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Abstract The effect of intrinsic damping on the interaction between a two-level atom and
a multi-photon cavity field in the presence of an external classical field is studied. Under
certain conditions and use of a transformation, the system is transformed to a generalized
Jaynes Cummings model, with the influence of classical field included in the detuning
parameter. The temporal evolution of some statistical aspects such as, the atomic inversion,
the squeezing phenomena and linear entropy are obtained. In addition, we present the effects
of the intrinsic damping and detuning parameters on the above mentioned quantities, for
one and two photons. The entropy is used as a measure of the degree of entanglement, and
consequently discussed.

Keywords External classical field - Atomic inversion - Damping - Linear entropy -
Variance squeezing - Entropy squeezing

1 Introduction

Intrinsic damping is one of the methods to study damping in quantum mechanics [1]. In
general, a system suffers a damping rate due to coupling to some sufficiently large external
reservoir. The intrinsic damping approach has been investigated in the framework of several
models, in particular Jaynes -Cummings model(JCM) [2]. Furthermore, JCM was solved
for intrinsic damping in resonance case [3]. The collapse and revival phenomenon and the
photon-number distribution for multiphoton JCM in off-resonance case process were stud-
ied [4]. The influence of intrinsic damping on the growth of entropy and the entanglement
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for multiphoton JCM was studied analytically [5]. Another work studied the effect of intrin-
sic damping on the entropy squeezing of coupled field-superconducting charge qubit [6], a
general solution for the total correlation function between any two charge qubits initially
prepared in a mixed state in presence of intrinsic damping was explicitly investigated [7].
The phenomena of entanglement decay, sudden rebirth, and sudden death as well as for
the local quantum uncertainty, uncertainty-induced quantum non-locality under influence of
intrinsic decoherence have been discussed [8]. The model of two charged qubits, in a SC-
cavity field is studied, it is shown that the entanglement depend on the phase decoherence
rate [9]. The Negativity and the atomic population for the interaction between su(1,1) and
a two two-level in non-resonance case is obtained [10]. The quantum Fisher information
and von Neumann entropy are investigated numerically for N-level atomic system in the
presence of intrinsic decoherence, where it is found that the local maximum value of entan-
glement decrease [11]. The information about degree of entanglement a JCM with k-photon
process is obtained, by comparing the results for the atomic Wehrl entropy and negativity
with the analytical results [12]. The degree of entanglement was also discussed for JCM by
using quantum mutual entropy [13]. The interaction between a system of N two-level atoms
in a cavity of quantized field with a strong classical field has been studied and a method of
generating entanglement has been proposed [14]. The effect of damping on atomic variable
squeezing or squeezing in the entropy leads to degradation of squeezing [15]. The influence
of the external classical field on the interaction between a two level atom and a quantized
cavity field has been studied [16] and the existence of the classical field leads to a variation
in the atomic inversion. It has a great effect on the phenomenon of squeezing and the linear
entropy, as well as to improve the amount of entanglement [17].

In this paper, we study the influence of an external classical field on a two-level atom
interacting with a quantized field in presence of the intrinsic damping. In Section 2 we apply
the rotating wave approximation(RWA) and some canonical transformations for the excited
state and ground state to transform the system into a JCM with the classical field term
included in the detuning parameter. By using the exact solution of Milburn equation we get
the density operator for this system to investigate some statistical aspects. In Section 3, we
discuss the collapses and revivals of the atomic inversion for different values of classical
field and intrinsic damping parameters. Section 4 is devoted to he phenomenon of squeezing
by using the variance and entropy squeezing. Section 5 is devoted to examine influence of
classical field and damping parameters on the degree of entanglement by using the linear
entropy for the field. Finally, we conclude our work in Section 6.

2 The Model

The interaction between an electromagnetic quantized field via k-photon and a two-level
atom in the presence of an external field can be described by the Hamiltonian (% = 1):

A A (4] N . N e N N ~ s ~ .
H=wai'a+ 7001 + l)\](ak + a'k)(aJr —6.) + r(bpe I 4 5 '), (1)

where w, wg and w, are frequencies of the cavity field, the atomic transition and the classical
field respectively, 6,, 6+ and 6_ are the Pauli spin operators; they are defined by ground
state (|g)) and exited state (|e)) of the atom as 6, = |e)(e| — |g)(gl|, 6+ = |e){g|,and 6_ =
|g)(el, such that [6,, 6+] = +26+, and [6, 6_] = 6,. While 4, and 4" are annihilation and
creation operators of the cavity field which satisfy the commutation relation [a, 4] = I,
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A1 and Ay are the coupling constants of the interaction of the atom with the cavity field and
with the classical field respectively.

By using the transformation U; = e~1®c0:1/2 o transform the Hamiltonian (1) to H,
where.

A = 0 A0, —i0] 20
1 1 1 1 9t
— wi'a + w&z Fid @ + a6 e — 6 eI 16y + ). (2)
If we define a new excited (ground) state as |+) (|—)), and the operators S‘, s Where
S; = |+){+]1—1=){—I, S+ = |+){—] and S— = |—) (+| which satisfy commutation relations
[S;, S+] = £2S+ and [S4, S—] = S; which are related to the states |e) and |g) by the
following form:
I+) = cos&le) +singlg) , |—) =cos§lg) —sinkle)
1 2\ —
$=ftan_1 2 , —n<“;‘<ﬁ. 3)
2 wy — W, 2 2
So, we can write the 3‘7 s operators in terms of the & ; operators as following:
S. cos2&  sin2f  sin2¢ 6.
S, | =| —4sin2& cos2& —sin2¢ | | 64 4)
S_ —% sin2é —sin2& cos2& o_

At Ay = 0i.e. £ = O itis easy to see that |[+) = |e) and |—) = |g). After applying this
transformation and using the rotating wave approximation, the Hamiltonian (2) can be cast
in the following form:

~ A A PO N ,
H» = wa'a + 55+ ihicos?E (kS et — GRS _e—iwety, )

where A =, /(wp — wc)? + 422, we note that the classical field parameter is now included

in A as well as in the new coupling A1 cos2&. Now, we use the transformation Uy = el@e5:1/2
to transform the Hamiltonian (5) to 7 = 0; U, — iﬁg%.
Then, we can rewrite it in the rotating reference frame as follows:

A+ w,

H = wa'a + ( ) S. 4 irjcos’6(@kS, —a'*s.), (6)
which is a general form of the JCM with the atomic frequency shifted to A + w,.

Milburn assumed that [1, 3], the system changes stochastically in the presence of suffi-
ciently short time steps. Based on this assumption, he obtained the rate of change of density
operator p(t) which alters the Schrodinger dynamics as follows:

dp YN T N
Ly (7 0™ = 50)). @)
where y is the decay rate and corresponds to a sufficiently short time step. The system
develops gradually with a probability &?(t) = yt. Also, the von Neumann equation for the
density matrix is recovered in the limit y — oo (time step equal zero). For the first order
in ! the time evolution density operator is obtained:
dp s | S
—= =i, p]l — [, [, p]I. (®)
dt 2y
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We express the solution for the density operator 4(¢) in (8) by using superoperator
technique [18] and applying it on the Hamiltonian (6) thus we have:

() = eMe3el (o), ©)
where the three superoperators are defined as Rp = i(}? /33? ,Sp = —iL%Z , 0] and
Tp= —i [ﬁibz, ,(3} so that:

5 =1 [r\"
Kpay =) — (—) A" A",
m! \ 'y
m=0
eSlla([) — e—i%tla([)ei%l,
2 t 22 t 22
) = e p(rye w7t (10)

Also, p(0) is the initial density operator of the system (atom-field). To assume the effect
of intrinsic damping on the system, we consider p(0) = |+, o) (+, |, where the atom is
prepared initially in its new excited state |+) and the field in the coherent state.

o) = ¢33 @ /YD) ). an
n=0

The Hamiltonian (6) can be written as H = z%% + j?j, where [%, JLZI] = 0. By using
A = Aicos?E, then 9%, and .77 can be written as:

k R ] 3
oy = (fﬁa + gsz) L =58+ in@tS —a™s), (12)

where § = A + o, — ko.
Also, %), 7 can be written in the matrix representation as follows:

. Ak 0 A S ik
%:[“’(’”2) ] %:[ 2. ] (13)
0 0 %) ! —ira'* 7‘3

a)(ﬁ—

Tl}e square of the Hamiltonian (6) takes the form %A” 2= A+ é, where [A, é] =0s0A
and B take the following forms:

. 2(h 1 k\2 g2
i |:w (n+(2)) + M 14

) S (7 K ok
P zkagagn—}—z)k;t ] (15)
2

By using the definition (10) we can write:

pr0) = €5l 5(0) = eii‘%”e_ﬁéﬁl (t)e_ié*eiﬁ?}tv
p1(0) = |W @), +)(+, ¥ (@), o

where [(1)) = ¢~ 4|0} = exp (—i (a)2 (i+4)° + Mf)) ).
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We can write the operator exp (— ié) as

5 X % Gk
B [X+(n+k,t) X3(n+k,na ] (17)

—X3(n,0a™  X_(n,1)
where X (n + k,1) = cosh (ﬁqﬁr) - 2/‘; smh( ),)A(_(n,t) = cosh (;m) +
21‘:/1 ( ),)?3(n + k,t) = (;éJr), q+ = w(ﬁ—i— %) M and ¢ =
a)(n — 2) M2.

Similarly, the operator exp(—i Jﬁt) can be written in the form:

ot — R+(n +k, 1) R12(n + k, t)a* (18)
Ry (n, t)aTk R_(n,1) '
o sm(Mzt)
R12(n +k,t)=
The m-th power of the Hamlltoman (6) can be also written in the form:
N 2(m)
. gk
A = My , (19)

. (i(m) Atk A(m)
—iA—t-a
M, /=

where f(m = qﬁ(m) 8 (m) f(m) ﬁi’") - ﬁﬁ(,m), and the operators éﬁ(im) and
2

H(m) are defined by: ¢(m) = i((ﬁrm)) + 50y, fl(i'”) = %((ﬁim)) + ), also §4 =
( +§):|:M1 and U+ —w(ﬁ— %):l:]\;fz.
Finally, we obtain the exact solution of the master (8) for ¢ > 0 as follows:

p(t) = pri®)|+) (+| + pr2(®)|+) (= + 21 ()| =) (+] + p22(B)| =) (—I, (20)
where the elements of the density operator are f;; (t) = Y L (L) £ and we define

m=0m! \ y ij
L0 = 5™ 5y (t). 7™, so we can write:

A (m) ~(m) ~(m) zqg(m) k ‘i’(m) k
W = Ay f7 =22 Sak o —at
M My
¢<m> Hm .
Firfyn a ™ - in S a e £, Q1)
M, M,
2 (m) A(m)
. ¢ oV . .
o = —x2at wu ak — FOy, F00
Ml
+ma*k Yia I 4 in fO Yoy ok, (22)
M M,
¢(n1) 72 (m)

I—-(m) )»f(m)lﬁl — ik%flklﬁﬂfim)
M,

2 (m) 5 (m)

P

2k ——a', 23)
1 M,

f(m)llflszm) — X
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and
By = (@ 24)
By using (3), the solution of the master (8) takes the following form using the original
atomic states (|e), |g)):

A(t) = [p11(1) cos® () +pa (1) sin® (&) —sin(€) cos(§) (Br2(t) + P21 (1))]le) (e
+[p11 (1) sin?(€) + a2 (1) cos* (&) + sin(€) cos(€) (Ar2 (1) + P21 ())]1Ig) (gl
+ [A12(t) cos*(§) — pa1 (¢) sin® (&) + sin(&) cos() (11 (1) — poa(1)]1le) (g
+[—A12(t) sin® (&) + 21 () cos* () + sin(&) cos(€) (Ar1 (1) — poa(1))]1lg) el

D brslr)sl. (25)

r.s=e,g

Now, we use these results to study the influence of the intrinsic damping as well as the
classical field on the dynamics of the system and discuss some aspects for different values
of damping and detuning parameter. Also, we compare previous results with the present
system.

3 Collapses and Revivals of the Atomic Inversion

In this section, we use the analytic expression of the atomic inversion for this system to
study this phenomenon. The atomic inversion gives us information about the atom during
the scaled time of the interaction and probabilities of the atom being found in its excited
state or ground state. By using the solution (25), it is easy to write the atomic inversion of
the system as:

(6:(1)) = Z(nlpee(t)ln (n|pgg()In)). (26)

We discuss the effect of intrinsic damplng and the classical field terms on the atomic
population inversion for one photon and two photon interactions. In Fig. 1, we plot the
atomic inversion for one photon (k = 1) against the scaled time At with different values
of the decay parameter y and the coupling constant for classical field A, where the atom
initially in the excited state and the cavity field is prepared initially in a coherent state with
la|? = 25, and wo = w = A1. InFig. 1a, if we take = 10° and 1, = 0(A = 0), the system
shows behavior similar to that of the atomic inversion in the JCM as would be expected
[19]. When we consider y = 5 * 10* and 1, = 0, we note that the amplitude of the function
decreases as the time develops and consequently tend to zero that is evident in Fig. 1b [20].
When we take the effect of classical field into account by setting Ao = 311 in Fig. 1c and
the decay parameter y = 10°, we observe a decrease in its amplitude of revivals and the
atomic inversion has periodic oscillatory envelope oscillates around zero, where collapses
and revivals are similar to the case in [16]. When we take the decay factor y = 5 % 10*
and classical field parameter A; = 3X; in Fig. 1d, we see that change in envelope of the
amplitude of collapse and revivals while it osculates around zero but as the time increases
the amplitudes of the revivals tend to zero and mixed state is obtained.

In Fig. 2, we plot the atomic inversion for two photon (k = 2) with w = A1, wg = 3
under the same condition on the atom and the cavity field. In Fig. 2a, if we take A, = 0
and y = 10°, we find that the atomic population inversion agrees with the two-photon JCM
and the revival time is periodic after every 2w [21]. When we take the decay parameter
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Fig. 1 The atomic inversion (& (t)) for k =1 against the scaled time A;¢ with @ = 5 where a y = 10°,
2=0,by=5%10" 1, =0,cy =10% 2y =3r; andd y = 5% 10*, A, = 31,

(y = 10*) and keeping A, = 0, we observe that amplitudes of revivals tend to zero with
time increasing see Fig. 2b. The effect of classical field on the population inversion is shown
in Fig. 2c, where we see that the oscillatory envelope of collapses and elongation of the

a ‘ ‘ ‘ . b
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Fig. 2 The atomic inversion (G, (¢)) for k =2 against the scaled time at A ¢ with o = 5 wherea y = 109,
’=0,by =101 =0cy =10% 1, =31 andd y = 10*, A» =314

@ Springer



2794 Int J Theor Phys (2018) 57:2787-2801

collapse period. When we take y = 10* with classical field Ay = 3|, we note that the
envelope of the function is oscillates around zero and tends to zero as the time develops
(see Fig. 2d), for more information we may refer to [16, 22]. Generally, the classical field
parameter plays two roles firstly, it weakens the interaction between the cavity field and the
atom and secondly, it delays the decay. Furthermore, the decay parameter plays the role of
making the state of the atom tends to a mixed state.

4 Variance and Entropy Squeezing

In this section, we shall employ the uncertainty relation to discuss the entropy and variance
squeezing for k-photon proses especially k = 1 and k = 2. Also, we display the effect
of classical field and decay parameter on the phenomenon of squeezing. The uncertainty
relation for a two-level atom characterized by Pauli operators 6y, 6, and 67 is defined by:

AGy AGy > f|( 215 @7
where AG; = (6i2) — (6;)2 and i = x, y, while (6;)? for this system are given by:
(6x) = 2Re</3€g(t)), <6y> = 21m(/3€g(t))v and (&z> = (fec () — ﬁgg(t))~ (28)
For the atomic variance squeezing for the following condition has to be satisfied.
6, (1
\/i(z):(A&i(r)— ““2(”') <0, i=xy (29)

To investigate the information entropy of the variable o in an even N-dimensional
Hilbert space for sets of N + 1 complementary observable with the non-degenerate
eigenvalues, we use the inequality [23-25].

ZH(Uk) > ( ln— +(1+ —)ln(l + %) (30)

Entropies of atomic operators &, 6y and &, for a two-level atom by use the reduced
atomic density operator can be written as:

1 1 1 1
H(o) = — [2 + (51)} In [2 + (?U)} - [2 - (?U)} In [2 - (61)] ;

where ! = x, y, z. But if we know for N = 2, we have 0 < H (6;) < In2 and these entropies
satisfy the inequality.

H(6y) + H(6y) + H(6;) = 2In2. (31)
When we set § H(6;) = exp(H (6;)), then we can write [26, 27].
8H(6¢)8H (6)8H (6;) > 4. (32)

Now, we state that the system has the entropy squeezing, or the fluctuation in component
Gj, j = x, y of the atomic dipole, if entropies H (6;) satisfy the condition:
. . 2 .
E@Gj)=|0H(G)) — ———=] <0, j=x or y, (33)
V8H (o7)
where E(6;) is the entropy squeezing parameter. Now, we discuss results for variances
squeezing and entropy squeezing.

@ Springer



Int J Theor Phys (2018) 57:2787-2801 2795

In Fig. 3, we have plotted V, (solid curve) and V), (dash curve) against the scaled time
A1t, when we take k = 1 with the same parameters as in Fig. 1. At first we restrict our
examination for A, = 0 and y = 10°, where the system turns to almost JCM in resonance
case. In this case, we see that the phenomenon of squeezing can be only observed in the first
quadrature V, but no squeezing in V), as observed in Fig. 3a. On the other hand, when we
choose A2 = 0 and y = 5 % 10%, we can see that there is no squeezing in either quadrature
Vy or V), except after the onset of the interaction in Vy, see Fig. 3b. Different behavior can
be seen when we take the classical external field into account and adjust A, = 3X; and
y = 10° Fig. 3c. We note that the squeezing occurs in both quadratures V, and Vy after
the start of the interaction which agrees with the (A.3) at Ap = 3Aj, while the variance
squeezing takes the value >~ —0.2 at t = 0, for more details see Appendix. In Fig. 3d, we
display the phenomenon of squeezing at A, = 3A; and y = 5 % 10* where we observe
that V, and Vy almost coincide as time grows but here in an extremely short period at the
beginning of the interaction, we note that there is squeezing for V, and V.

Now, we discuss the phenomenon of the variance squeezing for two photon (k = 2) and
for the same conditions of the system. In Fig. 4, we have plotted V, and V, with the same
values of the parameters in Fig. 2. We note that in Fig. 4a, a squeezing V, occurs only at the
revival time A1t = nmw, n =0, 1,2, ... but squeezing disappears in the quadrature V), [21].
In Fig. 4b, we can see that there is no squeezing in quadrature V, while V, has a short period
of squeezing just after the onset of the interaction then there is no squeezing. In Fig. 4c,
Vy reaches to 1 at some point and has nearly a similar behavior of V. However, only V,

a b
2.0 o 2.0 o
HENE . HEN
[ AV A AV YA
02EMY. M4 0.2
10 _g_z_q'q,eo.zlaliw.o Q
05
0.0
| | | 0 20 40 60 80
At
d,0 . ‘
ek A
19 BOLO
-0.2 L = |
1.0, 000204060810
0.5
0.0
0 20 40 60 80 0 20 40 60 80
At At

Fig.3 Variance squeezing V (solid curve), Vy, (dashed curve)for k = 1 against the scaled time with the same
parameters in Fig. 1
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has a squeezing at the some points, also the starting point has negative value as observed in
Fig. 4c. In Fig. 4d, V and V, have almost the same behavior, we note that the squeezing
occurs for V, just after the onset of interaction.

Now, we examine the behavior of the entropy squeezing E(6,) (solid line) and E(6,)
(dashed line) for one and two photon against the scaled time A1, we considered « = 5 and
the same value of @'* as in Fig. 1, these are shown in Figs. 5, 6 for one-photon (k = 1)
and two-photon (k = 2) processes respectively. We note that when we take the parameters
Xy = 0and y = 10°, we get a usual JCM for one photon [24] and for two photon [21].
While we plot Figs. 5a, 6a, to see that the squeezing occurs at several periods of time in the
first quadrature of the entropy squeezing E (6, ), but it is absent from E(6,). When we take
the damping into consideration (A, = 0and y = 5% 10* fork = 1 or y = 10* for k = 2),
there is no squeezing in both E(6,) and E(Gy) except just after the onset of interaction
in E(Gy), see Figs. 5b, 6b. We note a different behavior when we consider A, = 34| and
y = 100, then both E(6,) and E (6y) have squeezing at the beginning see Figs. 5c, 6¢. But
for k = 2 the squeezing is absent from the second quadrature E(&). Finally, we can see that
the function of the entropy squeezing, when we take A, = 3A; and y = 5 % 10* one photon
has almost the same behavior for both E(6,) and E(6y) (see Fig. 5d). At k = 2 there is no
squeezing for E(6y) at A = 3Ajand y = 10%, while the behavior E (&) is different in this
case (see Fig. 6d).

a b
2.0 o= 2.0 o=
08F , 1 08F , A El
EEN ’ AT A
1.5F o2t /X 1.5F o2t/ /N 3
] N a— ] NA—
1.0}, ) 1.0}.-2w0200, .

0.5 0.5
0.0 | ¥ i 0.0

0 2 4 6 8 10 0 2 4 6 8 10
/\1t /\1t

Fig. 4 Variance squeezing V; (solid curve), V) (dashed curve)for k =2 against the scaled time where the
parameters are the same as those of Fig. 2
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0.0 \/ 0.0
0 20 40 60 80 0 20 40 60 80
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c 5 d1_5 .
VN RO
10l 804X 100 5L X
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Fig. 5 Entropy squeezing Ey (solid line), Ey (dashed line)for k=1 against the scaled time with the same
parameters in Fig. 1

0.5 /\ /W 0.5 X AP A
0.0 0.0
AVARVARVARVA o
0 2 4 6 8 10 0 2 4 6 8 10
A»]t /\1t

Fig. 6 Entropy squeezing E (solid line), Ey (dashed line)for k =2 against the scaled time with the same
parameters in Fig. 2
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5 Linear Entropy

Finally, we discuss the purity of the system by using linear entropy as an indicator. Further,
in atomic states preparation through interacting quantum systems to determine cavity field
through the disentanglement of the two quantum systems [28, 29]. On the other hand, for
the system consisting of two subsystems and being prepared in a pure state the condition
Tr(,ég) = 1 is satisfied, but if the system is in a mixed state then Tr(ﬁg) < 1, the maximum
value of the mixed state is Tr(52) = 0.5. In general, the linear entropy is much simpler to
compute than the von Neumann entropy [30] because there is no need to diagonalize the

density matrix. We start with definition of the linear entropy [29], which is given by:

P(t) = % (1 — S8 + 6,7 + <6z>2> : (34)

where (6;),1 = x, y, z are defined in (28), we draw the linear entropy to discuss entangle-
ment. In Fig. 7, we plot the function P (¢) against the scaled time A;¢ for k = 1, where we
consider the atom in the excited state, |«¢|? = 25 and w = wy = A with different values of
the coupling parameter of the classical field A, and the decay parameter y. In Fig. 7a, we
observe that when we take y = 106 and A, = 0 the function shows almost the JCM behavior
for which the system shows periods of entanglement. In Fig. 7b, the influence of damping
y =5x% 10* without classical external field is shown, where we can see that increases in
the maximum value of the entanglement and it is sustained for larger values of A7. But we

a b

0.5F i 0.5F
0.4} i 0.4}
0.3f A 0.3}
0.2f 1 0.2f
0.1F 1 0.1F
0.0¢ ‘ ‘ ‘ ‘ ‘ ] 0.0 ‘ ‘ ‘ ‘ ‘ ]
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Mt Mt
c d
0.20} 04l
0.15 1 sl
0.10f ] 02!
0.05} ] 01l
ooof .. ... F oot . ]
0 20 40 60 80 100 120 0 20 40 60 80 100 120
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Fig. 7 The Linear entropy P (¢) for k=1 against the scaled time with the same parameters in Fig. 1
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Fig. 8 The Linear entropy P (¢) for k=2 against the scaled time with the same parameters in Fig. 2

note decreases in entanglement when we add the influence of classical field A = 3A; with
damping y = 10°, which is shown in Fig. 7c. While in Fig. 7d, the influence of the classical
field A» = 3A; with an increases of damping parameter y = 5% 10*, where we note that the
entanglement is increasing with time, and it is sustained for larger values of the scaled time.

In Fig. 8, the function P(¢) is studied against the scaled time Az with k = 2 for the
same values of parameters in Fig. 2. In Fig. 8a, we see that the maximum value of the
function P(t) = 0.5, which reaches to a pure state every nw, n = 0, 1, 2, ..., but under
influence of damping the maximum value decreases as time developed, see Fig. 8b. The
classical field A, = 3A; leads to a decrease in the maximum value of function P (¢) to 0.45,
see Fig. 8c. In Fig. 8d, we note that P(¢) reaches to zero at the onset interaction, and the
maximum value decreases as the time increases. It is to be noted that once damping is taken
into consideration, then the system never reaches a pure state. In the case of the two photon
interaction, pure state can be reached even when classical field is present, provided damping
is being absent.

6 Conclusion
In this paper, we have investigated the effect of classical field, and multiphoton processes

in the presence of intrinsic damping. By using some transformations we managed to cast the
problem in a generalized JCM and by applying the Milburn’s equation for intrinsic damping
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we obtained the density operator. Then, we used the results to investigate some statistical
aspects. We studied the atomic inversion for the system with various values of damping and
classical field parameters, we found that the classical field plays important roles on shift-
ing and elongation of the collapse periods. The damping on the other hand decreases the
amplitude of revivals as time increases and results in the atom end up in a mixed state.
Furthermore, we discussed the effect of damping and classical field on the phenomenon
of squeezing. It is shown that the damping plays a role in washing out the squeezing phe-
nomenon, while the classical field increases the squeezing for the quadrature Vy. Finally,
the results show that the damping parameter increases the entanglement and system never
reaches a pure state with time grows. While, in the presence of the classical field and absence
of the damping the system shows partial entanglement with rapid fluctuations. The pure
state can be reached periodically for the case of two photon interaction, even with classical
field being present.

Appendix

We derive the formula of the variance squeezing at the initial time. From (4) we get:

~ A

(Sy) cos 2§ + (S;) sin 2§

—
>
=
~
I

(6y) = (5))
(62) = (8.) cos2& — (S,) sin 2 (A1)
then
(63) =1 , (6y) = sin2& and (6;) = cos2¢& (A2)
by using (29) then :

Vy = cos2& — /| cos 2| (A.3)

Similarly, we can calculate Vy and determine starting point.
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