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Abstract: This study investigates the entanglement and squeezing characteristics of light generated by a non-degenerate, coherently
driven three-level laser in an open cavity, coupled to a thermal reservoir through a single-port mirror. By solving the master equation
and Hamiltonian, we derived the steady-state solutions for the atomic operators, enabling us to calculate the average photon number,
quadrature variance, entanglement, and normalized second-order correlation of the cavity radiation. Our results indicate that higher
spontaneous emission rates significantly reduce the average photon number, while the mean of thermal light({n,;)) enhance it. We
found that the light is squeezed primarily in the minus quadrature, achieving maximum squeezing of 37.9% at (n;;,) = 0, and slightly
decreasing with increased thermal effects. Spontaneous emission reduces photon number variance, while thermal reservoirs amplify it.
Additionally, squeezing enhances entanglement, and both are interdependent, with higher squeezing producing more entanglement.
These results have implications for quantum communication, computing, and sensing by improving secure communication, error

correction, and measurement precision.
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1 Introduction

Entanglement is a fundamental building block of quantum
protocols for information processing and communication.
It can be created and manipulated for various
applications, such as quantum cryptography, quantum
error correction, quantum computation, quantum
teleportation, and quantum dense coding [1]-[5]. The
development of continuous-variable entanglement has
recently garnered significant attention as a method for
carrying out quantum information processing and
managing quantum bits and discrete equivalents.
Generally, when a system interacts with its environment,
the degree of entanglement diminishes. However, the
level of entanglement plays a crucial role in the efficiency
of quantum information processing. Consequently,
creating highly entangled states that are robust against
external noise is essential. A two-mode squeezed state
can be used to prepare Einstein?Podolsky?Rosen
(EPR)-type entanglement, as it often violates classical
inequalities due to the strong correlation between the

cavity modes[6]. Steady-state entanglement has been
studied in two cases involving a non-degenerate
three-level laser: one where coherent light couples the
upper and lower levels of three-level atoms injected into a
cavity[16]-[21], and another where atomic coherence is
induced by preparing atoms in a coherent superposition of
the upper and lower levels [7]-[15]. The phenomenon of
”squeezing” in light, which has been extensively studied
by various researchers [23], involves reducing noise in
one part of the light while increasing fluctuations in
another. According to the uncertainty principle, this
results in reduced uncertainty in one quadrature while
increasing uncertainty in the other. Squeezed light has
potential applications in weak-signal detection and
low-noise optical communication [6, 10]

Furthermore, Abebe[21] examined the light squeezing
and entanglement attributes that are generated by a
nondegenerate three level laser in an open -cavity
configuration driven coherently while it is coupled with
two mode vacuum reservoir. A maximum quadrature
squeezing of output light lowered by 50% compared to

* Corresponding author e-mail: aliadem8519 @ gmail.com

© 2023 NSP
Natural Sciences Publishing Cor.


http://dx.doi.org/10.12785/qpl/120202

22 N SS =

A. Adem: Impact of Thermal Reservoir...

vacuum state level. Furthermore, Fesseha [10] has
explored the squeezing and statistical properties of light
produced by a three-level laser with atoms confined
within a closed cavity and pumped with coherent light.
According to his results, the largest quadrature squeezing
corresponds to 43% less than that of the vacuum state.

In this study, we investigate the quantum properties of
cavity light beams generated in an open cavity by a
coherently driven nondegenerate three-level laser. The
laser is coupled to a thermal reservoir via a single-port
mirror. We begin by utilizing the Hamiltonian equation,
which describes the coherently driven nondegenerate
three-level atom, to derive the quantum Langevin
equations for the cavity mode operators. Next, we derive
the evolution equations for the expectation values of the
atomic operators using the master equation and the
long-time approximation method. By solving these
equations, we obtain the steady-state solutions.
Importantly, we account for noise from operators
associated with the thermal reservoir to arbitrary order in
our calculations. Using the steady-state solutions and the
quantum Langevin equations, we compute the mean
photon number, quadrature variance, quadrature
squeezing, photon-cavity atom entanglement, and photon
number correlations within the system.

2 Operator dynamics

This paper investigates a case where N three-level atoms
are placed in an open cavity in a cascade configuration.
The three levels that represent the atomic states are |a)
for the top level, |b); for the middle level, and |c) for the
lowest level. The light emanating from the middle state
will be referred to as light mode b in the discussion that
follows, and the light emanating from the higher state as
light mode a. We assume that the frequencies of these
modes may be the same or different. In addition, we
presume that light modes a and b have frequencies that,
according to electric-dipole selection criteria, correspond
to transitions between two levels: |a); — |b); and
|bY — |¢)k; |a)x and |c)y are not connected by a direct
transition.

The interaction between a three-level atom and cavity
modes, as well as the coupling of the atom’s top and
bottom levels through coherent driving, can be
mathematically characterized by the Hamiltonian[10, 15]:

H=ig [6,1"&—&T6§+6;"B—13*6ﬂ —|—i% [6jk - aﬂ :
(1
Atomic lowering operators are denoted by 6¥ = |b)kk({al,
6f = |c)kk(b|, and o = |c)kk{a|. a, b, and ¢ here stand
for the cavity modes’ annihilation operators. The
coupling strength between the cavity modes and the atom
is given by the parameter g. The coupling strength
between the driving coherent light and the three-level

atom is represented by the constant A. Moreover, the
positive real number Q = 2Au is proportional to the
coupling coherent light’s amplitude.

N atoms
| la)
Y Ye Ula)y K
L L |b)
| ei——
p ¥ Ye Wy, Thermal

Reservoir

Fig. 1 A schematic representation of a non-degenerate three-
level laser coupled to a thermal reservoir. In this setup, u
represents the amplitude of the coherent light driving the
transition between the top and bottom atomic levels. The
parameter k denotes the cavity damping constant, which is
considered equal for both transitions. The top, middle, and
bottom levels of the three-level atom are labeled |a), |b), and |c),
respectively Additionally, y is assumed to be the same for both
states |a) and |b), represents the spontaneous emission decay
constant.

The quantum Langevin equations for the operators d
and b are given by [9,10]

da

K. .. o~ L
e —Ea—l[a,H] + Fy (1), 2)
db Kr . n A .
E__Eb_l[va]'i_Fb(t)a (3)

where Kk is the cavity damping constant.

With the aid of Egs. (1), (2), and (3), one can easily
establish that

da

< = 50— 88 +Falt), @)

~

db K ~ . .
E:—Eb—gol’f—ka(t). 5)
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Moreover, [10] provides the master equation for a three-
level atom interacting with a thermal reservoir.

dp o s Yo akasik  atkaka  Aaika
— = —ill.,p]+ 5 |26,p6}" — 6] 63p — p& 6,
dt 2
+205po]t - 6'elp - pojtof]
B (6)
+ 5 () +1) [mﬁaf —a'ap — pa*a]
+ §<n,h> {Mﬁa —aa'p — ﬁacﬁ} ,

where 7 is the spontaneous emission decay constant and is
assumed to be the same for levels |a) and |b).

fla = |a)uial, ©)
iy = |b)ui (bl. ®)
Using Eq. (1), we can put Eq. (6) in the form

dﬁ_g ATk A
a 2[0”

Atk An A ATk A ~tk7 A A ATkT AT oAk A
+gl6jkap —p&ta+6f'bp — po b—a'6Lp
—b'6p +pa’ ey +pb' 6]

+ 2 [26kpait ~nkp - pat+264p6]" — np — pf
+ §(<n,h> +1) {2@,5@* —atap — ﬁde]
K ptan  aata  aaat
+§<n,h> [Za pa—aa'p —paa }
)
Now applying the relation
d, . . .dp.
along with Eq. (9), we can easily establish that
d . . R A P Q .
“-(6%) = —v(6%) +e | (Afa) — (Aka) + (6'6%)] + 5 (61",
(11)
d o YV NPT a2 ik
- (68) = —2(6h)+g (D) — (kD) + (@' 65) | - = (611,
(12)
d g YV ak Ak g AkD Q0 ek
“(68) = —1(6%)+g |(65) — (61D)| + (b — (L))
(13)
d . R kA L Q N
0l = —y(l) +¢ [(61%a) + (a'6) | + S [(6)+ (65))
(14)
d . . . St A Atk Atk A
0 = v [ () — ()] + 6B &) + (6]*D) — (64a)
(" st)],
(15)

d,, N aw TN Q. N
T0E) = ving) —g [ (67 65) +(6)B) | - S 161+ (64,
(16)
where
fle = le){cl. (17)

Since Egs. (11)-(16) are nonlinear differential equations,
it is impossible to precisely determine their
time-dependent solutions. By using the large-time
approximation, we hope to overcome this issue [13]. The
roughly valid relations are then obtained from Egs. (4)
and (5) using this approximation approach.

R 2 .
a=—"el+=Fi(0), (18)
R 28 .k 24
b=—— — (). 1

Lok + 2 hy(0) (19)

These would obviously prove to be accurate relations in
a stable state. Eqs. (18) and (19) are now combined with
Egs. (11)-(16) to obtain

d . N Q
2(60) = ~[r+ 6D + 5 (6"
+ 28 [aka(e)) — (LR + (5 6]
(20)
9oty =~ [L+E]weh - 2ot
+ =5 (kR (0) = (REB(0) — (B (65)]
(2D
C6ty=— [T+ L] 64+ 22 [(8hEute)) — (6],
o (22)
S8 = ~ I+ xl )+ 2164+ (6 .
+ 28 [lok (o) + (] )6k)]
SR =~ Iy + 0] () + [+ ] ()
+ U (0068 + (6] Ay(0)) — (6] Fu(r)) Y
~(F 6],
0k = [r+xl () - 16 + (64 o
28118 (b + (6] A0
where e
8
Y= (26)

is the stimulated emission decay constant.
We next proceed to find the expectation value of the
product involving a noise operator and an atomic operator
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that appears in Eqs. (20) - (25). To this end, after removing
the angular brackets, Eq. (23) can be rewritten as

d . e o
Sk = — [yl k2B 6B () + (1) 6E
dt K 27)
0 R (
+ 5 (67 +(6)] + (),

where the noise operator connected to f), is denoted by
Ja(t). This equation’s formal solution is expressed as

AL = AL0)erH0r

t f N A
o [t ﬁg (654 () Eult) + B ()65 (1")]
Q ~tk ~k 2 ! /!
+ 5 (65 +(8) 4 fult") | d'.

(28)

After taking the expected value of the resultant equation
and multiplying Eq. (28) on the right by F,(z), we have

(29)

The approximately valid relations can be written by
ignoring the noncommutativity of the atomic and noise
operators as well as the correlation between F,(t) and

PN

6X(¢"), which is assumed to be very tiny [6].

N

(64" Ealt") Ea(0)) = (6,1(")) (Fa) Eu()) = 0, (30)
(F3 (1) 63 (1) Ea(1)) = (5 (1) Fal)) =0, B)

(Fa(t)Ea(r)) = (fat"))(Fu(t)) = 0. (32)

Now, because of these roughly correct relations and the
idea that a noise operator £ at one point in time shouldn’t
have an impact on the atomic variable at a previous point
in time, Eq. (29) has the following form.

(fla (1) 1)) = 0. (33)
Following a similar procedure, one can also check that
(s (1) Fa(1)) =0, (34)
(A (0 (1) =0, (35)
(A5 (1) Fy (1)) =0, (36)
(F](1)6,(1)) =0, (37)
(Fy (1)65(1)) =0 (38)

We also take
(F(1)85(1)) = (£} (1) 85 (1)) = 0. (39)

Using Egs. (33)-(39) in to Egs. (20) - (25) and
summing over the N three-level atoms, so that

e =~y Xl ) + S ), @0)

S =12+ o) - Z0al), @n

& tn) =12+ Ehoma + 210~ (), @)
&) =~ xS+ S+ ], @)
DRy =~ 0] () + Iy +wl (), @)
SR =l r) (W) - S+ )] @)

Furthermore, by defining 6¥ = |b)kk(a| and setting
6% = |b)(a| for any k, we find 7, = N|b)(a|. Following
the same procedure, it can be shown that iy, = N|c)(b],

e = Nlc){al, N, = Nl|a)(a|, N, = N|b)(b|, and
N, = N|c){c|.

Moreover, using the definition
= 1, + 1y, (46)

and considering Eqs. (46), we have

=N, +8,), (47)
" = NN, +N,), (48)
iw* = Nif,. (49)

Applying the large-time approximation scheme to
Eq. (43), we find . .
{Np) = (Na)- (50)

The steady-state solution of Egs. (42) and (44) can be
expressed as

“ Q
Np) = e 51
(R) = o) &)
Q 2 . .
M) = Ng) — (Ng)). 52
(e (7+%) ((Ne) = (Na)) (52)
Subsequently, we find
. [ Q? ]
Ny) = |——5———|N. 53
A eaecieres] G
. [ Q? |
Np) = | ——— = |N. 54
A eaeciery oY
[ Qr+r)
o) = N. 55
(N (e ey )
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(Ng)y = {W} N. (56)
(r+7)" +3Q2

Following the procedure outlined in [21,15], for a

system of N atoms, we obtain the following differential
equations:

da

E:—Ea—i-\/ﬁma—F\FF() (57)
db_ Ky 8 o R (58)
dt 27 VN b e

Additionally, by combining Eqgs. ((57) and (58)), we
obtain

% - —gé—i- %m%/ﬁﬁcu), (59)
where X A R
Fe(t) = Fa(t) + By (1) (60)
and A
¢=a+b. 61)
The noise operator (F.(t)) follows correlation
properties[7]:
(Fe(n)) = (62)
(Fl(n)F(1") =2x < > (r=1), (63)
(FIn)EL () = (B (1)) =0, (64)

/\

(F.(t )F (")) =2k ((n) +1)8(t —1'). (65)
Thus, applying the large-time approximation scheme, the
adjoint solution of Eq. (41) is found to be

N [p)

i, ig()). (66)
Substituting Eq. (66) into Eq. (40), we find

d . 1 R

i) = =3 Mo (ha(), (©7)
where 19 = W By a similar procedure for Eq.
(41), we obtain

< (n) =~ 3ol (1) (©8)

Adding Egs. (67) and (68), we get
L (1)) = — S mol(e) — Lm0l (1)).  (69)
ar M= g o)) = g Moall)) -

With the atoms initially in the bottom level, the solution of

Eq. (67) is

(1ing(1)) = 0. (70)
Similarly, the solution of Eq. (68) is
(i (1)) = 0. )

Therefore, the expectation value of the solution of Eq. (59)
is

(é()) =0. (72)

3 Photon statistics

Our goal in this part is to find the photon number mean and
variance for the steady state two-mode cavity light.

70

60/ 4
= [ — <n,>=0.0
—oié 50 . <nth>=0.2 n
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Fig. 2 Plots of the mean photon number for the two-mode cavity
light at steady state [Eq. (88)] as a function of Q for various
parameter conditions. The plots are shown for k = 0.8, ¥, = 0.4,
y=0.2, and N = 50, with varying values of (n;;,).
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Fig. 3 Plots of the mean photon number for the two-mode cavity
light at steady state [Eq. (88)] as a function of Q for various
parameter conditions. The plots are shown for k = 0.8, 7. = 0.4,
(ny,) = 0.2, and N = 50, with varying values of 7.

Starting with the relationship

jt<éT(t)é(t)> <dcdt<)é(r)>+<éf(r)d2(;)>, (73)
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along with Eq. (59), we find

d s\ At/ A 8
E<c*t)c(t)> = —k(e" (e 7

(¢!
+ (i '()()>]+\F[<FT()()>+<T() ()>]-
)-

Next, we aim to evaluate (¢'(¢)(t)). By applying the
large-time approximation to Eq. (59), we obtain the
approximately valid relation

2g 2+/N .
m+——F.(t).
KvN K ()
Multiplying the adjoint of Eq. (75) on the right by () and

taking the expectation value of the resulting expression, we
find

(& (tymr)) =
(76)

We will now calculate (F(r)mi(t)). Starting with the
formal solution of Eq. (69):
F.(t))dr'.

77[4_/ t l %l/ha(l‘/)—i—
(77)

Multiplying Eq. (77) on the left by £ (¢) and taking the
expectation value of the resulting expression, we get:

(74)

&r) = (75)

(R0} + Bn(o)]+ 20

Mo

y(0))e ¥
+/ ”)[ ™ ey
R <>>]dr

Fig. 2 illustrates the mean photon number of two-mode

cavity light under various conditions of the mean thermal
light. The results show that the mean photon number in
the two-mode cavity increases as the mean thermal light
({nsp)) rises. Conversely, Fig. 3 depicts the effect of the
spontaneous emission rate on the mean photon number of
the two-mode cavity light. The results indicate that the
mean photon number decreases as the spontaneous
emission rate increases, suggesting that a higher
spontaneous emission rate negatively impacts the photon
count, leading to a reduction in the mean photon number
within the two-mode cavity.

Fig. 4 illustrates the plots of the mean photon number
for the two-mode cavity light at steady state versus 7y
under various parameter conditions, with x = 0.8,
Y = 0.4, and Q = 0.3, for varying values of (n;,). As the
mean photon number increases, the mean of thermal light
also increases for small values of the spontaneous
emission rate. Assuming that the cavity mode and atomic
mode operators are uncorrelated and that a noise operator
F at one point in time shouldn’t have an impact on the
atomic variable at a previous time, we obtain

(B (0)m(r)) = 0. (79)

L (t)m(n)).

=
(=]
T

— <n,>=02

— <n,>=0.0

—— <n >=0.5
th
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Fig. 4 Plots of the mean photon number for the two-mode cavity
light at steady state [Eq. (88)] as a function of y for various
parameter conditions. The plots are shown for k = 0.8, 7. = 0.4,
0 =0.3, and N = 50, with varying values of (n;;).

Fig. 5 Plots of the mean photon number for the two-mode cavity
light at steady state [Eq. (88)] for different parameter variations.
Mean photon number is shown as a function of €2 and y for k =
0.8, ¥ = 0.4, (n;) = 0.02, and N = 50.

On account of this result, Eq. (76) takes the form

We next seek to evaluate (Ff(¢)é(¢)). To this end, a
formal solution of Eq. (59) can be written as
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Fig. 6 Plots of the mean photon number for the two-mode cavity
light at steady state [Eq. (88)] for different parameter variations.
Mean photon number is shown as a function of Q and (n,;) for
Y=02,k=0.38, % =04, and N =50.

Multiplying Eq. (81) on the left by £ (¢) and taking the
expectation value of the resulting expression, we get

<ﬁ*<r>é<o>>e g
Rl S ALGL T TR
FVNELOE)

A

(El(ne(n) =

dr'.

| R

Eq. (82) becomes because of Egs. (63) and (79) as well as
the idea that a noise operator ¥ at one point in time
shouldn’t have an impact on the atomic variable at a
previous time.

(EI(1)e(1)) = VN{ny)x. (83)

Now on account of Eqgs. (80) and (83) along with their
complex conjugates, we can rewrite Eq. (74) as

d , . .. ()6 464 [ o
E<cT(z)c(z)>:—x<c* &)y +— . {<Na(t)> "
" <fvb<r>>} L 2N ().

The steady-state solution of this equation is expressible

(efey =L [(f) +

Following a similar procedure, one can establish that

as
(Np)] + 2N (ngp). (85)

(6" = L [(Re) + ()] +2N () + 1), (86)

(@) = L), 87)
Considering Egs. (50), (53), and (56), Egs. (85) and (86)
can be expressed as
20

L -
(r+%)"+3Q?

K

+2N (), (88)

207+ (y+71.)?

eety = ¥
(Y+7%)" +3Q2

. +2N () +1). (89)

The mean photon number of a cavity mode can therefore
be interpreted as the total of the mean photon number of
laser light and the mean photon number of the thermal
reservoir, as shown by Eq. (88). The shape of the mean
photon number of the two-mode cavity light is as follows

for ((n);, = 0).

202

_ YN
ne = —22
(Y+7%)" +3Q

K

(90)

Figs. 5 and 6 provide a detailed examination of how
various factors influence the average number of photons
in the two-mode cavity light. Fig. 5 illustrates the
relationship between the mean photon number and two
critical parameters: the amplitude of the driving coherent
light and the spontaneous emission rate. The graph clearly
shows that as the amplitude of the driving coherent light
increases from 0 to 10, the average photon number rises
accordingly. However, this trend reverses with an increase
in the spontaneous emission rate, which causes a decrease
in the photon number. This behavior highlights the role of
external driving forces in regulating the photon
population within the cavity, as well as the dampening
effect of spontaneous emission.

Fig. 6 further investigates the impact of the thermal
reservoir on the average photon number in the cavity. The
mean photon number of the thermal reservoir, (n), has a
pronounced effect on the cavity’s photon population. In
the absence of thermal photons ({n;;,) = 0), the average
photon number in the reservoir is zero, establishing a
baseline for the system. This condition is essential for
understanding how thermal photons contribute to the
overall dynamics. As the thermal reservoir is introduced
with (n,,) = 1, the average number of photons in the
cavity significantly increases. This increase demonstrates
how even a modest presence of thermal photons can
substantially enhance the total photon population within
the cavity modes. The thermal reservoir essentially acts as
an additional energy source, boosting the overall photon
count.

Furthermore, the variance of the photon number for the
two-mode cavity light is expressible as

(An)> = ((e'e)*) — (&'¢)%. ©1)

Using the fact that ¢ is a Gaussian variable with zero mean,
we readily get

(An)* = (&7e)(ee™) + (&)(e). (92)
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Considering Egs. (85), (86), and (87), Eq. (92) can be
rewritten as

(@n = %W+ 65 ) + 2N

(@4 () +2M (a4 1) O
()2,

Finally, on account of Egs. (50), (53), (55), and (85) along
with Eq. (93), we arrive at

3
n-+1
+3n2

(An)zz(y;) Kfﬁ?g) +3<1f;vn2>2]
()T e
7(2
Kk \1

>N2< o)+ 4N (ng)?

+
RS [\®]
=
[\)
S
=

For (n;,)=0, we readily find

Yol 212N \° o\’
= 7| () (5
) |\ 15312 11312 5

% (MN)?
kK 14+3n?%’

where

Q
YHY%
Our result shows that the photon number variance of the
two-mode cavity light is greater than the one obtained by
Tamirat [15]. This must be due to the reservoir noise
operators.

n= (96)

4 Quadrature squeezing

We now proceed to calculate the quadrature squeezing of
the two-mode cavity light in the entire frequency interval.
To this end, the squeezing properties of the two-mode
cavity light are described by two quadrature operators
defined by
ey =0"4¢ 97)
and
¢ =i —e). (98)

It can be readily established that [14, 15]
oo =2 () - B - avi. ©09)
It then follows that [16,17]

Acide = L(F) — (R +2v. (100)

140 —— : : —
[ — =00
[ — =02 -
135 ytO.S

115 *

‘ \ ‘ \ ‘ \ ‘ \ ‘
1100 0.2 0.4 0.6 0.8 1

Fig. 7 Plots of the minus quadrature for the two-mode cavity
light at steady state [Eq. (105)] for different parameter variations.
Minus quadrature is shown as a function of 2 for k =0.8, 7. =

0.4, (n;;) =0.02, N = 50, and varying values of y.
140 T T T T T
— <n,>=0.00
135+ — <n,>=0.02 -
<n,>=0.05
130 -
o125
d
120
115
‘ | ‘ | ‘ | ‘ |
! 100 0.2 0.4 0.6 0.8 1

Fig. 8 Plots of the minus quadrature for the two-mode cavity
light at steady state [Eq. (105)] for different parameter variations.
Minus quadrature is shown as a function of 2 for y=0.2, k =
0.8, 7. = 0.4, N = 50, and varying values of (n;,).

Upon setting Q2 = 0, we see that

Ye

AciAc_ > “IN+2N. (101)

This represents the quadrature variance for two-mode
vacuum state. The variance of the quadrature operator is
expressible as

(Acs)? = (& +&)2) F[(¢T+ )%, (102)
so that on account of Eq. (73), we have
(Acs)? = (&76) + (66T £ (67) + (&2). (103)
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Fig. 9 Plots of the minus quadrature for the two-mode cavity
light at steady state [Eq. (105)] for different parameter variations.
Minus quadrature is shown as a function of £ and (n,;,) for x =
0.8, 7% =04, y=0.2,and N = 50.

Fig. 10 Plots of the minus quadrature for the two-mode cavity
light at steady state [Eq. (105)] for different parameter variations.
Minus quadrature versus £ and ¥ for (n;,) =0.02, k =0.8, . =
0.4, and N = 50.

Now employing Egs. (85), (86), and (87), we arrive at
(dcsy? =1 <3<Na> +(Re) i2<ﬁ%>) +4N(ngy) +2N,

(104)
Considering Egs. (53), (55), (56), and Eq. (104) can be
rewritten as

(AC:t)2 — }/CN

an?+2n+1
K

T >+4N<nm>+2N, (105)

Furthermore, when we substitute 1 = 0 and (n;;) =0
into Egs. (106), we obtain

2 Y

2_KN1oN.
K

(Acy)? = (Ac_) (106)

o (e p—(ac )

(Ac )2 (107)

! ! !
0 0.2 0.4 0.6 0.8
Q

Fig. 11 Plots of the quadrature squeezing for the two-mode
cavity light at steady state [Eq. (108)] for different parameter
variations. Squeezing is shown as a function of Q for k¥ = 0.1,
Ye = 1.2, y=0.2, and varying values of (n;,).

0.4

! ! !
0 0.2 0.4 0.6 0.8
Q

Fig. 12 Plots of the quadrature squeezing for the two-mode
cavity light at steady state [Eq. (108)] for different parameter
variations. Squeezing as a function of Q is shown for k¥ = 0.1,
Ye = 1.2, (n,;) = 0.02, and varying values of 7.

Using equations (106) and (107), Eq. (108) can be
expressed as

G_ X (Zn —nz) _ A
Ye+2K \ 14312 Ye+2K

We find that the degree of squeezing in the quadrature

is independent of the number of atoms, unlike the mean
photon number. This suggests that the quadrature
squeezing of the light inside the cavity is independent of
the number of atoms. Moreover, we find that the
quadrature squeezing is diminished by the cavity mode’s
interaction with the thermal reservoir. The plots in Fig. 11
show that the maximum quadrature squeezing is 37.9%

(108)
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for (n)y, = 0, 37.5% for (n),;, = 0.02, and 37% for
(n)y, = 0.05. As the mean thermal photon number
increases, the squeezing decreases. Thermal reservoir
noise accounts for the below results as compared to [10,
22]. Similarly, Fig. 12 demonstrates that the squeezing
decreases with increasing spontaneous emission rate,
especially at low values of the driving coherent light
amplitude.

Fig. 13 Plots of the quadrature squeezing for the two-mode
cavity light at steady state [Eq. (108)] versus 2 and y for k = 0.1,
Ye = 1.2 and (n;;) = 0.02.

S Entanglement Properties of the Two-Mode
Light

In other words, if the density operator for the combined
state cannot be expressed as a product of the parts’ density
operators,

p# Y. Pip; QP;, (109)
J

where } ;P; =1 and P; > 0 are chosen to guarantee that

the total density of state is normalized. Many criteria have

been devised in the modern period to quantify, identify,

and control the entanglement produced by different

quantum optical systems.

A system’s quantum state is considered entangled,
according to DGCZ, if the inequality is satisfied by the
sum of the variances of the EPR-like quadrature
operators, # and V.

(A)* 4 (AD)? < 2N, (110)

where
=R, — £p, (111)
V= Pa+ Pb, (112)

where £,=(a" +4)/Vv2,
a)/v2,

)/ V. £p=(b" +b)/V2 pa=i(a’ —
pp=i(b" —b)/+/2, are quadrature operators for

modes a and b. Taking into account (112) and (113), (111)
yields

(AR + (A9)% = 2K [N (8) — ).

- (113)

Thus, in view of equation (104) together with (113) the
sum of the variances of 7 and ¥ can be expressed as

(AQ)? 4 (AD)? =242, (114)
where Ac? given by (105). This result clearly shows that
the degree of entanglement is proportional to the degree
of two-mode light squeezing. This relationship suggests
that entanglement will always exist in the system when
there is two-mode squeezing. It’s crucial to remember that
the entanglement vanishes along with the squeezing. This
is due to the fact that equation Eq. (104) states that the
squeezing directly affects the existence of entanglement.
It also implies that the degree of entanglement is
dependent on the number of atoms, just like the mean
photon number and quadrature variance. We obtain that
there is a large entanglement between the states of the
light generated in the cavity with the aid of criterion
Eq. (110). This is the outcome of a strong correlation
found in the radiation that is released when atoms move
from an upper energy level to a lower energy level via an
intermediate level. To clearly show the available
entanglement for different values of the spontaneous
emission rate, Y, the variances of a pair of EPR-type
operators, A% + A2, are plotted against the driving
coherent light in the accompanying figure.

5.1 Cavity Atomic-States Entanglement

A necessary condition for identifying entangled quantum
states is the notion of quantum entanglement between the
two cavity modes a and b, as put out by Duan, Giedke,
Cirac, and Zoller (DGCZ)[23]. A quantum state is
considered entangled in the DGCZ framework if the sum
of variances of the EPR-like quadrature operators i and ¥
satisfies the following inequality: If the inequality is
satisfied by the total variances of the EPR-like quadrature
operators # and 7.

(A)* 4 (AD)? < 2N?, (115)
The system’s quantum states are thought to be entangled.
Similarly, the cavity atomic-states are entangled if the sum
of the variances of a pair of EPR-like operators is provided
by

A A/ A/
U=Xq—Xp,

(116)

/ U
V:pa+pb? (117)
where the atomic quadrature operators are defined as
At s . A
S r?lZJrrﬁa S mz+mb A iy =y 77y, — 1y,

A/_
= ,and p;, =i N

o= " Ry = = P =
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Given that 71, and 771, are Gaussian variables with zero
means, it can be verified that:

leading to the conclusion that:

(A2)* + (A9)* = N[N + (N,)) — 2(rhc)]. (119)

Considering Eq. (53) and (55), the steady-state
entanglement of the cavity atomic-states of the two-mode
cavity light is expressed as:

2 2 o [(Y )P 422 -22(r+ 1)
(Ad) +(AV)"= N CERAEREYoE .

(120)

60 I

(Au) *+(Av) °
wn W
() N

N
W

\ \ \ \
400 0.2 0.4 0.6 0.8 1

Q
Fig. 14 Plots of Au? + Av? of the two-mode cavity light
[Eq. (114)] versus 2 for . = 0.4,k = 0.8, and N = 50 for
different 7.

From the plots in Figs. 14 and 15, we observe that as
the spontaneous emission decay constant increases, the
atom entanglement decreases at the same value of Q.
Similarly, the data in Fig. 16 indicate that atom
entanglement decreases with an increasing spontaneous
emission decay constant, y. From these plots, we see
values of k¥ = 0.8, 7. = 0.4, and N = 50. For large
amplitudes of driving coherent light, entanglement
decreases as spontaneous emission increases. Unlike
squeezing, entanglement is independent of the mean of
thermal light.

3000 T

2500

+Av)

2000

~

(Au)

1500

! ! ! !
10000 0.2 0.4 0.6 0.8 1

Q

Fig. 15 Plots of Au®> + Av? of the two-mode cavity light
[Eq. (120)] versus Q for . = 0.4, and N = 50 for different .

Fig. 16 Plots of Au®> + Av? of the two-mode cavity light
[Eq. (120)] versus y and €2 for ¥, = 1.2, and N = 50.

6 Normalized Second-Order Correlation
Functions

It is also possible to examine the second-order correlation
function for the superposition of the two cavity radiation
modes at the same time by utilizing [18]-[21]:

(a*ab'b)
(@'a) (bb)
At the steady-state, the normalized second-order
correlation function for the two-mode light adopts the

following form since @ and b are Gaussian variables with
vanishing means.

g0 (0) = (121)

@ (bay(a'b’)
o= ) (e
It then follows that
) (e)?
0)=14-—F—=. 123
RN AT 2
In view of (50), (53),(55) and (118), we obtain
2
@) _ Y+Y%
8oy (0) =1+ {Q} : (124)
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Fig. 17 Plots of gEi?h) (0) of the two-mode cavity light versus

[Eq. (124)] L2 for y. = 0.4, for varying value of .

Fig. 18 Plots of gEi?b)(O) of the two-mode cavity light

[Eq. (124)] versus r and £ for y. = 0.4

This result shows that the number of atoms has no
effect on the two-mode light’s second-order correlation
function.

The second-order correlation function for the
two-mode light as a function of Q in the cases where
spontaneous emission is present (y # 0) and absent
(y=0) is depicted in Figs. 17 and 18.

These graphs unequivocally demonstrate that in both

cases, the value of g((f,i(O) falls as £ increases. In

particular, Figs. 12 shows that when Q < 0.01, the
second-order correlation function becomes unimportant.
Furthermore, the influence on the second-order
correlation function is amplified in the presence of
spontaneous emission.

7 Conclusion

In this work, we studied the properties of light created by
three-level atoms in an open cavity powered by coherent
light, including its squeezing and entanglement. We got
the steady-state solutions of the evolution equations for

the expectation values of atomic operators and the
quantum Langevin equations for cavity mode operators
using the large-time approximation method. We
calculated the quadrature variance, quadrature squeezing,
and entanglement for the steady-state two-mode cavity
light using these answers. Furthermore, we obtained the
superposition of the two modes’ normalized second-order
correlation function. Our findings indicate that intracavity
quadrature squeezing is improved by spontaneous
emission. We discovered a significant correlation between
squeezing and entanglement, suggesting that higher
squeezing levels are associated with higher entanglement
levels. This relationship demonstrates that entanglement
always exists in the two-mode light when squeezing takes
place. In addition, our analysis shows that there is a
strong correlation between photons inside the laser cavity,
and that correlation gets stronger as the spontaneous
emission decay constant, Y, increases. Consequently,
increased entanglement, squeezing, and photon number
correlation are caused by spontaneous emission. On the
other hand, quadrature squeezing is decreased and the
mean and variance of photon counts are increased in the
presence of a thermal reservoir. The findings of this study
have several potential practical applications. The ability
to achieve significant squeezing and control over
entanglement in cavity light can be highly beneficial for
quantum  information  processing and quantum
communication technologies. Specifically, the results
could enhance the performance of quantum key
distribution (QKD) systems by providing more reliable
entangled photon sources. Furthermore, the insights
gained from this study could contribute to the
development of high-precision measurement devices,
such as quantum sensors and interferometers, which rely
on squeezed light to achieve superior sensitivity.
Although this work offers valuable insights into the
quantum properties of light in a three-level atomic
system, there are still a number of unexplored research
areas. Studying how squeezed vacuum reservoirs affect
the system is one possible path, and exploring how a
parametric amplifier might be included into the cavity is
another. Moreover, our study recognizes specific
limitations, such as maintaining the stability of the open
cavity system and precise control of the coupling between
the thermal reservoir and the cavity mode.
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