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GENERATION OF BRIGHT AND ENTANGLED
LIGHT FROM A NONDEGENERATE THREE-LEVEL
LASER WITH PARAMETRIC AMPLIFIER

AND COUPLED TO THERMAL RESERVOIR

1. Introduction

The detailed analysis of the two-mode quadrature squeezing and statistical properties of light
generated by a nondegenerate three-level laser which has a parametric amplifier and coupled
with a thermal reservoir is executed. The combination of the master equation and the stochastic
differential equation is presented to study the nonclassical features of the light generated by the
quantum system. Moreover, with the aid the resulting solutions together with the correlation
properties of noise operators, we calculated the quadrature squeezing, entanglement, and mean
number of photon pairs of the cavity light. It is found that the external small-amplitude driving
radiation induces a strong correlation between the top and bottom states of three-level atoms to
produce a high degree of squeezing. Moreover, the presence of a parametric amplifier is found
to enhance the degree of squeezing of the cavity light. We have also established that an increase
in the mean thermal photon number appears to degrade the squeezing, but enhances the mean
number of photon pairs of the cavity light.

Keywords: parametric amplifier, quadrature squeezing, entanglement, mean number of
photon pairs.

the signal, the idler, and the pump which are coupled

Three-level cascade lasers have received considerable
interest in connection with its potential as a source
of light with interesting nonclassical features [1-18].
The quantum properties of light, in this device, is
attributed to the atomic coherence that can be in-
duced either by preparing the atoms initially in a
coherent superposition of the top and bottom lev-
els [7-9], or the coupling of these levels by an ex-
ternal radiation [10-12], or using these mechanisms
together [13].

The parametric amplifier is a nonlinear crystal that
involves three different modes of the radiation field:
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by a nonlinear medium. In this device, a pump pho-
ton interacts with a nonlinear crystal inside a cavity
and is down converted into two highly correlated pho-
tons of different frequencies [15-17]. Some authors
have also studied quantum properties of light gen-
erated by a three-level laser whose cavity contains a
parametric amplifier [3, 14, 15, 18-20]. These works
have indicated that the cavity radiation is found to
be in a squeezed and entangled states under certain
conditions. In addition, the mean and variance of the
photon number for degenerate [18,19] and nondegen-
erate [3,20-23] three-level cascade lasers whose cav-
ities contain a parametric amplifier have been deter-
mined in various cases.
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In most of the previous analyses, the laser cavity
is coupled to a vacuum environment in which the
effect of an external noise on the quantum proper-
ties and photon statistics is completely neglected. For
instance, a squeezing of 93% has been realized in
a degenerate three-level laser which has a paramet-
ric amplifier and is coupled to the vacuum reservoir
[18]. Moreover, Abebe [21] has studied a nondegener-
ate three-level laser coupled to the vacuum reservoir
in the presence of a parametric amplifier and classical
pumping radiation. However, it is quite challenging
for a real physical situations to be free from the effect
of an external environment which unavoidably decou-
ple the atomic correlations responsible for the quan-
tum and statistical properties [21-23]. In this regard,
Tesfa [23] has considered the effect of thermal noise
on the squeezing, entanglement, and photon statistics
of the cavity radiation generated by a correlated emis-
sion laser in the absence of a parametric amplifier and
external pumping radiation that couple the top and
bottom levels of a three-level atom. He has found that
the thermal noise entering the cavity degrades the
squeezing and entanglement, but enhances the mean
number of photon pairs of the cavity light. On the
other hand, the squeezing, entanglement, and statis-
tical properties of the cavity radiation get enhanced
with the introduction of a parametric amplifier. It is
with this motivation that we will investigate these
nonclassical properties for a radiation generated by a
nondegenerate three-level laser whose cavity contains
a nondegenerate parametric amplifier and is coupled
to a two-mode thermal reservoir.

In this study, we analyze the squeezing, entan-
glement properties, and photon statistics of a two-
mode cavity light produced by a nondegenerate three-
level laser with a nondegenerate parametric ampli-
fier which is coupled to a two-mode thermal reser-
voir via a single port mirror. In order to carry out
our analyses, we first derive the master equation in
the good cavity limit, linear and adiabatic approxi-
mations following the standard method in [15]. Emp-
loying the master equation and the stochastic dif-
ferential equations, the solutions for c-number cav-
ity mode variables, and correlation property of the
noise forces associated with the normal ordering are
determined. Using the resulting solutions, the mean
number of photon pairs, quadrature fluctuations, and
EPR-type operators of the cavity radiation were ob-
tained in[24]. We investigate the effects of the para-
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metric amplifier and thermal noise on the squeezing,
entanglement, and mean photon number of the cav-
ity radiation. Moreover, based on the criterion for a
continuous variable entanglement developed by Duan
et al. [25], the relation between the squeezing and en-
tanglement has been established.

The paper is organized as follows: in the first sec-
tion, the Hamiltonian and the model are presented,
and the master equation describing the dynamics of
the optical device is derived. Making use of the mas-
ter equation and stochastic differential equations, the
solutions of the cavity mode variables are determined
in the second section. Employing the solutions of the
cavity mode variables, the mean photon-number and
quadrature fluctuations of the two-mode cavity ra-
diation are determined in section three. The entan-
glement quantification and mean number of photon
pairs are analyzed for different cases in the last two
sections.

2. Hamiltonian and Master Equation

The three-level cascade atoms initially prepared in
a coherent superposition of the top and bottom lev-
els are injected into the cavity at a constant rate,
and removed from the laser cavity after some time,
which is long enough for the atom to decay to levels
other than the intermediate and bottom levels. Mo-
reover, the top and bottom levels are coupled by the
external driving radiation after being injected into the
cavity. We consider the interaction of the three-level
atoms with a resonant cavity mode and a nondegen-
erate parametric amplifier, as well as the damping of
the cavity light by a thermal reservoir. As is clearly
indicated, the top, intermediate, and bottom levels
of a three-level atom are represented by |l), |m), and
[n). We assume that the transitions between levels |}
and |m), and between levels |m) and |n) to be dipole-
allowed, with direct transitions between levels |I) and
[n) to be dipole-forbidden. We consider the case for
which the two cavity modes are at resonance with the
two transitions |I) — |m) and |m) — |n) having tran-
sition frequencies wy,, and wy,,, respectively (Fig. 1).

In the nondegenerate three-level laser, a pump
mode photon with frequency w = wpn + Wy di-
rectly interacts with the nondegenerate parametric
amplifier (NDPA) to produce the signal-idler photon
pairs having the same frequencies as the two cavity
modes [15-17]. The interaction of three-level atoms
with a nondegenerate parametric amplifier can be
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described in the interaction picture, parametric ap-
proximation, and rotating-wave approximation by the
quantum Hamiltonian

Hy = ie(afbh — ab), (1)

in which ¢ is considered to be real and constant,
is proportional to the amplitude of the pump mode
that drives the nonlinear crystal (NLC), and a and
b are the annihilation operators for the two cav-
ity modes. The master equation associated with this
Hamiltonian has the form

d R IR R R
—h= e(a'blp — patbt — abp + pab). (2)

Moreover, the interaction of a three-level atom with
the two cavity modes can be described by the Hamil-
tonian

Hy = ig[at[m)(l] + b |n) (m| — a|l) {m| —blm){n], (3)

where g is the atom-cavity mode coupling constant
assumed to be the same for both transitions. In this
paper, we take the initial state of a single three-level
atom to be

[¥(0)) = Aill) + Anln), (4)

where A; = (I|$(0)) and A,, = (n|(0)) are proba-
bility amplitudes for the atom to be in the top and
bottom levels, respectively. It can be easily verified
from Eq. (4) that the density matrix describing the
initial state of the atom can be rewritten in the form

s (P1(0) pa(0)
0= (03(0) 02(0))’ ®)

where p1(0) = |Ai]?, p2(0) = |A,[?, p3(0) = p;(0) =
= A;A%. The off-diagonal terms in Eq. (5) are zero
in a statistical mixture. On the other hand, in a co-
herent superposition of the top and bottom states of
this three level laser, these terms are nonzero which
leads to interesting physical properties that may be
understood employing quantum mechanics.

The Hamiltonian describing the coupling of the up-
per and bottom levels by coherent radiation at reso-
nance can be expressed as

Ay = i )l — Byinl] (©
in which
Q = 2uf. (7)
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Fig. 1. Schematic representation of a nondegenerate three-
level laser that has a nondegenerate parametric amplifier and
is coupled to the thermal reservoir

Here, [y, considered to be real and constant, is pro-
portional to the amplitude of the pump mode, and p
is the coupling constant between the pump mode and
a three-level atom.

On the basis of Eqgs. (3) and (6), the interaction
of a three-level cascade atom, whose top and bottom
levels are initially prepared in an arbitrary coherent
superposition and also coupled by external coherent
radiation, with a two-mode cavity radiation can be
described in the interaction picture by the Hamilto-
nian

A/

H' = ig[aljm) (1| - a|t){m| + b'|n)(m| — blm) (n]] +

i [y~ o] ®

In addition, we seek to consider when such atoms
are injected into a cavity at constant rate r, and re-
moved after some time 7, which is long enough for the
atoms to decay spontaneously to levels other than
the middle or the lower level. The spontaneous de-
cay rate 7y is taken to be the same for the two upper
levels. In the good cavity limit, v > k, where x is
the cavity damping constant, and the cavity mode
variables change slowly compared with the atomic
variables. Hence, the atomic variables will reac the
steady state in a relatively short time. The time
derivative of such variables can then be set to zero,
while keeping the remaining terms at the time ¢. This
procedure is referred as the adiabatic approximation
scheme. Since the coupling constant is taken to be
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small, we confine ourselves to a linear analysis that
amounts to dropping the terms of higher orders in g.
We thus find employing the linear and adiabatic
approximation schemes in the good cavity limit that
the equation of evolution of the density operator for
the cavity modes has, in the absence of a damping
through a coupled mirror, the form
dp  A¥q

dt ~ 2A

(2atpa — aa'p — paal) +

ASo o e
obsht — iths — sit
—|—2A(bpb b'hp — pbTb) +

AY

ot ont — sbtal + ba — ash
+2A(a,0b pbla’ 4+ bpa — apb) +

n AYy
2A

(atpbt — bfatp + bpa — pab), (9)

where
<2
A=(1+¢? <1+4>,

2 2
2= (14 5) + 0% - mo)%
3¢? ¢
RS ,01(0)7 + p2(0) (1 + 4> + p3(0) -

¢ ¢?

Sy — —p1(0)§ (1 - 2) + p2(0)¢ (1 + 4> - 10)

o) (1- %),

with ¢ = Q/v, A = 2¢°r,/~? is the linear gain coef-
ficient, a parameter directly proportional to the rate
(number of atoms per time) at which the atoms are
injected into the cavity, for the three-level atom, and
we have set p3(0) = p4(0) for the mathematical rigor.

On the other hand, the time evolution of the den-
sity operator for a two-mode cavity radiation cou-
pled to a two-mode thermal reservoir via a single-
port mirror is found, following a procedure described
by [15,19], to be

dp _ g
dt
+ 5 (e + 1) 2apa’ — atap— pata) +
188

+ g(mh +1)(2bpbT — bthp — pbih) +
+gmh(2iﬁpé— bbtp — pbb), (11)
where we assume Kk, = Kp = Kk is cavity damping

constant.

Finally, on account of Egs. (2), (9), and (11), the
equation of evolution of the density operator for the
cavity modes takes the form

% = ¢[pab — abp + a'blp — pa'dl] +

n g(nth +1)[2apat — atap — pata] +

+ % (AAzl + mth) [2a%pa — aa'p — paat] +

‘s (“‘f (e + 1)) [2b98" — 5165 — pb1E] +

1 ay A ~n ~n
+ 57 [2b7 pb — bbTp — pbbT]| —

AS; e .
-3 A3 labp — a' pbt + pbTa’ — bpa] —
ASy - A .
- TA4 [bfafp — af pbt + pab — bpa. (12)

This is the master equation for the cavity modes of a
nondegenerate three-level laser whose cavity contains
a nondegenerate parametric amplifier and is coupled
to a two-mode thermal reservoir.

On the basis of Egs. (A12) and (A13), we can write

d Ha Va 4
aa(t) = —701(15) + ?ﬂ (t) + foz(t)v (13)
LB =~ () — L)+ f3(0). (1)

where fo(t) and f3(t) are noise forces whose proper-
ties remain to be determined.

We now proceed to determine the properties of the
noise forces. It is obvious that the expectation values
of Egs. (13) and (14) are identical to Eqgs. (A12) and
(A13) provided that

(fa(t)) = (fs(t)) = 0.

Moreover, making use of Egs. (13) and (14), we can
verify that

(fat) fal)) = (fa(t) fs(t)) = 0,
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 3
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(FeO () = (3 falt)) =0, (17)
Ul 1720) = (T mnw) 2000,
(Fa)F5(0)) = rRnd(t ), (19)
(Fs(t)falt) = =0 —1). (20)

We note that Eqgs. (15)—(20) represent the correlation
properties of the noise forces f,(t) and fz(t) associ-
ated with the normal ordering.

It proves to be more convenient to introduce a new
parameter x defined by

(21)

with —1 < x < 1. For three-level atoms initially in a
coherent superposition of the top and bottom levels,

we find with the use of Eq. (21) that
1+x
V1—a2?
ps3(0) = —5—. (23)

Hence, substituting Eqgs. (15)—(20) along with (21)-
(23) into Egs. (13) and (14), we obtain

%a(t) = —&ralt) =0 BT (1) + falt), (24)

%ﬂ*(t) =~ B (t) —n_a(t) + f5(), (25)

where

o= e AT ()20
(26)

Ne = —;<2e+21 g(1+42)i %_

)

We find the solutions of the coupled differential
equations (24) and (25) by using the procedure de-
scribed in [20, 23] to be

aft) = Ay (t)a(0)+ By (6)87(0)+ Fr(8) + Wi (1), (28)
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 3

B(t) = A_(1)5(0)+B_(t)a™(0)+F_ () +W_(t), (29)

where
A= A £pe A EDN, (0)
By(t) = e — ™), (31)
Fa) =5 [laspe ey
=) O (32)
_ %/ 1_ 7A (t— t)+
0
(L4 p)e MO ()t (33)

t

T e e O e, @

0
t

W40=g:/k”““” e (V' (35)

W, (t) =

2

and ’

p=1tC (36)
- 50+ +4e Q)

9+ = v +

Jov==(-g) .

)\i:g AA[?’C\/ +x(1—)iV} (38)

with

V= [(1 +¢7)% + (g(l +¢%) + 4EAA>2 -

CREIE

3. Quadrature Squeezing

(39)

In this section, we will study the quadrature squeez-
ing of the light produced by a nondegenerate three-
level laser with a nondegenerate parametric ampli-
fier coupled to the thermal reservoir via a single-
port mirror. In general, the squeezing properties of
a two-mode cavity radiation can be described by two

quadrature operators [20, 21]
+¢), (40)
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é- =il — @), (41)
where

¢ = L(A +b) (42)
c = \/5 a ,

where @ and b represent the separate modes. In view
of the commutation relation [¢,éf] = 1, the quadra-
ture operators ¢4 and ¢_ are Hermitian and satisfy
the commutation relation
[¢4,¢-] = 2i. (43)
On the basis of these definitions, a two-mode light
is said to be in a squeezed state, if either Ac%r <1
and Ac2 > 1 or A2 > 1 and Ac®2 < 1 such that
AciAc_ > 1. The variances of the quadrature oper-
ators can be expressed as
Ac = (&) — (en)™ (44)
It is possible to express the variance of the quadrature
operators (40) and (41) in terms of the c-number vari-
ables associated with the normal ordering taking the
cavity modes to be initially in a two-mode thermal
state as

(45)

In view of the fact that the noise force at the time
t does not affect the cavity mode variables at earlier
times and taking the cavity modes to be initially in a
vacuum state, it is also possible to verify at a steady
state that

(@®(1)) = (B%(t)) = (" (1)B(t)) =0, (46)
AXy Kyﬁft _ 2 HT_Lt 2
(o (att)) = 57 h)(;M pY ¥ gy |
N (4% + sin) (1 +p)° + wliengd
8A_
R -29)a(1-p) | R =290 (L4p)
8\, 8A_
N (4% + min) (1 = p?) = wliengd
2(A +A)
190

(R = 2)aep .
2()\4- + ) ’
AXY — 2 _ 9
-+ 2+ 1+
(B*(H)B(L)) = (“8* + Ken)g” + wen(1 + p) n
8\
LR+ wia)g? + s (1-p)”
8A_
(M —2)g (14p) | (AR -20)g (1-p)
8A+ 8\
_ (Afl + kg ) g% — Kiign (1 — p?) N
20 +A0)
(4R —2)a-p
VSN 4
TPV W (48)
(a(t)B(t)) =
(AR 4 mi)g-(1 = p) + wiiengs (1 +p)
- 8hy
_ (% + Wﬁth)‘]—(l +p) + Kﬁthq+(l —p) B
8A_
(R -9 -p+a-q4) N
8A4
n (522 —e)(1—p®+q-qs) N
8A_
L (5* + KPu)g_p = kPugep
2(>\+ + )\_)
_ (5= —o)(1+p* —q_qy) (19)
200 + A_) :

We observe that Eqgs. (47) and (48), respectively,
represent the steady state mean photon number of
the cavity modes a and b.

With the aid of Egs. (46)—(49), Eq. (45) turns out
to be

A
Aci =1+ [A(F FX) + 2(kn £ 5)} X

(A +A2)2+4A A
SA A (A +A0)

AT
+ [(A + ﬁnth) (p2 + q% F 2q_p) +

A
+ kien(P® + 43 £ 2q4p) + (AX — 25) X

x [plgs —q-) = (p* - q—q+)]] X

[(/\+ + AP - 4)\+)\]
SAA_ (A +A)
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AT
" [(A * ’mth> (P F g-) = Klin(p £ g4) +

A Ar — AL
+ (22 - 8) (ar + q)] [( 4+A+/\_ )], (50)
where
1 ¢? 2 3¢ T
F—§+5+T—Z\/1—"E2—§, (51)
Ve m—— 2
X:_i(1+c2)+3§4x_12$2(1_<2) (52)

Equation (50) represents the variances of the
steady state of cavity modes for a nondegenerate
three-level laser whose cavity contains a nondegen-
erate parametric amplifier and is coupled to a two-
mode thermal reservoir. At the steady state, the sys-
tem and the environment assume thermal equilibrium
with each other. We observe that the equations of
evolution of «(t) and B(t) do not have well-behaved
solutions for A_ < 0. Hence, we note that the thresh-
old condition for the system under consideration is
attained, when

A_=0. (53)
This condition yields
AT 1+ | R
5max—4A|:_2+A:|a (54)
in which
2
syt (5 i ()
(55)
2kA 3 2

Equation (54) provides the maximum possible value
of the amplitude of a parametric amplifier for the
fixed values of the other parameters. The analysis is
therefore carried out for ¢ < eax.

In order to investigate the dependence of the
squeezing on the amplitude of external driving radia-
tion, the initial preparation of three-level atoms, am-
plitude of a parametric amplifier, and linear gain coef-
ficient, we plot the minus quadrature variance versus
these parameters keeping some parameters fixed.

We clearly see from Fig. 2 that the two-mode cavity
radiation exhibits the squeezing for all values of 7y

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 3
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Fig. 2. A plot of the minus quadrature variance [Eq. (50)] of
the two-mode cavity radiation at the steady state for ¢ = 0.001,
z=0.1, Kk =0.75, and A = 100

Fig. 3. A plot of the minus quadrature variance [Eq. (50)] of
the two-mode cavity radiation at the steady state for A = 100,
z=0.1, Kk =0.75, and € = 0.5

and ¢ < 1.2. Squeezing occurs for 7y, < 0.5 and 0 <
< e < 1.2 in this particular figure as the value of the
minus quadrature variance is less than one. It is found
that a maximum squeezing of 71% occurs for 7y, =
0 and € = 0.7. It is also verified that the degree of
squeezing decreases with the mean photon number of
the thermal reservoir for every values of the amplitude
of a parametric amplifier.

It is clearly evident from Fig. 3 that the two-mode
cavity radiation exhibits the squeezing for certain val-
ues of Ty, and (. It is not difficult to see that the
degree of squeezing decreases with the mean pho-
ton number of the thermal reservoir. Furthermore,
a maximum squeezing of 70% is found to occur for
nyn = ¢ = 0. It is also possible to see that the squeez-
ing does not occur for certain values 7y, and (. For
instance, the squeezing does not occur for 7y, > 0.7
and ¢ > 0.04 in this case. This is an indication of the
smallness of the system to be easily disturbed, when
the large thermal reservoir’s influence escalates (in-
crement in the temperature and then mean photon
number).

As we clearly see from Fig. 4, the squeezing de-
creases with the cavity damping constant for a spe-
cific value of the amplitude of a parametric ampli-
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Fig. 4. A plot of the minus quadrature variance [Eq. (50)| of
the two-mode cavity radiation at the steady state for A = 100,
fth = 0, x = 0.1, and ¢ = 0.001

4

3 — =0

0.004 0.006 0.008 0.01

Fig. 5. Plots of the minus quadrature variance [Eq. (50)] of
the two-mode cavity radiation at the steady state for z = 0.03,
A =1000, K = 0.75, € = 0.5, and for different values of 7y,

Fig. 6. Plots of the minus quadrature variance [Eq. (50)] of
the two-mode cavity radiation at the steady state for k = 0.75,
e = 0.5, iy, = 0.15, ¢ = 0.001, and for different values of A

fier chosen. The maximum squeezing of 60% occurs
for ¢ = k = 0.3. The squeezing in general increases
with the amplitude of a parametric amplifier for cer-
tain values of the cavity damping constant. Despite
the fact that it decreases with the cavity damping
constant, the cavity light still exhibits the squeezing
even for larger values of the cavity damping.

It is not difficult to see from Figs. 2, 3, and 4 that
the quadrature variance of the two-mode cavity radi-
ation strongly depends on the linear gain coefficient
A, amplitude external driving radiation ¢, amplitude
of the parametric amplifier €, mean photon number
of the thermal reservoir 7y, and initial preparation
of the atoms =z.

192

We now investigate the explicit dependence of the
squeezing of the two-mode cavity radiation on these
parameters. It is worth noting that the possibility for
generating highly squeezed light by altering various
parameters will make this system a reliable and at-
tractive source of squeezed light.

We see from Fig. 5 that the degree of squeezing de-
creases with the mean photon number of the ther-
mal reservoir. We find that there is no restriction
on the value of 7y, for which Eq. (50) has a well-
behaved solution for x = 0.03, A = 100, k = 0.75,
and € = 0.5. We observe that the squeezing is sig-
nificantly degraded by the thermal noise. This is due
to the influence of the thermal reservoir that deco-
herences the correlations induced in the two cavity
modes by the initial preparation atoms and exter-
nal driving radiation. A small effect of the reservoir
can outweigh to break the correlations between the
cavity modes thereby causing the two-mode light to
follow the classical properties in which the squeezing
cannot be observed. This result is in complete agree-
ment with the result that has been reported for a
Correlated Emission Laser (CEL) in [11].

We clearly see from Fig. 6 that the degree of squeez-
ing increases with the linear gain coefficient for x <
0.4 and decreases for = > 04. This indicates that the
more atoms are injected into the cavity at a time, the
more the degree of the squeezing of the cavity radia-
tion would be. In particular, a maximum squeezing of
66% occurs for x = 0.02 and A = 100. This encour-
aging result compared with the degree of the squeez-
ing generated by a parametric oscillator in which the
maximum possible squeezing is 50% [26]. Though the
squeezing increases with the linear gain coefficient
in this case, we cannot use arbitrary values of A,
since the steady state consideration fails (A_ < 0) to
be applied for larger values of the linear gain coeffi-
cient. Moreover, it is found that a further increment
in the linear gain coefficient for which A_ > 0 does
not lead to a substantial squeezing.

We clearly see from Fig. 7 that the two-mode cavity
radiation exhibits the squeezing for the external driv-
ing radiation of a relatively smaller amplitude. The
degree of squeezing decreases with the amplitude of
the coherent radiation. This indicates the fact that
pumping the atoms with stronger radiation than re-
quired destroys the squeezing.

Moreover, the effects of the cavity damping con-
stant and linear gain coefficient is indicated in Fig. 8.
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It is again observed that the squeezing increases with
the linear gain coefficient specially for the smaller cav-
ity damping constant. It is found that, for larger cav-
ity damping constant, a substantial degree of squeez-
ing cannot be achieved no matter how we increase the
linear gain coefficient. This is related to a well-known
fact that the lesser the cavity damping constant, the
more the radiation stays in the cavity which, in turn,
enhances the correlation that leads to the squeezing.
It can also easily seen in Fig. 9 that the squeez-
ing increases with the amplitude of a parametric am-
plifier. It is encouraging that the parametric ampli-
fier can amplify the squeezing in some degree against
the loss due the thermal noise. Such property of the
parametric amplifier is also observed for a degenerate
three-level laser [18] and a nondegenerate three-level
laser [20] coupled to the vacuum environment. The
squeezing rapidly decays near and at the threshold.
The effect of the pumping radiation is seen to improve
the degree of squeezing for the smaller values of ¢.

4. Entanglement Amplification

Here, we proceed to study the entanglement condi-
tion of the two modes in the cavity. A pair of par-
ticles is taken to be entangled in quantum theory, if
its states cannot be expressed as a product of the
states of its individual constituents. The preparation
and manipulation of these entangled states that have
nonclassical and nonlocal properties lead to a better
understanding of the basic quantum principles. That
is, if the density operator for the combined state can-
not be described as a combination of the product of
density operators of the constituents,

N ~(1 ~(2
p# > Pip @,
J

where P; > 0, and Zj P; = 1 is set to ensure the
normalization of the combined density of state. On
the other hand, a maximally entangled continuous
variable state can be expressed as a co-eigenstate of a
pair of EPR-type operators [24] such as X, — X, and
Pa + Pb. The total variance of these two operators
reduces to zero for maximally entangled continuous
variable states. But, according to the criteria set by
Duan et al. [25], the quantum states of the system
are entangled, if the sum of the variances of a pair of
EPR-like operators

ﬂ:Xa*Xb,
@:Pa—l—Pb7

(57)

(58)
(59)
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Fig. 7. Plots of the minus quadrature variance [Eq. (50)] of
the two-mode cavity radiation at the steady state for x = 0.03,
A =100, e = 0.5, g, = 0.15, and for different values of ¢

.5

Fig. 8. Plots of the minus quadrature variance [Eq. (50)] of
the two-mode cavity radiation at the steady state for z = 0.03,
¢ =0.01, e = 0.5, Ay, = 0.15, and for different values of A

Fig. 9. Plots of the minus quadrature variance [Eq. (50)] of
the two-mode cavity radiation at the steady state for x = 0.03,
x = 0.75, iy, = 0., A = 100, and for different values of ¢

where X, = (af +a)/v2, X, = (b1 +b)/v2, B, =
=i(at —a)/v2, P, = i(bl — b)/v/2, are quadrature
operators for mode a and b, satisfy

Au? 4+ Av? < 2. (60)

Thus, the sum of the variances of 4 and o is easily
found to be

Au? + Av? =2[1 + (a*(H)a(t)) + (B*(t)B(t)) —
—2(a(t)B(t))]. (61)
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Fig. 10. A plot of the steady-state entanglement [Eq. (62)]
of the two-mode cavity radiation for A = 100, n;, = 0.15,
kK =0.75, and e = 0.5

3

— iy =0

Fig. 11. A plot of the steady-state entanglement [Eq. (62)]
of the two-mode cavity radiation for A = 100, { = 0.001, kx =
= 0.75, € = 0.5, and for different values of

Fig. 12. Plots of the steady-state entanglement [Eq. (62)] of
the two-mode cavity radiation for A = 100, { = 0.001, x =
= 0.75, ngp, = 0.15, and for different values of

The term in the parentheses in Eq. (61) exactly repre-
sents the minus quadrature variance of the two-mode
cavity radiation. We can rewrite Eq. (61) as

Au? 4 Av? = 2Ac2, (62)

where Ac? is given in Eq. (50). It can be noted that
the degree of entanglement is directly proportional to
the degree of squeezing of the two-mode cavity light.

It is clearly indicated by Fig. 10 that the cavity ra-
diation is entangled for all parameters under consider-
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Fig. 13. A plot of the mean number of photon pairs of the
cavity radiation (Eq. (65)) at the steady state for x = 0.03,
k= 0.75, ¢ =0.03, and A = 100

N
0.05 0. 0.15 0.2

1
L
Fig. 14. Plots of the mean number of photon pairs of the
cavity radiation (Eq. (65)) at the steady state for e = 0.25,
k= 0.75, = 0.001, A = 100, and for different values of 7i;p,

ation except for the initial atomic coherence x = 1. It
can also be observed that the degree of entanglement
increases for smaller values of the initial preparation
of atoms and the amplitude of the driving radiation,
but decreases for the larger values. Moreover, it can
be noticed from Fig. 11 that the entanglement of the
cavity radiation decays with the thermal noise and
even disappears for larger values of the mean photon
number of the thermal environment. The paramet-
ric amplifier and the thermal noise have competing
effects on the entanglement properties of the cavity
radiation.

On the other hand, as is clearly seen in Fig. 12,
the degree of entanglement for the quantum system
under consideration can be enhanced by increasing
the amplitude of a parametric amplifier. It is found
that the effect of the parametric amplifier in this case
can provide a significant degree of entanglement for
smaller values of the linear gain coefficient and the
initial preparation of atoms. The effect of a paramet-
ric amplifier is insignificant for larger values of the
linear gain coefficient, and when a larger number of
atoms are initially prepared in the bottom level.
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5. Mean Number of Photon Pairs

In order to learn about the brightness of the gener-
ated light, it is necessary to study the mean number
of photon pairs describing the two-mode cavity radi-
ation that can be defined as
N = (@ (1)), (63)
where ¢(t) is the annihilation operator given by
Eq. (62). On the basis that the operators in Eq. (63)
are already put in the normal order, it is possible to
rewrite it in terms of c-number variables associated
with the normal ordering as

- 1

N =5 [{a”(O)a(®) + (B~ ()B(E)] (64)
Since (a*(t)a(t)) and (8*(t)B(t)) represent the mean
photon numbers in mode a and mode b, respectively,
N can be interpreted as the mean number of photon
pairs. It is easy to verify that Eq. (64) represents the
mean number of photon pairs N of the system. Mo-
reover, with the aid of Eqs. (47) and (48), one can
readily verify that

N

_ ng i) Ap +A2)2+4A

A T TR (A + )

I‘ET_lth
2

2A

+ (5% - ¢)wlas a1
AT
A

+ [p + (?X - 6) (g4 + (I—)] {Qg)\;\)\_)} (65)

The result presented in Fig. 13 indicates that the
mean number of photon pairs increases with the mean
photon number of the thermal reservoir and the am-
plitude of a parametric amplifier. The effects of the
former and latter parameters are also reported, re-
spectively, in Refs. [11] and [19].

Figure 14 explicitly illustrates the dependence of
the mean number of photon pairs on the mean num-
ber of the thermal reservoir and the initial prepara-
tion of atoms. The effect of the thermal reservoir is to
increase the mean number of photon pairs which we
believe here is the encouraging result. This effect is
more prominent nearly at the maximum atomic co-
herence. Moreover, it is easy to see that the mean

AT
+ [(p2+q2_)+ 2p* +¢* +¢})+

(As +A)2 — 4N A
SAA_(Ar +A)
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Fig. 15. Plots of the mean number of photon pairs of the
cavity radiation (Eq. (65)) at the steady state for z = 0.03,
k = 0.75, iy, = 0.15, A = 100, and for different values of

number of photon pairs appears to be smaller, when
more atoms are prepared initially at the bottom level.

Moreover, it is reflected in Fig. 15 that the effect of
the parametric amplifier enhances the mean number
of photon pairs. Therefore, it worth noting that the
careful manipulation of the amplitude of the paramet-
ric amplifier and mean photon number of the thermal
reservoir can produce an intense light with the con-
siderable entanglement and squeezing.

6. Conclusion

We have studied the entanglement and squeezing
properties of the two-mode light generated by a non-
degenerate three-level laser with a nondegenerate
parametric amplifier and coupled with the thermal
reservoir. We have obtained the master equation in
the good-cavity limit and in the linear and adiabatic
approximation schemes. Applying the master equa-
tion, we have derived equations of evolution of the
moments of the cavity mode variables. Making use of
these equations, we have calculated the quadrature
variance for the two-mode light inside the cavity at
the steady state. We have also analyzed the entan-
glement of the two mode cavity light at the steady
state. Finally, we have calculated the mean photon
number for the two-mode cavity light.

It is found that the effect of the parametric ampli-
fier in the laser cavity to produce a robust squeezed
and entangled light that remains stronger even for the
larger values of the cavity damping constant. More-
over, the parametric amplifier enhances the degree
of squeezing and entanglement when more atoms are
initially prepared at the top level, and its effect in
increasing the squeezing is limited for very small am-
plitude of the external driving radiation. Moreover,
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we find the mean number of photon pairs increase
with the mean photon number of the thermal reser-
voir and the parametric amplifier. The mean number
of photon pairs decreases with the initial preparation
of atoms in which more atoms are found in the ground
state and decreases with the amplitude of an external
driving radiation as always the case.

APPENDIX A
Stochastic differential equations

‘We now obtain the stochastic differential equations associated
with the normal ordering for the cavity mode variables. To this
end, we apply Eq. (12) and the fact that

d . dp(t) ;
4 gy = (22D 4).
dt dt

The time evolution of the expectation value of the cavity mode

variables applying the cyclic property of the trace operation
and taking the bosonic commutation relation into account

(A1)

turns out to be

d . _ _Ha i Va

Ly =L@ + 2, (A2)
D gy = oy _ ot

S = - - 2, (A3)
d a2y = i

£(6%) = —a@?) + valbla), (A1)
L) =~ (B?) — @), (45)
i ata —u.lata Var/otpt a

= (@a) = —patata) + 2 (alh) + @h) +

+ /;i + Kfgh, (A6)
B 515) = 1) — L (bat) + @) + g, (a7)
L@t =~ (na +m)lath) — 2@+ 26, (a9
B (o) = — 5 (a + ) @) — 2 @) +

+ 6 - 2 (A9)
in which

)u'a:‘%fAilz Nb:/‘@+%’ (AIO)
Ve = 2 + %, Vb:%—Qé. (A11)

We note that the operators in the above equations are in
the normal order. The c-number equations corresponding to
Egs. (A2)-(A9) are

oy = —Ha iy 4 Yaig

&(00— 2 () + 5 (B*)s (A12)
d, . M 7

£<5>*—?(ﬂ>—?<a ) (A13)
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4
dt

2487 = —m () — (a6,

(@) = —pa(a?) + va(B*a),

(A14)

(A15)

o'a) = —pra(o”e) + (0" B%) + ()] +

A¥y

T T

d o . Vb ) ax x _
E(ﬂ B) = —up(B*B) — E[(ﬁ a”) +(af)] + K,

d
dt
d
dt

10.

11.

12.

iy L gy _ Yo gr
(@*B) = =2 (na + mo){e™B) — ¢ %)+

(A16)

(A17)

Vg

~6'2),

(A18)

(@) =~ 2 (1a + m){af) — 2 (a%a) +

Va | x v
+?<5 B) — ER

(A19)
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I'EHEPYBAHHS{ IHTEHCHUBHOI'O
SAIIJTYTAHOI'O TTPOMEH# CBITJIA
HEBUPO/I>KEHUM TPUPIBHEBUM JIASEPOM
3 TAPAMETPIYHUM IIIJICNJIFOBAYEM

I TEIIJIOBUM PE3EPBYAPOM

JlaHo JteTanbHUT aHAJIi3 JBOMOJOBOIO KBaJPaTyPHOI'O CTHCHE-
HHS | CTATHCTUYHUX BJIACTHBOCTEN CBiTJIA, II[O T€HEPYETHCS He-
BUPOJ/PKEHUM TPUPIBHEBUM JIa3€POM 3 [TapaMETPUYHUM IIiJICH-
JoBadeM i TermsioBuM pesepByapom. Ha ocHoOBI kepyrodoro i
CTOXaCTHUIHOIO AUQEPEHIIHHOrO PiBHAHDL [OCIIIKYIOTHCS He-
KJIACUYHI XapaKTEePUCTUKU CBiTjIa, F€HEPOBAHOI'O KBAHTOBOIO
cUCTEMOIO. 3a JIONOMOIOK X PO3B’SI3KiB 1 KOPEJsIiifHUX Bja-
CTUBOCTEIl OIIEpATOPIB IIyMy 3HAJIEHO KBaJApaTypHE CTUCHEe-
HHsI, 3alJIyTyBaHHS 1 CepeJiHE YucJo mmap (POTOHIB CBiT/IA pe-
3onaropa. [lokazano, mo 30BHinIHE 30y12KyBaIbHE BUIIPOMIHIO-
BaHHS MaJIol aMILIITY U IHAYKY€E CUIIbHY KOPEJSIil0 BEDXHBOI'O
i HM2KHBOTO PiBHIB TPUPIBHEBHX aTOMIB i CHMJIbHE CTHCHEHHSI.
HasiBHicTh mapaMeTpUYHOro MiJCHJIOBaYa IiJIBUILYE CTYIHb
CTUCHEHHs CBiTjla pe3oHaTopa. BcTaHOB/IEHO, IO 3POCTaHHHA
CepEeIHBOTO YUCJIa TEIJIOBUX (DOTOHIB 3MEHIIy€ CTUCHEHHS, aJie
361/IbIIIy€E cepejiHE YUucyIo nap (pOTOHIB CBiT/Ia pe3oHaTOpa.

Katowoei c.ao06a: mapaMeTpUYHHUI IICUIIOBaY, KBaJpa-

TypHE CTHCHEHHS, 3AIJLy TYBaHHs, CEPEIHE YUCIIO ap (POTOHIB.
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