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Dynamics of physical properties of a single-mode
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interacting with two V-type three-level atoms passing
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Abstract

In this paper we address the analytical solution of the non-resonant inter-
action between two identical V-type three-level atoms passing consecutively
through a single-mode cavity field in the presence of intensity-dependent cou-
pling. By considering an identical initial condition for both atoms and an
initial coherent field, we find the analytical solution of the state vector of
the entire atom-field system. Accordingly, we could carefully investigate the
influence of various parameters in the circumstances of the interacting sys-
tem on different physical quantities such as the atomic population inversion,
atom-field entanglement, field squeezing, sub-Poissonian statistics and the
Wigner quasi-probability distribution function. In detail, we discuss numeri-
cally the influences of the detuning parameters and a particular nonlinearity
function on the mentioned quantities and demonstrate that they have sub-

stantial effects on the temporal behavior of the above-mentioned nonclassical

*Corresponding author
Email address: mktavassoly@yazd.ac.ir (M K Tavassoly!?)

Preprint submitted to Optics Communications September 2, 2022



properties.
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1. Introduction

The interaction of a two-level atom with a single-mode quantized electro-
magnetic field presents one of the most fundamental problems in quantum
optics area [I]. The simplest powerful scheme to investigate this interaction
is the Jaynes-Cummings model (JCM)[2]. JCM leads to the prediction of
a wide range of experimentally interesting phenomena. Also, in order to
survey the JCM in different concepts, interesting results have been attained
according to various generalizations of this model. We may refer to a few
examples of them as follow: the interaction between two two-level atoms
and a single-mode field [3], the interaction between N-level atom and (N-1)-
mode field [4], the interactions of a multi-level atom and one- or two-mode
field [5, 6], multi-photon transitions in the atom-field interaction [7 8 9] [10],
intensity-dependent JCM (nonlinear regime) [11, 12} I3] which in particu-
lar we will also deal with in the present paper, different interaction schemes
between atoms and electromagnetic field in the presence of a Kerr medium
[14, 15, [16], JCM with electromagnetic field in the presence of converter terms
[T7, 18], JCM in the presence of Stark shift [7, 19, 20] and finally JCM when
the atom-field coupling is position-dependent [21], 22].

The Fock state, as the most nonclassical state, in general can be prepared

in cavity QED experiments in which passing atoms interact with a high-Q



cavity field one-by-one (see page 390 of Ref. [1]) . A single-photon Fock state
is created in this procedure by an adiabatic successive passage sequence in an
optical cavity [23]. In the latter case, the realization of a quantum memory
in a cavity QED experiment has been reported which will be useful in quan-
tum information processing operations. In this regard, Phoenix and Barnett
have presented a scheme to entangle two nonlocal atoms passing successively
through a cavity [24], while they never interact directly with each other. Tt
is also emphasized there that, this may be happen even when a measure-
ment occurred on the first extracted atom, while the second atom is still not
entered the cavity. The authors then demonstrate that how such a model
can violate the Bell’s inequality. Considering the above-mentioned literature
and in particular the Ref. [25], motivate us to study how the consecutive
passage of two V-type three-level atoms transfers a classical (coherent state)
cavity field into a nonclassical one. In more detail, we consider here a basic
model to describe the non-resonant interaction between two identical V-type
three-level atoms passing subsequently through a single-mode coherent field
which is considered in the intensity-dependent coupling regime. Recently,
a similar model has been studied, however, with constant coupling and in
resonant condition [25]. We attempt to remove these limitations and go fur-
ther to evaluate the effects of detuning and intensity-dependent coupling on
some of the nonclassical properties of the entire atom-field system. After ob-
taining the explicit form of the state vector, at first we pay attention to the
variation of the atomic population inversion (as exchange of energy between
atom and field) in which collapse-revival of Rabi oscillations are revealed.

Then, due to the fact that, (i) recently much attention has been paid to the



entanglement phenomenon in various circumstances, (ii), the JCM and its
generalizations are the simplest resource of entangled state, we evaluate the
degree of entanglement of the obtained system state. This notion is known as
a key resource in the quantum information theory and so plays a central role
in quantum computation, quantum information, quantum cryptography [26]
and quantum teleportation [27, 28]. Next, as two other important nonclassi-
cal criteria, we examine the squeezing [29], first and second order, as well as
the sub-Poissonian photon statistics of the field [30] and finally the variation
of Wigner quasi-probability distribution function in phase space is presented
[1]. We should emphasize that our presentation is quite general and may
be considered for arbitrary nonlinearity function. However, to present our
numerical results which followed by the related discussion, we have chosen
the well-known nonlinearity function f(n) = /n as the intensity-dependent
function. This function has been used frequently in the literature [31], 32].

The remainder of paper is organized as follow: we try to find the explicit
form of the state vector of the entire system after passing the second atom
from the cavity field in the next section. Then in section 3 we discuss on the
atomic population inversion, von Neumann entropy, squeezing effects, Man-
del parameter and finally Wigner quasi-probability distribution function. At

last, section {|includes a summary and concluding remarks.

2. The model and its solution

We consider two identical V-type three-level atoms passing through a

cavity containing a single-mode quantized field with frequency v [25]. We



should emphasize that in this model, at any time there exists only one atom
in the cavity. Therefore, passing the first atom through the cavity evolves
the atom and the initial cavity field, from which one obtains particular cir-
cumstances for the atom and field that determine the initial field state for
entering the second atom (after doing a measurement on the atom). More-
over, in general the atoms which respectively transit in the cavity interact
with the field non-resonantly and we suppose the intensity-dependent cou-
pling regime. Also, since in general the V-type three-level atoms coupled to
a field with Ay # Ay where A\; and )y are the atom-field coupling constants.
We do not consider equal coupling as in Ref. [25] has been done. Let us
express the configuration of the atoms in detail. Their energy states are w,
w; and w, which correspond to the atomic energy levels |e), |i) and |g) (Fig.
1]). The allowed photon transitions are |i) «— |g) and |e) «— |g), and the
transition |i) <— |e) is forbidden. Since at any time there exists only one
atom in the cavity, so the Hamiltonian of the atom-field system is the same
at all times. Therefore, as the first step, we perform the Hamiltonian for the

interacting subsystems by extending the JCM (A = 1) as follows [I]:
I:I = FIO + Ij]inta <1>

where Hy denotes the atom and field Hamiltonians in the absence of any

interaction:
Ho = vata + wele)(e] + wili)(i] + w,ylg) 9], (2)

and Hiy,, is the interaction Hamiltonian in the rotating wave approximation:

A

Hie = M(Rle)(gl + R'g)(e]) + Aa(Rli) (9] + Bl|g)(i]). (3)



which its form in the interaction picture reads as:

A

Vi = MR e)(g] + Rleg) (e])

+ Ao(ReB2|i)(g| + Rle™22!|g) (i), (4)

where A = (w, —w,) — v and Ay = (w; — w,) — v are the detuning param-
eters. The operators @ and a' are the well-known bosonic annihilation and
creation operators, respectively and two nonlinear operators R=a f(n) and

Ri=f(f)al satisfy the non-canonical commutation relation:
(R, R = (R + 1) f* (i + 1) — af*(n). (5)

n = a'a where n is the number operator. \; , \s in , are the atom-
field coupling constants; which in our nonlinear JCM they are changed to
the intensity-dependent atom-field coupling A;f(n) (with ¢ = 1,2) where
f(n) represents an arbitrary nonlinearity function. To study the dynamics
of the considered system, we should acquire its wave function at first. The
general wave function for our system at any time ¢t > 0 can be written as a

proper combination of the basic eigenstates of the atom and field, i.e.:

+o00
(1) = D Ai(nt)e,n) + Bi(n,t)]i,n) + Ci(n+1,t)|g,n + 1).(6)

n=0
In order to obtain the probability amplitudes in |¢)(¢)), one should solve the
time-dependent Schrodinger equation i%]zﬂ(zﬁ)) = ‘%W(t)} Along doing this
task, one arrives at three coupled differential equations in term of the above

expansion coefficients in @:

1 Al = )\1 vVn + 1f(7l -+ 1)€iA1th
iB, = MV/n+ Lf(n+ 1)y,
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iC, = MvVn+ 1f(n+ 1)6_’A1tA1

+ dovn+ 1f(n+1)e By, (7)
Now, by considering B; = e and inserting it into these equations, an

algebraic third-order equation in the following form is obtained:
w4z p? A+ zop + x5 =0, (8)
where

T = Al — 2A27
3 = A(Ay—A)(n+1)f*(n+1). 9)

Three different roots of (8)) are as follow [33, [34]:

1 2 2

with

0 — lc o [9:1:151;2 — 213 — 271'3} (10)

3 " 2(22 — 315)32

Consequently, B; can be written as a linear combination of e*! in the form:
3
B1 = Z ]Cjel‘ujt. (11>
j=1

Finally, by replacing equation in (7)) and after some lengthy but straight-
forward manipulations, we arrive at explicit form of the probability ampli-
tudes in @ as follow:

) L kjei(uj_Ag—‘,-Al)t(M? — Aoy — A3(n+1)f2(n+1))
nt) = 3 A+ D) f2(n+ 1) |

j=1




3
Bl(n,t) = Zk’j@wjt7
7=1

3

Ciln+1,t) = Y

Jj=1

Movn +1f(n+1)

The coefficients k; can be determined by the initial conditions of atom and

(12)

field. For this purpose, we suppose that initially the first atom is in a coherent
superposition of two of its excited states, i.e.:

G(O0)a = %u@ 1)), (13)

and the field is prepared in the coherent state:

W(0)r = Fun),  F,=e? (14)

etk
where 7 = |a|? implies the initial average photon number of the field. Now,
by replacing and in the wave function @ with the introduced
amplitudes in , we can derive:

ki = ——o
! \/§,ujlﬂjk

where pj, = p; —p and j # k # 1 = 1,2,3. Ai(n,t), Bi(n,t) and

(et + (A3 + M) (n+ 1) f2(n + 1)), (15)

Ci(n 4+ 1,t) are complex values that satisfy the normalization condition

o JAL(n, )2 + | Bi(n,1)]? + |Ci(n + 1,£)|> = 1. Consequently, the state
vector of the considered atom-field system at any time ¢t > 0 is obtained
completely. Now, we assume that the atom is detected in its ground state,
after the interaction time ¢ = ¢; between atom and the cavity field. In our
case, this particular time may be appropriately chosen using the dynamics
of the population inversion. By this time, we will determine the initial field

condition for entering the second atom and allowing it to interact with the

8



field. Accordingly, the normalized state of the field, after the projection of
the atom into the state |g), reads adT}

D) <Z\Cln+1t1 ) 1ZCln—|—1t1)\n+> (16)

where Ci(n + 1,¢;) is determined by the third relation of (12)). At this
moment, we allow the second atom enters the cavity while it is in a coherent
superposition state [¢y(ts = 0))4 = \%ﬂe) + |i)), like the first atom. The
atom-field interaction occurs in the time interval to; briefly |i)o(t1;ty = 0))p =
|1 (t1)) p. Generally, similar to @ we suppose that the state of the system

along the passage of the second atom changes to:

+oo
oty t2)) = ZAQ(n,tl,t2)|e,n>+Bg(n,t1,t2)|i,n>

n=0
+ C’g(n+1,t1,t2)|g,n+1> (17)

Again, with the help of the time-dependent Schrodinger equation, the fol-

lowing coupled differential equations are obtained:

iAy = MVn+1f(n+1)eR0,,
i By = AaVn 4 Lf(n + 1)ei2220,,
iCy = MVn+1f(n+1)
+ Mvn+1f(n+1)e 222, (18)

n+1 €7iA1t2A2

where the dot refers to differentiation with respect to time t,. Now, if we

set By = €™ and by using the relations in we arrive at an algebraic

In Ref. [25] the author did not explicitly refer to the normalization condition of the
final field state after projecting the atom-field state into its ground state |g) in the first

atom-field interaction procedure.



third-order equation:
w4 y1u® 4 you + ys =0, (19)
where

1 = A =24y,

Yo = A= DA = (A + ) (n+1)f*(n+1),

ys = A(Ay—Ay)(n+1)f*(n+1). (20)
Three different roots of can be determined like the equations and.
So, the general form of B, reads as the linear combination of 2 as By =
Z§:1 g2, Replacing this summation into the relations and after
some lengthy manipulations, finally arrive us at the explicit form of the

expansion coefficients of our final atom-field state vector as below:

—Ao+Aq)ts

3
As(n,ty,ty) = Z)\)\Q(n+1)f2(n+1)

r=

1
X (up = Douy — A3(n+ 1) fA(n + 1)),
3
BQ(n7tlvt2) = queiuﬂfz’
r=1

_qrur ei(ur*A2)t2

3
Coln+ Lt t) = Y (21)

1 dovn +1f(n+1)
where the coefficients ¢, should be determined via the initial condition of the
second atom and field in (16]). Then, by using the following relations
may be obtained:

Ci(n+1,t1)

\/22 2 |Cu(n+ 1,1)[2
<(A§ + M) (n+1)f2(n+1) + uluk>

Upr Uy

dr

, (22)

10



where u,; = u, —u; and r # k # 1 = 1,2,3. Accordingly, the wave function
of the entire atom-field system |[i)9(1,22)) in is completely determined
in an explicit form. Finding the whole considered system state, allows us to

evaluate all its physical properties.

3. Physical properties

Now, which we have obtained the explicit form of the final atom-field state
vector, we are able to analyze its physical properties. However, in order to
simplify our presentation, we can transform the results in the previous section
such that, all necessary quantities can be computed if we determine the
relative values of A1 /g and A;/A9;i = 1,2. We consider A\; /Ay = 0.9 in all of
the numerical calculations in the remainder of this paper. Consequently, we
can plot all required quantities as function of the scaled times 7 = Ast; and
Ty = Aoty for the interaction times of the first and second atom, respectively.
It is also worth mentioning that we present our numerical results, by choosing
the well-known nonlinearity function f(n) = y/n as the intensity-dependent
function. In addition, (i) due to the minor correction applied on [25], in
addition to the fact that (ii) we will consider the off-resonant case and (iii)
nonequal constant couplings (A\; # \y), we also plot the related figures for

f(n) =1, too.

3.1. The population inversion

The atomic population inversion is defined as a measure of energy ex-
change between atom and field. Studying this quantity in the full quan-

tum mechanical approach is usually together with appearing the collapse

11



and revival phenomena that are resulted from the discrete nature of pho-
tons (field quantization). The so-called population inversion for a V-type
three-level atom can be computed by the difference between the probabili-
ties of finding the atom in the two excited states and the ground state, i.e.,
W (t2) = (pee + pii) — Pgg-

When the first atom passes through the cavity, the values of the probability
amplitudes of the atom-field system in the cavity is in term of the scaled
time 7, may be derived, from which one can obtain the temporal behav-
ior of the atomic inversion for the first atom (W(7)). We considered the
field state as initial field condition for passing the second atom, i.e., the
atomic state |g) is the result of the atomic measurement. We are going to
plot the atomic inversion after passing only the first atom to achieving such
a condition appropriately (see Fig. [2)). To state more explicitly, when (the
scaled times which) the atomic inversion is in its minima values the atomic
state may be observed in the ground state of the V-type atom (we will need
these scaled times for our further calculations in this paper). From Fig.
we can choose the appropriate moments of the scaled time 7 for which the
above-mentioned condition may properly happen. Thus, we are able to use
the final state vector (after entering the second atom) (Eq. (21)), correctly.
In Fig. |3| we plotted the atomic inversion for the second atom in term of the
scaled time 75 for particular chosen values of the scaled time 7 extracted
from Fig. 2l The left figures show the numerical results in the absence of the
intensity-dependent coupling and the right ones deal with the presence of the
intensity-dependent coupling. The above two plots [3(a) indicate the exact
resonance case (A; = Ay = 0) and the two below plots[3|(b) display the effect

12



of the detuning parameters (% =1, §—22 = 15). The initial mean number of
photons of the field is considered as |a|? = 25. In all plotted curves in Fig.
one can see that the atomic population inversion is clearly occurred together
with the collapse-revival phenomena. From the plotted curves one may con-
clude that the nonlinearity in the atom-field coupling makes the patterns of
collapse-revival more visible, in particular nearly the full revival is occurred
in the resonance condition and intensity-dependent coupling. Moreover, in
the absence of nonlinearity, the detuning causes a noticeable shift to positive
values of atomic inversion in the pattern of collapse-revival, while the revival

amplitudes in the nonlinear regime experience slightly decrease by entering

the detuning parameters.

3.2. The von Neumann entropy

Entanglement is a pure quantum phenomenon that Schrodinger designed
it as a private trait of quantum mechanic. It shows the nonclassical corre-
lation in the information aspects. Entanglement may be quantified via the
evaluation of the entropy which represents a measure of lack of information
from the system [35]. Actually, the field entropy is a criterion that shows
the degree of entanglement. In this regard, Araki-Lieb theorem [36] demon-
strates that, by starting from the initial pure state of any atom-field system,
one has S4(t) = Sp(t) at any time ¢ > 0 [37](notice that in our model we
have Sup)(t1,t2) instead of Supy(t), where Sy(p)(t1,12) denote the entropy
of the second atom(field)). Notice that the effect of passing the first atom in
the state of the system has been taken into account in selecting particular
form of the initial field state. So because of the mentioned equivalence, we

can calculate either the atomic or field entropy. We use the von Neumann

13



entropy which is defined in terms of the reduced density matrix (of the second
atom) as [3§]:
Sar)(ti,ta) = =Traw) (paw) In pacr)) (23)
where
pa(tyt2) = Trp ([vha(ty, t2)) (W2(tr, t2)])
Pee  Pei  Peg
- Pie  Pii  Pig | - (24)
Pge  Pgi  Pgg

The above matrix elements are explicitly given as below:

Pee = ZAQ(natlth)A§<n’t1’t2)’
Pei = p:e:ZA2(n7t17t2)B;(n7t1’t2>’

+oo
peg = p;e:ZAg(n—l—1,t1,t2)C§(n+1,t1,t2),

n=0
pii = ZBQ n,ty,ta) B3 (n, t1, ts),
+oo
Pig = p;z = ZBQ(TL + 1,t1,t2)C§(n + 1,t1,t2),
n=0
+oo
Pgg = ZCQ(n—l—1,t1,t2)C’§(n—|—1,t1,t2). (25)
n=0

As(n, ty,ts), Ba(n,t1,ta) and Co(n + 1,t1,t9) are the amplitudes which have
been determined in section . Meanwhile, the von Neumann entropy of the

system can be obtained as follows [3§]:

Sp(ti,ta) = Salty,ta) = Z% In ~;, (26)

14



where 7; represents the eigenvalues of the reduced density matrix of the atom

in (24) may be expressed as:

v = —%Bl—l—g\/ﬁf—?)ﬁgcos |:Oé+§(j—1)ﬂ':|,

1 9 — 233 — 27
«a — - COS—I /81/82 5 51 /83 ’ (27>
3 2(3% — 33,)3/2
with
Br = —Pee = Pii — Pgg = -1,
B2 = PeePii T PiiPgg T PggPee — PeiPic = PigPgi — PgePeg
BS =  —PeePiiPgg — PeiPigPge — PegPgiPie + PeePigPgi
+ PiiPgePeg t PggPeiPic- (28)

Now, we are ready to present the evolution of entropy. The three-dimensional
Fig. [ represents the dynamics of the von Neumann entropy with respect to
the scaled times 71 and 7. It is readily observed that, the four plotted figures
show the notable entanglement between atom and field. By comparing the
left plots of[d[(a) and[4{b), i.e., the graphs for the atom-field constant coupling,
one can realize that entering the detuning parameters increases the amount
of entropy (and so the entanglement measure), while paying attention to the
right graphs, i.e, in the nonlinear regime, arrives one to the fact that the

detuning does not have significant effect on the amount of entropy.

3.3. The field squeezing

It is well known that the nonclassical light is a radiation field that it does
not have any classical analogue. Squeezing is another important nonclassical
phenomenon in the framework of quantum optics. It is described with reduc-

ing the noise in one of quadratures of the field in comparison to the coherent

15



state or the vacuum state with the price of an increase of the noise in the
other quadrature of the field such that the uncertainly relation is still satis-
fied. Supposing the two operators & and y possess the commutation relation
[, 9] = 2, then the uncertainly relation is written as AZAg > 1|(2)| where
As = \/W For evaluating this quantity, we define two quadrature
components of the field in terms of the bosonic operators &), = (a*+(af)*)/v/2
and py, = (a* — (a')*)/v/2i where the subscript k = 1,2,3, ... shows the order
of squeezing of the electromagnetic field. In these relations the first-order
and the second-order squeezing correspond respectively to £ =1 and k& = 2.
In order to calculate the normal squeezing of the field, one can obtain simply
[z1,p1] = @ with the uncertainly relation (AZ)*(Ap)* > 1. Equivalently, we
can consider the quadratures variances by defining the following squeezing
parameters S&) = ((A%)2 = 0.5)/0.5 and S5 = ((Ap)? — 0.5)/0.5. Conse-
quently, squeezing happens if —1 < S < 0or -1 < Sz(,l) < 0. The above

relations can be rewritten as:

(29)
To go further, we have to obtain the following expectation value with respect

to the state of the system in :

400
@lay = 3 (n(|A2(n,t1,t2)|2 4| Ba(n, tr, t)[?)
+ (n+1)|C’2(n+1,t1,t2)|2), (30)

+oo
"y o= S [(n+7)! ,
n=0 )

16



+ By(n+r,t1,ta)B5(n,t1, 1)

(n+r+1)
(n+1)

C'Q(n+r+1,t1,t2)C’§(n+1,t1,t2)}, (31)
in which probability amplitudes Ay, By and Cy were determined in (21f) and
clearly (a'") = (a")*. The three-dimensional plots in Fig. |5 show the behav-
ior of Sg(gl) versus the scaled times 7 and 75 in which we have used the same
parameters as in Fig. 3] Moreover, to increase our precision for the investi-
gation of the occurrence of squeezing, we have depicted four two-dimensional
plots in Fig. [6] in terms of the scaled time 75, for particular the scaled times
71 which are distinguished (and extracted) from Fig. [2[ (in other words, these
two-dimensional plots are indeed appropriate cross-sections of Fig. [5)). In
both of resonance and nonresonance conditions and in the absence and pres-
ence of intensity-dependent atom-field coupling (Figs. |5/ and @ respectively),
we see that squeezing takes place appropriately in intervals of time at the
beginnings of the interaction.

Now, we turn our attention to the evaluation of the second-order squeezing
(k = 2). The operators of considered squeezing obey of the commutation
relation [Zo,ps] = (27 + 1)i with the uncertainly relation (A9)?(Apy)? >
(1 + %)]2 Then the amplitude-squared squeezing parameters can be given
as S5 = ((Ad)? — (A +3))/(h+3) and S5 = (Ap2)? = (A + 1)/ (7 + 3).

One can rewrite the above relations as:

SO = g+ ar 2@t — o)
— (@ + @),

2) 1 At a2 At A 4 A td

S = gy @) 26t — (@ — @)

17



To evaluate the second-order squeezing, we require the following mean value:

+oo

((@fa)?y = Y (n2(|A2(n7 ty, t2)[* + | Ba(n, t1, t)|?)
+ (n+1)2|02(n+1,t1,t2)|2>, (33)

where As, By and Cy were found in . Now, using the relations ,
and , we are able to calculate S\ and 5,22). The three-dimensional plots
in Fig. indicate the second-order squeezing in the z, versus the scaled
times 7 and 7». Also, plotted figures in Fig. are the cross-sections of
the plots of Fig. [7]in two-dimension in term of the scaled time 7, for a few
particular the scaled times 71 (which are determined in Fig. [2). In the linear
regime (the left plots of Figs. [7] and [8]) squeezing is visible at the beginnings
of the interaction in both of resonance and nonresonance conditions. In the
intensity-dependent regime (the right plots of Figs. (7] and , the absence
and presence of the detuning parameters show the squeezing effect in a few

different intervals of time.

3.4. The photon statistics: Mandel parameter

One of the nonclassicality features in the context of quantum statistics
is the sub-Poissonian behavior, the criterion which well illustrated by the

Mandel parameter in quantum optics. This quantity is given by [39]:

Q = _ — 1. (34)

The cases @ > 0, Q = 0 and ) < 0 correspond to the super-Poissonian
(classical), Poissonian (for the standard coherent state) and sub-Poissonian

(nonclassical) statistics, respectively. All of the required quantities in ([34)

18



can be obtained from and . Accordingly, the three-dimensional plots
of the Mandel parameter versus the scaled times 7 and 7, are shown in Fig.
[l Ome can see that, this parameter takes both negative and positive values
in all plots. Possessing negative values of this parameters indicates that the
state vector has sub-Poissonian statistics, and so the considered interaction

has transfered the classical coherent state to a nonclassical field state.

3.5. The Wigner quasi-probability distribution function

This quantity is a remarkable tool to obtain enough knowledge for study-
ing pure quantum features of a quantum system in phase space. Negativity
of the Wigner distribution function in phase space is an indicator of the

nonclassical feature of a specific state. This function is defined as [1]:

Wiaa®) = e [(alpelye e, (35)
where |y) and | — ) are coherent states. Inserting the state vector of our
considered system which is given by relation in the relation and
by tedious calculations, the above integral changes to the following partial

differentiations for our considered system [40]:

) +o0o +00 —(n+m)
W(a,a) = 2'“‘ [ZZ(
n=0 m=0
X (AQ(n, t1,t2) AS(m, th, t) + Ba(n, ty, ta) B3 (m, t, 752))
an—l—m la2
4
X a( *)naame )
+00 +00 —(n+m+2)
_l’_
gn;) <\/ (n+ 1)!(m+1)!
X C2<n+17t17t2)6§(m+17t17t2)
an+m+2 a2
—4|a
< Sy )] (36)
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In detail, the up and down plots of Fig. display the variation of the
atomic inversion for the first and the second atom in term of the scaled times
7, and Ty respectively in the resonance condition for |a|? = 4. The left figures
show the numerical results in the linear regime and the right ones deal with
the nonlinear regime. In the up plots, we denote the particular the scaled
times 71 in which the first atom is in its ground state, then by considering
these scaled times 7 in the down plots, we show the special the scaled times
79 in which the second atom is also in its ground state, too. The Wigner
quasi-probability function of our considered system for particular values of
the scaled times 73 and 79, which are defined in Fig. [10} is depicted in
Fig. In this situation, with the constant coupling (the left plot), we see
that the Wigner function gets negative values (nonclassical feature) at some
finite regions in phase space; but in the presence of the intensity-dependent
coupling (the right plot), one can perceive a little amount of negativity of

the Wigner function in phase space.

4. Summary and conclusions

In this paper, we considered the interaction between two identical V-type
three-level atoms that pass from a coherent single-mode field fulfilled a cav-
ity consecutively using the generalized JCM with the intensity-dependent
coupling between atom and field in the resonance as well as non-resonance
conditions. After we obtained accurate form of the state vector of our system,
the effects of the detuning parameters and the intensity-dependent coupling
(by considering nonlinearity function f(n) = y/n) on the atomic popula-

tion inversion, field entropy, field squeezing, photons quantum statistical and
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Wigner quasi-probability distribution function are examined, numerically.

Summing up our results, we achieve the following conclusions:

e The intensity-dependent coupling between the atom and the field re-
veals the collapse-revivals in the variation of population inversion in a
clearer manner, in comparison with the constant coupling. The revivals
in the intensity-dependent regime reach about its maximum value, in
the resonance condition, while this is not occurred in the constant cou-
pling. Moreover, the detuning parameters cause a noneducable shift
to higher values of population inversion in the collapse-revival pattern
in the linear regime, such that the nearly all negative values of this

quantity will be disappeared.

e In the linear regime and in the nonresonance condition, the maximum
amounts of the entropy are increased and so the entanglement between

the atom and field is more visible.

e In the constant as well as intensity-dependent coupling regimes by con-
sidering both of the resonance and non-resonance condition, squeezing
takes place appropriately in a few intervals of time at the beginnings

of the interaction.

e According to our numerical results, we can see that the field has the
sub-Poissonian behavior either in the intensity-dependent or constant
coupling regimes. Also, the sub-Poissonian behavior of the photons in

both of the resonance and nonresonance conditions can be observed.
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e In order to study the quantum features of our considered atom-field
system in phase space, we evaluated the Wigner quasi-probability func-
tion and find that, in the absence of detuning and intensity-dependent
regime, cavity field possess more nonclassical features according to this

criteria.

At last, paying attention to the obtained results, we notice that either the
detuning parameters or the intensity-dependent coupling have remarkable ef-
fects on the creation of nonclassical properties in appropriate situations. As
an outlook of the present work, it is mentionable that the work of this paper
can be accomplished for A-type and =-type three-level atoms, too. These

works are performing and will be submitted in the near future.
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V-type three-level atom Cavity Field

Figure 1: Schematic diagram of the interaction between two V-type three-level atoms

passing consecutively through a cavity field.
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Figure 2: The atomic inversion for the first atom as a function of the scaled time 71 = Agty

when the atom is initially in a coherent superposition of their excited states and the field

is in a coherent state with |a|? = 25. The left plots correspond to the absence of the
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Figure 3: The atomic inversion when the second atom entered the cavity as a function of
the scaled time 75 = Aot for particular chosen values of the scaled time 7, = Aot; extracted
from Fig. when the atom is initially in a coherent superposition of its excited states.
The left plots correspond to the absence of the intensity-dependent coupling f(n) = 1,
and the right ones are plotted in the presence of the intensity-dependent coupling with

nonlinearity function f(n) = v/n. Also, (a) Ay = Ay =0, (b) % =17, %2 =15.
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Figure 4: Three-dimensional plots of the time evolution of the von Neumann entropy in

term of the scaled times 7 = Aat; and o = Agtsy; other parameters are chosen similar to

Fig. B
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Figure 5: Three-dimensional plots of the time evolution of normal squeezing of the field

in term of the scaled times 71 = Aoty and 7o = Aoto; other parameters are chosen similar

to Fig. 3
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Figure 6: The cross-section of the plots of Fig. normal squeezing as a function of the
scaled time 1o = Aot for particular values of the scaled time 7, = Aoty in Fig. other

parameters are chosen similar to Fig.
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Figure 7: Three-dimensional plots of the time evolution of the second-order squeezing of
the field in term of the scaled times 71 = Aoty and 7o = Asoto; other parameters are chosen

similar to Fig.
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Figure 10: The variation of the population inversion for the first in term of the scaled time

71 = Aoty and the second atom in term of the scaled time 75 = Mgty in the up and down

rows respectively in the resonance condition for |a|? = 4. The left plots correspond to the

absence of the intensity-dependent coupling f(n) = 1, and the right ones are plotted in

the presence of the intensity-dependent coupling with nonlinearity function f(n) = y/n.
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Figure 11: The Wigner quasi-distribution function in phase space for the scaled times 7y

and 79 which are defined in the Fig.
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