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Abstract

We have investigated the squeezing and statistical properties of the light
produced by a coherently driven nondegenerate three-level atom in an open
cavity coupled to a vacuum reservoir via a single-port mirror. We carry out our
analysis by considering the vacuum reservoir to be a noiseless physical entity
and by applying the large-time approximation scheme to the quantum Langevin

equations.

We have found that the mean photon numbers of light modes a and b are the
same in the absence of spontaneous emission and the mean photon number of
light mode a is greater than that of light mode b in the presence of spontaneous
emission. Our analysis also shows that mode a is in general in chaotic state
while mode b is in a chaotic state under certain conditions. It is also found that the
superposed light modes are in squeezed state with a maximum quadrature
squeezing of 43% for y =0 and 46.5% for y = 0.1 below the coherent vacuum

state level.
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Chapter 1

Introduction

The interaction between a three-level atom and light has been a subject of
considerable interest of study for many years [1-15]. It has been established that
a three-level atom under certain conditions generates squeezed light
[1,2,3,4,7,11,12,13,14,15]. In a three-level atom the top, intermediate and bottom
levels are denoted by |a), |b), and |c), respectively. The atom may be
continuously pumped from the bottom to the top level by electron bombardment
or coherent light. A three-level atom in the top level may decay to level |b) and
then to level |¢) due to stimulated emission; or it may decay to the bottom level
due to spontaneous emission. It is worth mentioning that the aforementioned
processes do not occur simultaneously. Moreover, when the three-level atom
makes a transition from the top to the bottom level via the intermediate level, two
photons are emitted. If the two photons have the same frequency, then the three-
level atom is called degenerate three-level atom otherwise it is called

nondegenerate [1,12,13].

The squeezing and statistical properties of the light produced by a
nondegenerate three- level atom have been studied by deferent authors
[1,2,3,4,7,11,12,13,14]. These studies show that the nondegenerate three-level
atom can produce squeezed light under certain conditions. Using the quantum
Langevin equation, Lamrot Hailu [1] has shown that the superposition of the light

modes produced by a nondegenerate three- level atom is in a squeezed state. In



addition, Lu and Zhu [4,7] have considered a nondegenerate three-level laser
with the atoms initially prepared in a coherent superposition of the top and bottom
levels. They have predicted a maximum squeezing of 50% of the superposed

cavity modes.

In this thesis, we seek to study the dynamics of a coherently driven
nondegenerate three-level atom, in open cavity coupled to a vacuum reservoir via
a single-port mirror. We carry out our analysis by putting the vacuum noise
operators in normal order and applying the large-time approximation scheme. In
particular we wish to calculate the mean photon number, the variance of the
photon number, and the quadrature variance for the individual light modes and for
the superposition of the two light modes. And finally we calculate the quadrature

squeezing of the superposed light modes.



Chapter 2

Operator Dynamics

We consider here a single nondegenerate three-level atom inside an open
cavity which is coupled to a vacuum reservoir. The three-level atom is pumped
from the bottom to the top level by coherent light. We carry out our analysis with
the assumption that the cavity modes to be at resonance with the transitions
|la) = |b) and |b) =|c), with direct transition between levels |c) and |a) to be

dipole forbidden.

la) .
€ Y Ye Wap K
. _
: |)
V |Ye Wi
y |c)

Fig.2.1: Schematic representation of coherently drive nondegenerate three-level atom in an open
cavity.

The interaction of a three-level atom with the driving coherent light can be
described at resonance by the Hamiltonian
A =ig'(6la-ats.), (2.1)
where

6 = |c)Xal (2.2)



A

is lowering atomic operator, a is the annihilation operator for the driving
coherent light and g’ is the coupling constant between the atom and the
coherent light . In order to have a mathematically manageable analysis, it is
preferable to replace the operator @ by a real and constant c-number €. On

account of this, the Hamiltonian can be expressed as
A =76]-60), (2.3)
where
O =2¢g’, (2.4)

And the interaction of the three-level atom with the cavity modes can be

described by the Hamiltonian

A" =ig(sla-até,+6/b—bts,), (2.5)
where
G, = |bXal (2.6)
and
6p = leXbl (2.7)

are lowering atomic operators, @ and b are the annihilation operators for the cavity
mode, and g is the coupling constant between the atom and the cavity modes. On
account of Egs. (2.3) and (2.5), the interaction of the three-level atom with the

coherent light and the cavity modes can be described by the Hamiltonian

A=2(61-6.)+ig(6la—ats,+6/b—b'6,). (2.8)



We assume that the cavity mode is coupled to a vacuum reservoir via a single-

port mirror. One possible procedure to carry out our analysis is to assume the

vacuum reservoir to be a noiseless physical entity. This can be done by putting

the noise operators associated with the vacuum reservoir in normal order. Thus

the noise operator does not affect the dynamics of the cavity mode operators. In

view of this, we can drop the noise operator and write the quantum Langevin

equation for the operators @ and b as

and

W= _“a—ilan
dt 2

db K7 i
E: —Eb—l[b,H],

(2.9)

(2.10)

where k is the cavity damping constant. Then with the aid of Eqg. (2.8), one can

easily establish that

—=—-a—gé6
dt 2 9%a,
db K ~
—=—=-b—gb,.
dt 2 9%

(2.11)

(2.12)

Furthermore, the master equation for the three-level atom interacting with a

vacuum reservoir is given by

)

—i[H,p] + % (26,p

513

where

fla = laXal,

iy = [b)bl,

(2.13)

(2.14)

(2.15)



and y is the spontaneous emission decay constant. With the help of Eq. (2.8), we

can put Eqg. (2.13) in the form of

dp _ Q(Ata PPN At An
= -(8lp—36.p-ps! +ps.)
+g(81ap — a*6,p + 6/bp — b*6,p — péla + pa'é, — pé;b + phté,)

Ly =1r |2 4] (2.17)

along with Eq. (2.16), we can easily establish that

(50 = —1(G2) + 261 + g((1y@) — (ad) + (515,)), (2.18)
L(6,) = —L(8,) 261 + g((Acb) — (7,b) — (@16.)), (2.19)
L3 = —L(6.) + 2((0e) — () + g ((3,) — (6uD)), (2.20)
= (fa) = —y(fa) + 5 ((61) + (60) + g(81a) + (a'6,)), (2.21)
L () = —yiy) + g((b16,) + (/) — (1) — (@16,)), (2.22)
L ey =y (i) + (Aa)) = T(61) + (60) — g((bT6,) + (3B), (2.23)
where
fie = le)cl. (2.24)

The fact that Eqg. (2.18) to Eqg. (2.23) are nonlinear differential equations makes it

impossible to find exact time-dependent solutions of these equations. To get rid of



this problem, we apply the large-time approximation to Eqs

get the approximately valid relations

a = _?O-a
and

~ 29 A

b=-"9¢,.

'K

. (2.11) and (2.12) and

(2.25)

(2.26)

Substitution of Eq. (2.25) and Eg. (2.26) into the aforementioned equations yields

2 (8a) = —¥(Ba) + S46]) — 1e(8a),
L@ = =L@ - 36D -3

S(8.) = =248 + 5 (o) — (a)) — L (60,
d j~ \ _ ~ Qr/at ~ A
E(na) - _y(na) + E((O-c) + (O-c)) - yc(na)y
= () = =¥ (i) + ve((fia) + (1)),

= (he) = y({Ap) + (1a)) =5 ((61) + (60)) + veln),

where

is called the stimulated emission decay constant.

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)



And the steady state solutions of Eq. (2.27) - (2.32) are easily found to be

(Ga) = (6,),

2(y+y )

(62),

() = (y+y )

(6.) = ——({Ae) — (Aa),

r+vo)

(fla) = 5o (61 + (80),

A

(M) =

y+y)(na)

(fe) = =3 (6T) +(6e)) + 2 (hp) + 1.

With the help of the completeness relation
ﬁa + ﬁb + ﬁc = i’
we see that

(ﬁa) + (ﬁb) + (ﬁc) =1

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

Taking into account Eq. (2.41), we easily get the steady state solutions of Egs.

(2.34) - (2.39) to be

(6a)=0
(Gp) =0
(A ) — Q(Yc"’Y)Z

(Ve +7)3+202 (v +V) + 02y’

A\ Q%(yc+Y)

(Nq) =

(Ve +V)3+20% (v +y) +Q2 Y]

(2.42)

(2.43)

(2.44)

(2.45)



( A ) — 0%y,
f1v) (Ve+7)3+202 (vo+y)+02y,] (2.46)
(ﬁc) = (vc+7)3+02(yc+y)

(2.47)

(Ye+v)3+202 (v +y) +02y,
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Chapter 3

Photon Statistics

In this chapter, we present the statistical properties of the light modes
produced by a nondegenerate three-level atom, in an open cavity, driven by
coherent light. In particular, we calculate the mean and variance of the photon

number at steady state.
3.1 The mean photon number

We first seek to calculate the mean photon number of the cavity light modes.
For a light mode represented by an operator &, the mean photon number is

expressed by the notation
n=(ata). (3.1)

On account of (3.1) and with the aid of Egs. (2.25) and (2.26), one can express

the mean photon number of light modes a and b in the form

la = 1£(638a) (3.2)
and
n, = %(51151:)7 (3.3)

with y, defined by Eq. (2.33).0On account of Eq. (2.6) , we can put (3.2) in the form

fly = L(la)(b[b)al), (3.4)

K
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from which follows
g = L{f,). (3.5)

Finally, upon substituting (2.45) into this equation, we have

fi, = E( 02 (vc+Y) ) (3.6)

K \(yc+Y)3+202 (yc+y) +02yc

We see that for y = 0 the mean photon number for mode a becomes

—  _ Yc Q2
e = 5 () @7
025 T T T T T T T
5 02
0
£
m]
c
§ 0.5}
?
L
o
§
o 01
E
1]
0
T
g 005
0 | | | | | | |
0 05 1 15 2 25 3 35 4
0

Fig 3.1 Plots of the mean photon number of mode a (71,) at steady state [Egs.(3.6) and (3.7)]
versus Q for y, = 0.5, k = 0.8, y = 0 (green curve) , and y = 0.1 (blue curve).

The plots in Fig. 3.1 indicate that the mean photon number of mode a is greater
for y = 0 than that for y = 0.1 for 0 < Q < 0.77 and is lesser for y = 0 than that for

y=01for0.77 < Q < 4.



Moreover, on account of (2.7), we can write Eq. (3.3) in the form

ly = " (Ib)clc)(bl).

K

It then follows that

n, = %(ﬁb)
Using Eg. (2.46), we easily find
— _Yc 0%y,
= ((YC+V)3+ZQZ(YC+Y)+QZVC

).

And for y = 0 the mean photon number for mode b becomes

0.25 T T T T T

=4
>
T

=3

-

>
T

=3
—
T

mode b mean photon number

=4

=3

S
T

12

(3.8)

(3.9)

(3.10)

(3.11)

Fig 3.2 Plots of the mean photon number of mode b (71,,) at steady state [Egs.(3.10) and (3.11)]

versus Q for y, = 0.5, k = 0.8, y = 0 (green curve) , and y = 0.1 (blue curve).
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It can be seen from the plots in Fig. 3.2 that generally the mean photon

number of mode b is greater for y = 0 than that fory = 0.1

Upon comparing (3.7) and (3.11) and with the help of Fig. 3.1 and Fig. 3.2 we
observe that the mean photon numbers of the two light modes have the same

value fory = 0. However, for y # 0, n, > n,,.

In order to determine the mean photon number of the superposed light modes,

we take

=7
1
>
Q
.|.
>
[

(3.12)

to be the number operator for the superposed light modes. Then, the mean

photon number of the superposed light modes can be expressed as

n=1,+n, (3.13)
On account of Egs. (3.6) and (3.10), we readily get
— _ Ye Q%(2yc+y)
e ((Yc+y)3+202 (Yc+v)+ﬂzvc)' (3.14)
And for y = 0 the mean photon number becomes
_ Y 202
=" () (315)

We can easily see from the plots in Fig. 3.3 that the mean photon number of the
superposed light modes is in general greater in the absence of spontaneous

emission.
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045 w w w w w w w

0351 .

03r 7

025 .

0151 .

01 .

mean photon number of the two-mode light

0 05 1 15 2 25 3 35 4

Fig 3.3 Plots of the mean photon number of the superposed light mode (1) at steady state
[Egs.(3.14) and (3.15)] versus Q for y. =05, k=0.8, y =0(green curve) ,and
y = 0.1 (blue curve).

3.2 Variance of the photon number
The variance of photon number is expressible as
(An)? = (A?) — n2. (3.16)

In view of the above equation, the variance of photon number for modes a and b

can be written as

(Ang)? =(ata ata) — (ata)? (3.17)
and

(An,)? = (bth bth) — (b1h)>. (3.18)

In view of the fact that @ and b are Gaussian variables with zero mean, we can

rewrite Egs. (3.17) and (3.18) as
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(Ang)? = (ata Maat) (3.19)
and
(Any)? = (bTh }(bb"). (3.20)

Employing Egs. (2.25) and (2.26) and taking into account Egs. (2.6) and (2.7),

we arrive at

(@at) =(9,) (3.21)
and

(bbt) = (q.). (3.22)

Thus with the help of Egs. (3.5) and Egs. (3.21), we can express (3.19) as

(8n)? = (%) () y) (3.23)
We see that fory =0
(An,)? = n,2, (3.24)

where n, is given by Eq. (3.5). This represents the normally ordered variance of

the photon number for chaotic light.
Moreover, with the help of Eq. (3.9) and (3.22) we can express (3.20) in the form
2
(An,)2 = ()" ()0, (3.25)

Finally with the aid of Egs. (2.45), (2.46) and (2.47), the variance of the photon

number of modes a and b, specified by (3.23) and (3.25) are found to be



16

(Any)? = (E)Z [ QP (ve+) Q%) ] (3.26)

K/ L(ye+v)?+20% (ve+v)+Q%Yc)?

and

2 2 3,02
2 _ (Y (%) [(ve+7)3+Q2 (v +Y)]
(amy)” = (%) [((yc+y)3+znz(yc+y)+02yc)2]' (3.27)

And in the absence of spontaneous emission (y = 0), the variance of the photon

number for the two modes becomes

(Ang)? = (V;)2 [(yszz)z] (3.28)
and
(any)? = (%)’ [Ene)] (3.29)

The plots in Fig.3.4 show that the variance of the photon number of mode a is
zero for, y =0, and y =0.1 for 0 < Q < 0.07. However, this variance is greater
for, y = 0 than that for y = 0.1 for 0.08 < < 1. On the other hand, the plots in
Fig. 3.5 show that the variance of the photon number of mode b is generally

greater in the absence of spontaneous emission.
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0025
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variance of photon humber of mode a
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0 01 02 03 04 05 06 07 08 09 1

Q

Fig .3.4 Plots of the variance of photon number of mode a (An,)? at steady state [Eqgs.(3.26) and
(3.28)] versus Q fory, = 0.5, k = 0.8, y = 0 (green curve) , and y = 0.1 (blue curve)

0.05

0.045
0.04
0.035
0.03r
0.025
0.02
0.015

0.01f

variance of photon number of mode b

0 | | | |
0 02 04 0.6 0.8 1

Q

Fig 3.5 Plots of the variance of photon number of mode b (An,)? at steady state [Eqgs.(3.27) and
(3.29)] versus Q fory, = 0.5, k = 0.8, y = 0 (green curve) , and y = 0.1 (blue curve)
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Furthermore, the variance of photon number for the superposed light modes can

be expressed as

(An)? = (A?) — n?

= ((Aig +Ap)?) — ?

from which follows

(An)? = (fig?) + (7ip°) + (2 7,) — A2,

On account of Eq. (3.1), we have
(A,") = (ataata),
(fip”) = (b*bb*D),
and

(i fip) = (@tabth).

with the aid of Egs. (2.6) and (2.7), one can easily establish that

and

Hence using Egs. (3.34), (3.35) and (3.36) we can readily arrive at

(an)? = ()" () + (i) - 2.

K

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)
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On substituting Eq. (2.45), (2.46), and (3.14), there follows

(An)zz(ﬁ)z( Dot ) _ (E)Z( My Pty ) (3.39)

K/ \(Ye+V)3+202 (v +V)+QPyc K/ \[(ve+y)3+20% (yc+v)+0%vc]?

Finally, the variance of photon number for the superposed light modes can be put

in the form

(An)? = (E)Z [04(2y52+y2)+92ycy(7y52+5y2+6ycy+3)+02(2yc4+y4+3yc
K [(Ye+7)3+20%(Yc+Y)+0%Y]?

2.,2
Y )] (3.40)
And in the absence of spontaneous emission (y = 0), we have

(An)? = (V;)2 nzera) (3.41)

(vc2+302)?

()2
o

0.08

0.06

0.04

0.02

Q

Fig 3.6 Plots of the variance of photon number of the superposed light modes (An)? at steady
state [Eqgs.(3.40) and (3.41)] versus Q for y, = 0.5, k = 0.8, y = 0 (green curve) ,and
y = 0.1 (blue curve).

The plot in Fig. 3.6 clearly indicates that the variance of the photon number of the

superposed light modes is greater for y = 0 than fory =0.1.
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Chapter 4

Quadrature Variance

In this chapter we seek to discuss the variance of the quadrature operators and

the quadrature squeezing of the two-mode light.

We define the quadrature operators for mode a by

A

a, =at+a (4.2
and

a_=iat - a). (4.2)

a, =-2(8t+6,) (4.3)

a-=-2i(31 - 6,). (4.4)
With the aid of (2.6), it can readily be established that

[a_,a,]1=2i" (7, — 7). (4.5)
The uncertainty relation for two operators A and B reads,

AAAB =~ [([4,B])] (4.6)
Hence in view of (4.6) along with (4.5), we easily get

Aa,Aa_ =T ](Aa) = (). (4.7)
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Substitution of Egs. (2.45) and (2.46) into (4.7) yields

Aa,ha_ = % (VC+V)3+2(?22();C+V)+QZVC ' (4.8)
And fory = 0, we have
Aa,Aa_ = 0. (4.9)
The variance of the quadrature operators for mode a is expressed as
(Aa.)? = x([aT £ a)?) F [aT) + (@)]>. (4.10)
Introducing (2.42) into (2.25), we see that
(a(t)) =0. (4.12)
It then follows that
(Aay)? =(ata) + (aa') = (af?) = (a?). (4.12)
Now with the help of (3.5) and (3.21), we arrive at
(Aa,)? = (Ma_)? = [(fa) + ()] (4.13)

Finally, upon substituting (2.45) and (2.46), the variance of quadrature operators

for mode a becomes

2 _ Y Q*(2yc+y)
(Aa.)* = K [(Vc+y)3+202(yc+y)+ﬂzyc]' (4.14)

And in the absence of spontaneous emission (y = 0), we get

(Aay)? =L [22]. (4.15)

Yc2+302



(a)?

0 02 04 0.6 0.8

22

Fig. 4.1 Plots of the quadrature variance of mode a (Aa.)? at steady state [Eqgs.(4.14) and
(4.15)] versus Q fory, = 0.5, x = 0.8, y = 0 (green curve) , and y = 0.1 (blue curve).

We see from Fig. 4.1 that the quadrature variance of mode a is greater for y =0

than that for y = 0.1.

In view of Eq. (3.7), one can rewrite the variance of quadrature for mode a, for

y =0, interms of the mean photon number as

(Aa,)? = 2n,.

This is the normally ordered quadrature variance for chaotic light.

Following the same procedure, we define
b, =bT+b

and

b =i(b" - b).

(4.16)

(4.17)

(4.18)

to be the quadrature operators describing the squeezing properties of mode b.
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One can also readily establish that
(6.5, | = 2 (5, — ). (4.19)
And
Ab Ab_ =T |(h)) — (fic)l. (4.20)

Now substitution of Egs. (2.46) and (2.47) into (4.20) yields

Ye Qy+(ycty)®
Ab,Ab- = i | (re+y)3+202 (re+1)+0%y | (4.21)
And fory =0,
Yc ch
Ab,Ab_ > Pl e £ (4.22)

Moreover, the variances of quadrature operators for mode b are expressed as
(Ab,)% = (Ab_)? =L [(,) + (Ac)] (4.23)

Thus introducing (2.46) and (2.47), into (4.23) the steady-state variances take the

form

2 _ Y[ QPQyc+y)+(rety)?
(8b.)* = K [(Vc+y)3+202(yc+y)+ﬂzyc]' (4.24)

And for y = 0 ,we have

(Ab,)? = e[224e], (4.25)

Yc2+302
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@b+)?

Fig. 4.2 Plots of the quadrature variance of mode b (Ab,.)? at steady state [Eqgs.(4.24) and (4.25)]
versus Q for y, = 0.5, k = 0.8, y = 0 (green curve) , and y = 0.1 (blue curve).

We observe from Fig. 4.2 that the quadrature variance of mode b is generally

greater in the absence of spontaneous emission.

We notice that for Q > y,, Eq. (4.25) reduces to

(Ab,)? =2, (4.26)

3K

For the same limiting case on, the mean photon number of mode b given by

(3.11) takes the form

7, = L& (4.27)

3k’
Upon comparing (4.26) and (4.27), we see that

(AbL)? = 27, (4.28)
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On account of Egs. (4.16) and (4.28), it is worth to mention that the light
modes produced by a nondegenerate three-level atom in an open cavity in the

absence of spontaneous emission are chaotic.

We next seek to calculate the quadrature variance of the superposition of
mode a and mode b. To this end, we define the operator representing the

superposed light modes by

é=a+b (4.29)
We note that

(¢tey =(atay+ (bTh). (4.30)
On account of (2.25) and (2.26), we can put (4.29) in the form

é= —279 (6, +63) (4.31)
and

¢t =-2(s1+3)). (4.32)
We then define the quadrature operators of the superposed light as

é, =¢t+¢ (4.33)
and

é_=i(et—-eé). (4.34)

Thus, in view of (4.3) and (4.4) and along with (2.25) and (2.26), one can put

(4.33) and (4.34) in the form
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¢, = —279 (6t +6t+6,+5,) (4.35)
and
e.=-2i(6l+ 6] -6.- ). (4.36)
One can easily establish that
[e- 6.1 = 203 (a — 7). (4.37)
It then follows that

AC+AC— = % |(ﬁa) - (ﬁc)l (438)

Introducing (2.45) and (2.47) into the above expression yields

Yc (rctv)?
AcyAc_ = K 1(ye+y)3+202 (ye+y)+Q2yc | (4.39)

And fory =0, we have

ch

Y
Ac,Ac_ =
Yc2+302

K

. (4.40)

Furthermore, the variances of the quadrature variance for the superposed light

modes is given by
(Acy)? = (ET¢) + (CcTy £ (ET2) £ (E2) F (ET)2F(E)? — 2(¢T)(é). (4.41)
With the help of the expression given by (4.29), we see that
(¢) = (a) + (b). (4.42)
On account of (2.25) and (2.26) along with (2.42) and (2.43), we easily find

& =0. (4.43)
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So that on account of (4.43), we have

(Ac,)? = (eTe) + (ect) +(eT?) + (¢?) (4.44)
and

(Ac_)? = (ete) + (ecT) —(eT2) —(¢e?) (4.45)
On account (4.31) and (4.32) along with (2.6) and (2.7) one can easily arrive at

(Acy)? =L [(fa) + 200,) + (Ac) + 2(60)] (4.46)
and

(Ac_)? = [(fa) + 2(Ap) + (Ac) — 2(8.)]. (4.47)

Substitution of (2.44), (2.45), (2.46) and (2.47) into the aforementioned equations

results in
2 _ Ye [2Q2Qycty)+(re+y) 3 +20(yc+y)?
(c,)® = K[ (Vety)3+202 (Y +7)+0%y, ] (4.48)
and
2 _ Ye [222Qyc+y)+(ycty)3-20(vc+y)?
(Bc_)* = [ (Yetv)3+202(yc+y) +Q%yc ] (4.49)

On the basis of (4.48) and (4.49), we observe that the superposed light is in a

squeezed state and the squeezing occurs in the minus quadrature.

In the absence of spontaneous emission (y = 0), we have

Ye [4Q%3+y 2 +20y,
(AC+)2 Y [#} (450)

and
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2, 2_
(Ac_)? = E[w]. (4.51)

Tk Yc2+302

0.7

S 0651 1
0.6
0.55¢
0.5¢
045
04

0.35¢}

Fig. 4.3 Plots of the quadrature variance of the superposed light modes (Ac_)? at steady state
[Egs.(4.49) and (4.51)] versus Q for y.=0.5, xk =0.8, y =0(green curve) , and
y = 0.1 (blue curve).

Fig. 4.3 clearly indicates that the quadrature variance of the superposed light

modes is lesser in the presence of spontaneous emission.

We see that for Q = 0 Egs. (3.14), (4.39), (4.48) and (4.49) take the form

SI
Il
o

(4.52)
Ac,Ac_ = % (4.53)

(Acy)? = (Ac)? = V; (4.54)
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We observe that Egs. (4.52), (4.53), and (4.54) describe a two mode coherent
vacuum state. We intend to calculate the quadrature squeezing of the
superposed light modes relative to the quadrature variance of the coherent

vacuum-state level given by Eq. (4.54)

We then define the quadrature squeezing of the superposed light modes by

Ac_)2 = (Ac_)?
5:%. (4.55)

Now with the aid (4.49) and (4.54), one can put Eq. (4.55) in the form

20(yc+y)? 0%y,
T (Vety)3 4202 (ye+y)+02y, (4.56)

And fory = 0, we have

_ 20y.-0?

= a0 (4.57)
One can also be put (4.57) in the form

_ 2n-n°

b veny (4.58)

in which n = yﬂ

The plots in Fig. 4.3 indicate that for y =0 the maximum quadrature
squeezing of the superposed light modes is 43% below the coherent vacuum-
state level and this occurs at QO = 0.22 [1]. We can clearly see that the degree of
squeezing of the superposed light modes increase for 0 < (1 < 0.23 and then

decreases for0.53 <0 < 0.7.



30

Quadrature squeezing

Fig 4.4 Plots of the quadrature squeezing at steady state [Eqgs.(4.55) and (4.56)] versus Q for
y. = 0.5,k = 0.8, y = 0(green curve) , and y = 0.1(blue curve).

On the other hand, the maximum quadrature squeezing of the cavity modes is
46.5% below the coherent vacuum-state level for y = 0.1 and this occurs at Q =
0.28. Furthermore, the degree of squeezing for the superposed light modes

increases for 0 < () < 0.29 and then decreases for 0.29 < Q) < 0.7.
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Chapter 5

Conclusion

In this thesis we have studied the statistical and squeezing properties of the
light generated by a coherently driven nondegenerate three-level atom in an open
cavity coupled to a vacuum reservoir via a single-port mirror. Applying the large-
time approximation scheme, we have obtained the steady state solutions of the
quantum Langevin equations. We have carried out our analysis by putting the

noise operators associated with the vacuum reservoir in normal order.

Using the steady state solutions of the quantum Langevin equations, we have
calculated the mean photon number, the variance of the photon number, and the
quadrature variance for the separate light modes and for the superposition of the
two light modes. We have seen that the mean photon numbers of the two light
modes are the same for y =0 and n, > 1, fory = 0.1. In addition, our results
show that light mode a is in general in chaotic state while light mode b is in a
chaotic state for y. << Q. Our calculation of the quadrature variance of the
superposed light modes indicates that they are in a squeezed state and the

squeezing occurs in the minus quadrature.

It so turns out that the maximum quadrature squeezing of the superposed light
modes is 43% for y = 0 and 46.5% for y = 0.1 below the coherent vacuum-state

level.
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