) = |g).
using (L 7-21) we get

zoqn = (A,)[A, +) — G(At

whereF (A,t) andG(f

)If,—)] (23)

,t) are given by

F(At) = exp<_i21(2ﬁ)t>

31 smult
[cl <cosult 27 smuﬂ) A1S1 i ,

G(At) = exp(qizﬁ)t)

i5 Si Ilzt
cosilbt + —=sinjbt | + A1c1———
( Ll 27 Hz) 8

(24)
with
21(A) = 2w(A+1) + f(A) + F(A+ 1),
2(R) = 2w(f) + f(A— 1) + f(A) (25)
p2- 20 zasr 2= 20 ozt )

c1 = cosf cosB + €?sinn siné,

s; = sinn cosn — €?cosn siné. (27)

Therefore, the expectation value of any oper&ds

given by R R
(Q) = (W(t)IQy(t)) (28)

Hence

z cos( ) [qnsmzm ) <A+ 6lT?ZB>

—A®NGn_1Gn11SiN2(N — 6)B
+2A14/N0n0n-_1€0€ (N — 6)C
—oavnt 1qnqn+1sin2(n - G)D}

D C
- Zosm [qnsm2(r] 6)(61—+527)

+A181/N0nGn_1c0$(n — 8)B
A1V N+ 1GnQn 1 SIMA(1 — G)B}

@9)
§0) = 5 cos ™ E)t [ chsinain - 0)( %2+ )

+A181y/NGnGn-1C0E (17 — 6)B

~M&Vn+ 1qnqn+1sin2(r7 - 6)B

+ zosm {qnsm 2n—0)(A+ 617?28)
—A? NOn—10n+1SiN2(n — 6)B
+2A1+/N0nGn-1€0€(N6)C

20 VN T 1nGn 1 SIFA(N — G)D}
(30)

(@© 2016 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

1986 N SS 2 M. M. A. Ahmed et al.: Influence of the kerr-like and the exarfield...

(S(t)) =cos26—n) s .
o2 Zoq% [(n+ 1)025“‘251'[ . szsmzfzt
R M H> 0 .
. il sin 2uyt
—A1sin(2(6 —n)) Zoqnqn+1\/n+1 2
= H1 05 -05
(31)
where v @ o )
(sinpst sinpiot)
A=cospjtcosppt, B=-———-—""—, 1 10
M2 M1
i i 05
c_ (cosultsmuzt)7 D— (cosuztsmult)' (32)
H2 H1
00
> &f(n) 22 1 _ &) 22 33
Hi=—,—+ 1(n+1), Hz = —,— +Ain. (33) N
Now the atomic inversiorid(t)) and the expectation

value ofdx(t) can be obtained from the expressions,

R R R ) (c) (d)
(62(1)) = (S(t)) cosZ — (S(t)) sin2n,
Fig. 1: the atomic inversion against the scaled time for
5 _ /& & i the atom initially in the excited state and the field in the
(Ox(1)) = <S((t)> cosay+ <Sz(t)>sm2r7. (34) coherent stater y: 5 and for different values of the kerr-
at this stage we are going to discuss some statisticajjke parameter and the coupling parameter raltig 1.
properties for the present system. (@) X/A1=0, A2/A1=0, (b) x/A1=0.2, A2/A1 =0,
(©) X/A1=0, A2/A1=2, (d) x/A1=0.2, Ax/A1=2.

4 Atomic inversion

The atomic population inversion is defined as the@s displaced in Figlp). Different behaviour is observed
difference between the probabilities of finding the atom inWhen the coupling parameter ratig'A # 0,as a special
the excited state and in the ground state. This is in fac€aseAz2/A1 = 2, but the Kerr-likex /A1 = 0 we observe a
would give information about the behavior of the atom decrease in its amplitude,the oscillation aroui but
field interaction through the collapse and revival NOt symmetric as in the case dfg(b), and the mean of
phenomenon. In order to study the effect of Kerr-like we the envelop as a whole is slightly shifted down below the

take (as a special cas&ji) = x (A2 — ). In this case we  Value of zero as it goes away from zero Fig) But in
note that Fig.(1d) since the Kerr-like and the coupling ratio takes

. values differ from zero namelyx/A; = 0.2, and
o (A) =A —2xA, &H(A)=A4—2x(A—1). (35)  A2/A1 = 2, the function fluctuates around zero with
amplitude extreme arounst 0.5 and symmetric. From
We plot the function(d,(t)) against the scaled time the above discussion we show that the Kerr-like shifts the

A1t in the case of the mean photon numheﬂ =n=25 atomic energy only in the upward direction and show that
for which the phenomenon of collapes and revivalsthe higher of the Kerr-like the smaller of the revival
become pronounced. We have plotted the atomigperiod but the external field shifts the atomic energy
inversion to display its behaviour for different values of levels and mixes the atomic operator where the effect of
the Kerr-like parameteyy and the coupling parameter (S((t)) in the expression of the atomic inversion apparent.
ratio A2/A;. Keeping in mind that the atom is in the
excited state. In Fig.1a) we takex /A1 =0, A2/A1 =0
the function shows behaviour similar to that of the usual5 The phenomenon of squeezing
JCM as would be expected, fgr/A; = 0.2 and the
coupling parameter ratid,/A; still equal zero it shifts Squeezing phenomenon is one of the most interesting
upward and fluctuates around.50where the atomic phenomenon in the field of quantum optics. It reflects the
inversion never reaches to zero value at any period of timewon classical behavior for quantum systems.the atomic
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variable squeezing has been a subject of interesting
studies. This is due to its relation to quantum .
entanglement14,15,16] a basic ingredient of quantum i
information. Atomic variable squeezing is a useful Oﬁr
parameter to quantify entanglement because it is a
physically measurable quantity defined by simple 5y
spin—%operators.This in fact would give us an advantage o.zr \ I HF |

to see the variation in the usual JCM as a result of the TRV v I
external driving field. Therefore we devote the next two
subsections to study the information of the variance as ‘ ‘ ‘ 0 ‘ ‘ ‘
well as the entropy squeezing. ! S oo E

5.1 Variance squeezing .

It is well known that the entropy and variance squeezing o\ LA N FI
are built up on the concept of the uncertainty relations To RN 2 R AN 4
continue our progress we devote this subsection to discuss !
the variance squeezing and to see the effect of the /| f u I ) ﬂ
Kerr-like parameter and the driving field on the AN ”\ “ /‘\ I\
guadrature variances.This has been discussed dy the ¢ % 1 o
authors of Reff7]. In quantum mechanical system one . P
can write the Heisenberg uncertainty relation in the form 0 J 0 5 Lo 5 0 £ u

A)2 52\ o 1 2
<(AA) ><(AB) >2 4|<C>| (36) Fig. 2: The Variances squeezingxlt) (solid line) and

A A . .. Vy(t) (dashed line) against the scaled tirhg for the
whereA andB are two physical observable Hermitian atom initially in the excited state and the field in the

operators satisfying the commutation relati@nB| =iC . herent stater = 5 and for constant coupling parameter

, while ((AA)?) and ((AB)?) are the quadrature ratio A2/A1 = 1,and for different values of the Kerr-like

variances. Also we can see the uncertainty relation for garametex (a)x /A1 = 0.3, (b)x/A1= 0.4, (c)x/A1=0.7,
two level atom characterized by Pauli operadréy and (d)x/A1=0.8.

0z, satisfying the commutation relatiof@y, 6y] = 2i0;.
can also write asf\GyAGy > |(Gz)|. Fluctuations in the
componenty, of the atomic dipole said to be squeezed if

A0q satisfies the condition see Fig. ). When x/A; = 0.4 the squeezing occurs

nearly two times in the first quadrature Figb§, but
when x/A1 = 0.7 and x/A1 = 0.8 we observe the
squeezing occur four times and nearly five times
{respectively) however, we realize that the maximum
value of the squeezing is fixed just abové.2 as in
Fig.(2c,d) Finally, we report that an increase in the value
8f the Kerr-like parameter would lead to increase of
squeezing in the quadratugt) but still no squeezing in
the second quadratuvg(t), see Ref.18].

Va(t) = (464(t) - VI(&:1)]) < 0,a =xory.  (37)

To discuss the variance squeezing for the presen
system we have to calculate eithAdy(t) or Ady(t)
which can be obtained from Eq2%34). To get some
insight about the quadrature variances, we have plotte
Fig.(2) to display the behavior of both quadratulést)
andVy(t) against the scaled timit for different values
of the Kerr-like parameter x/A; and the coupling
parameter ratioA,/A1. As before we restrict our
examination for the case in whieh= 25 This means that )
for x/A1 = 0, A2/A1 = O the system turns to the usual 5.2 Entropy sgqueezing
JCM at exact resonance. In this case no squeezing can be
reported in both quadrature variances as should be
expected (not displayed here). and when we takeSince the entropy squeezing is a key concept of quantum
A2/A1 = 1 and take different values fox we observe information theory, our consideration of the entropy
squeezing occurs nearly one time in the half of thesqueezing would give us more information about the JCM
meantime in the first quadrature afA; = 0.3 (Fig. 2(a)  in the presence of the external classical field. As is well
but in the second quadrature the phenomenon is absefhown in an even N-dimensional Hilbert space, the
over all time and for all values of the kerr like parameter optimal entropic uncertainty relation for sets Nf+ 1
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complementary observable with non degenerate
eigenvalues can be described by the inequdl8yZ0]

s =[(3)n(3) (+3) (13

(38)
where H@p) represents the Shannon information
entropy of the variabl&g. The corresponding Shannon
information entropies are defined as Y POUTTTT = u

il \ Al 04 e , i
2l I -

*l‘ ‘U"“““

|

H(Gp) =~ pj(dp)Inp;j(Gp)B =xY,z (39) HprrrrrT !

r=1 08 08

where pj(dp) are the probability distributions for N
possible outcomes of measurements of the operalgrs
To obtain the information entropies of the atomic operators
dp for a two-level atom, witiN = 2, we use the expression

~ 1 . 1 .
H(5p) = | (3+(60) ) (5 + (@) T
(40) s o o5 » 5 % 0 5 0 B A 5 &

OS]

_ Fig. 3: The entropy squeezirtg(t) (solid line) andEy(t)

whereB = x,y,z together with Eqs.29-34) It should  (dashed line) against the scaled timg for the atom
be noted that the uncertainty relation of the entropy for theinitially in the excited state and the field in the coherent
present system can be used as a general criterion for th&iate o = 5 and for different values of the Kerr-like
squeezing of atomic variables. More precisely we studypar;,lmetex/)\1 and the coupling parameter rakig/A;.
squeezing in terms of the information entropy for a two- (a)y /A, = 0,A2/A1 = 0, (b)x/A1 = 0.3,Ap/A1 = 2,
level atom in interaction with a quantized electromagnetiC(c)X/)\l =0.4,M2/A1 =2, (d)x/A1=0.6,A2/A1=2.
field under the influence of Kerr-like medium. For a two-
level atom, whereN = 2, we haveO< H(dp) < In2 and
hence the information entropies of the operatiys 3 =
X, Y, Z, satisfy the inequality

H(6x) +H(6y) +H(7) > 2In2 (41)

This means that, if we defingH (63) = expH(p)],
the above inequality can be written in the form

of the kerr-like parametery/A; and the coupling
A ~ ~ parameter ratio, for the case in whicg/A; = 0,
6H(0x)0H (6y)0H (07) = 4., (42) A2/A1 = 0 the function shows JCM behavic{r where the
In this case the atom is in a completely mixed stateentropy squeezing occurs in the first quadrattg@) in
whendH(dp) = 2. On the other hand the atom is in the the onest of the interaction while the quadrathyét) in
pure state whedH (dp) takes the value 1. Now we define the half of the period Fig.3a). The case ofiz/A; = 2,
the squeezing of the atom using the entropy uncertaintyand x /A, takes different values such thafA; = 0.3 the
relation @2). The fluctuations in the componendy (3 squeezing in the first quadratug(t) occurs two times
= x ory) of the atomic dipole are said to be squeezed inand takes maximum value-0.2 while the quadrature
the entropy if the information entropy(c}ﬁ) satisfies the  Ey(t) occurs in the onest of the interaction only for very
condition short period as in Fig3p) and for x/A; = 0.4 the
squeezing in the first quadratugg(t) occurs three times
) and takes maximum value0.3 but no squeezing in the
o N - second quadraturg,(t)as in Fig.8c). Different behavior
Bp(t) = <5H (0p) |5H(5z)|> <OB=xy. (43) wheny/A; = 0.6 tfye squeezing in all the first quadrature
Ex(t) but no squeezing in the second quadratty) see
In Fig.(3) we have plotted the entropy squeezing Fig.(3d), then the squeezing occurs all the timésjt) as
Ex(1), Ey(t) against the scaled timat for different values  x /Ajincrease and decreasehb(t) asy /A1 increase.
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6 Linear entropy and entanglement systems to detect cavity fields. However, for the systems
consisting of two subsystems and being prepared in a
Now we turn our attention to consider the linear entropy pure state, a linear entropy of the reduced atomic (or
as a tool to discuss the entanglement for the presenfield) density matrix can serve for the degree of
system.In fact the entanglement is a basic ingredient oentanglement. Therefore analytical conclusions about the
many applications of quantum-information technology system state vector dynamics and atom-field
[21]-[26]. To do so we start with the definition of the entanglement can be drawn through linear entropy.

linear entropy which is given by In Fig.(4) we plotted the functiom2(t) against the
scaled timeAit we consider the case in which the atom in
Q)= %(1_5(0)’ (44) the excited state andr = 5 for w = wp = 0.1Asfor

different values of the kerr-like parametgrA, and the
where {(t) is the well known Bloch sphere radius coupling parameter ratid;/A; we observe that if we take
defined as}7],[ 28] X/A1 = 0, A2/A1 = O the function shows the JCM
behavior for which the most entanglement can be seen as
_ A 2, /A 2, . 2 in Fig.(4a), and forx /A1 = 0.1, Ax/A; = 0 we can see
(V= \/<0X(t)> +(6(0)" + (G:(1) 45 ihat a decrease in t/he maximun< val(re 0.1) of the
The Bloch sphere has been used as a tool in the field oéntanglement after the onest of the interaction and then it
starts to increase its value again as in Hig)(in the case
of x/A1 = 0.1, A»/A; = 3 the function shows a decrease
in the maximum valug~0.3) of the entanglement after
the onest of the interaction in a short period of time and
1 then the most entangleme®.5) are observed as in
Fig.(dc) ,but for x/A1 = 0.4, A2/A; = 3 the function
shows a decrease of the entangleméd25) as in
. Fig.(4d) we observe that the Kerr decreased the value of
" 0 the entanglement.

7 Conclusion

(@) (b) In this paper,we have explained the effect of the Kerr-like
05 ‘ 05 medium in the system of Hamiltonian with external
classical field. Using a certain canonical transformatoon t

0 Y obtain a system as for as JCM with kerr-like medium and
we derived the wave function and then we discussed the
atomic inversion where we show the difference between
the system and JCM for different values of Kerr-like and
external field parameters, also we have mentioned the
variance and entropy squeezing as well as the linear
entropy where the system shows squeezing and partial
entanglement for a large valuespf
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