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Abstract

We study the statistical, the squeezing and entanglement properties of the light produced
by coherently driven non-degenerate three-level atom in a cavity coupled to a two-mode
vacuum reservoir. With the use of the master equation and large time approximation, we
obtain the equations of evolution for the expectation values of cavity mode and atomic
operators. We have calculated the mean and variance of the photon number, photon
number correlation, and quadrature squeezing using the steady state solutions of the
equations of evolution. It is found that the cavity mean photon number is the sum of the
mean of the photon emitted by the atom and the mean of the squeezed vacuum reservoir
photons. Moreover, the mean photon number for the two modes are equal. In addition,
we noticed that the two-mode cavity light is in a squeezed state and the squeezing occurs
in the minus quadrature, with a maximum squeezing of 93.75% for 2 = 0.5, r = 1.75, and
~v. = 0. Furthermore, the entanglement of the cavity radiation is studied using different
criteria. The Duan et al. criteria, Hillery-Zubairy criteria, and logarithmic negativity
criteria demonstrate that the two-mode cavity photons are entangled. The brightness of
the cavity lights are affected by the rate of stimulated photon emission, the amplitude
of coherent light and the parameter of the two-mode squeezed vacuum reservoir. Both the
squeezing and entanglement increase with the amplitude of coherent light and the squeeze

parameter.



CHAPTER ].
Introduction

A non-degenerate three-level atom is the quantum optical system where in which the atom
makes transition from higher energy level to intermediate and from intermediate to lower
energy-level at different frequencies. The interaction of three-level atom with the cavity
mode have been studied by several authors [1-4]. In three-level atom, we denote the upper
level by |a), the middle level by |b) and the lower level by |c). The light emitted from the top
level is light of mode a and the light emitted from intermediate level is light of mode b. If
the light emitted have the same frequency it is said to be degenerate three- level atom, but
if it have different frequencies it is said to be non-degenerate three-level atom. The light
mode a and b are at resonance with the transition between levels |a) and |b) and between
levels |b) and |c) which are dipole allowed transition. The direct transition between levels
la) and |c) is dipole forbidden [5].

In this thesis we study the statistical and the squeezing properties of light emitted
by a non-degenerate three-level atom in a closed cavity coupled to two-mode squeezed
vacuum reservoir and driven by coherent light. In order to find the statistical and squeezing
properties of cavity modes, we first drive the equations of evolution of the cavity noise and
the correlation properties of atomic operators employing the quantum langevine equations.
By using this result, we calculate the mean photon number of mode a and b, the variance
of mode a and b, the two mode variance, photon number correlation of mode a and b, the
quadrature variances of single mode light of mode a and b and the quadrature variance of

two-mode cavity light.

In addition, we study the entanglement of cavity photons. The most amazing phenomenon
of quantum mechanics is quantum entanglement. According to this phenomenon if two
particles are entangled there is an explicable link between them.It is a quantum correlation
between different parts of the system leads to an important quantum phenomenon. This
concept is directly linked to the famous paper of EPR [6]. Entanglement is what Einstein
referred to as ’spooky action at a distance’ [7]. It is the phenomenon by which one particle
effectively know something about another particle even if those particles are separated by
a great distance. Quantum entanglement is applicable in quantum teleportation, quantum

computation, quantum cryptography and supper dense coding [5,6,7]. In this paper we use



Duan et al. criteria, Hillery-Zubairy criteria and Logarithmic negativity criteria to detect

whether the cavity modes are entangled or not. and an outlook.



CHAPTER 2
Atomic and Cavity Modes Evolution Equations

In this Chapter we seek to find the evolution equations of cavity mode and atomic operators
of a non-degenerate three-level atom in a cavity driven by a coherent light and coupled to a
two-mode squeezed vacuum reservoir. The upper and lower levels are coupled by coherent
light as shown in Fig. 2.1. The Hamiltonian describing the coupling of the top and the

bottom level of the atom is expressible as [5]

~

H, =iB(6l¢ - élo.), 2.1)

where [ is the coupling constant between the coherent light and the three-level atom, ¢ is
annihilation operator for the driving coherent light and 5. = |c){a| is the lowering atomic

operator. For classically treated driving coherent light we can write ¢ = ¢f = ¢ and express

Eq. (2.1), as

A 1)

i = %(&i — 6. (2.2)
where Q) = 2f¢ is the Rabi frequency, in which ¢ is the amplitude of the driving coherent

light.

The interaction of a non-degenerate three-level atom with two cavity modes can be
described by the Hamiltonian [3]

Hy =ig(6fa —ale, + 6]b — blay), (2.3)

|
Light of
- modg.a Two mode- squeezed
Driving coherent (Dab vacuum reservoir
€ Light of
mode b
.

(hbe
— c)

Figure 2.1: Coherently driven non-degenerate three-level atom coupled to two-mode squeezed
vacuum reservoir.



where g is the coupling constant between the atom and the cavity modes, a and b are
annihilation operators for the cavity modes and 6, = |b)(al, 5, = |c)(b| are atomic operators.
Hence, on the basis of Egs. (2.2) and (2.3) the interaction of a coherently driven three-level

atom with the cavity modes can be described by the Hamiltonian

N () .
H= 2'5(57; —6.) +ig(6la—a'd, +6]b—bl6y) (2.4)

where ) = 2f¢ is the Rabi frequency, in which ¢ is the amplitude of the driving coherent
light. The equation of evolution of the density operator for the cavity mode produced by

the system under consideration is expressible as [3]
% = —i[H, ]+ S(N + 1) (2apa’ — pa'a — atap)
n gzv(zafﬁa — paa’ — aalp)
+ S(N +1)(2bpbt — pbih — bibp)
b RN — phbt — b 7)
— kM(TPT 4 btpat — atbtp — patht + bpa + aph — bap — pha), (2.5)

where p is the density operator, « is the cavity damping constant and the effect of
the reservoir are incorporated through the parameters N and M which are defined as N =

sinh? r and M = cosh r sinh r, where r is the squeeze parameter of the reservoir.

So that the time evolution of expectation value of an operator A, in the Schrodinger

picture, can be written as

d, . . (dp;
$<A) — Ty (th> 7 (2.6)

employing this relation together with Eq. (2.5), the time evolution of the cavity mode

operator is given as follows

.o (dp.
@<a> = Tr <dta>
- —iTr ([H, ﬁ]d) + g(N +1)Tr ((2@;3&* — pata — aﬁap)a)

+ gNTr ((2&*,&@ _ paa’ — aat p)&)
i 555t — sith — Btho)a
+ ST ((2bpb — bt —b bp)a)
+ SNTr ((QbT b — pbbt — bbt p)a)
— kMTr ((&T pbt + bt pat — afbtp — palbt + bpa + apb — bap — ﬁBd)&) 2.7)
or

d
$<€L>:Tl-i-Tg—I—Tg—i—TLl—i-T5-f—Tﬁ7 (2.8)

where

Ty = —iTr ([IS{, [)]d) = Tr(Hpa — pHa), (2.9)



k
Ty = 5(N +1)Tr ((Q&ﬁdT — pata — &T@P)&> )

k
Ty = GNTr ((Qafﬁd — paal — &&Tﬁ)&) ’

7= S+ 11 (@i — g~ bip)a).

Ty = —kMTr ((aTﬁBT + b pat — aTbtp — patht + bpa + apb — bap — ﬁBd)&) .

We now evaluate the above traces using the cyclic property of trace operation:

15

T3

T5 =

k ~r A ~n ~n
SNTr ((2prb — obbt — bpr)a> :

T, = —ilr <[I§r, ﬁ]&)
= Tr(Hpa— pHa)
= Tr(paH — pHa)

— —i{la, A).
k asata — sata? — atass
= 5(]\7 + 1)Tr(2apa'a — pa'a” — a'apa)
k
= S(V+ DTr(2pata? — pa'a® — paa'a)

o

2
2
2

2

© Nl

2
—g(zv+1)<a>.

(N 4+ 1)Tr(pa’a® — p(ata+ 1)a)

k

5NTT(%J pa? — paata — aa' pa)
k
§N(2,6&2&T — pa(aat — 1) — pa2al)
k

SNVa).

M v+ 1T ((213;313T — pbth? — zS%;a)a)

k Psita — sbtha — bThaa
(N + 1)Tr(2bpb'a — pb'ba — b'bpa)
(N 4+ 1)Tr(2pbtab — pbtba — bTbpa)

(N + 1)Tr(pblab — pab'h)

(N +1)Tr(p(bbt — 1)a — pa(bbt — 1))
(N + 1)Tr(pbbta — pa — pabb™ + pa)

(N + 1)Tr(pabbt — pa — pabbt + pa)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)



k I ~n ~n
T = SNTy ((QbT[)b — pbbt — bbT,s)&)
k PN ~n ~n
= 5NTr(zbT pba — pbbTa — bb' pa)
= gNTr(ﬁBBTa — bb'pa)

= ﬁNTr(ﬁ(lA)TlA) +1)a— (b'b+1)pa)

2
k Sitha 1 a6 shtha — i
= §NTr(pb ba + pa — pb'ba — pa)
= 0. (2.19)
Ts = —kMTr ((aT pbt + btpat — atbtp — patht + bpa + aph — bap — ;38&)&)

= —kMTr(alpbta + b pata — a'b'pa — patbta — bpa® — apba — bapa — pbaa)
= —kMTr(pbtaal + patabt — paa'dt — patbta + pab + pba® — paba — pba?)
= 0. (2.20)

In view of Eqs.(2.15) - (2.20) , we can write Eq. (2.8) as

d,. k. e
Sy = 5@ —ia, 7). (2.21)

In the same manner, one can obtain

d

. P k-
S = —illb A - S 6. (2.22)

d . k
£<a2) = —iTr ([H,ﬁ]&2> + 5(N + 1D)Tr(2apa’a® — pata® — alapa®)

k A A A
+ SN+ 1)Tr(2bpbTa? — pbTba® — bfbpa?)

+ k7NTr(213Tﬁl§&2 — pbbta® — bb' pa?)
— KMTr(atpbta? + bt pata® — albl pa? — pafbfa® + bpa®
+ apba® — bapa® — bapa® — pba’).
(2.23)

or

d
£<d2> = S1+S2+ 53+ 54+ S5+ S, (2.24)

where,

S = —ilr ([ﬁ, ;a]eﬁ) , (2.25)



k
S: = S(N+1)Trapate’ - pata® —alapa®), (2.26)
kN
Sy = 7%(2&%@3 — paata® — aa'pa®), (2.27)
k A A A A
Si = S(N+1)Tr2bpbla” - pbiba® - brbpa®), (2.28)
kN 2t A7 A2 ATTT A2 27T An2
Sy = - Tr(2b'pba” — pbb'a* — bb'pa~), (2.29)

= —xMTr(afpbta® + bt pata® — albf pa?

— palbta® + bpa® + apba® — bapa® — bapa® — pba’). (2.30)

S; = —ilr ([ﬁ,ﬁ]eﬂ)
= —i(Hpa® — pHa?)

= —i([a*, H)). (2.31)
k faata2  aafad  ataan?
Sy = §(N—|- 1)T'r(2apa’a” — pa'a® — a'apa”)
k
= S(V+ DTr(2pata® — pata® — pata’a)

_ S(N +1)Tr(pata® — paata® — pa?)
= P neatet - pata + 1)a - p?)
— k(N +1)(@2). (2.32)
S5 = “rr(aatpa® — paala® — aal pi?)
- gNTr(Qﬁ&3&T — paaa® — pa*a’)
- gNTr(pa%T — pa(aa’ —1)a)
- gNTr(pa%T — pa*ata + pa?)
- gNTr(pa3&T — pa*(aat — 1) + pa?)
)

(2.33)



k ~ A PN apn
Si = F(N+ 1)Tr(2bpbta® — pbTba® — bTbpa?)
k ~ A N PN
= - + r(20p0'a” — pb'ba” — b'bpa
S (N +1)T 2bpbta® — pbtba® — bbpa’
= —(N+1)(pbtba® — blbpa
]; N pbTha’ — bibpa®
= —(N+1)Tr(pbbl —1)a% — (b — 1)pa
];N Tr(p(bb' 2 _ (bt 2
_ v palbbt — pa® — pa’bbt + pa®
2
= 0.
KN o . - -
S 7T7~(2bT pba® — pbbta® — bb' pa?)
EN .- - -
= 7Tr(ﬁbbT a2 — pbbTa® — pbbia?)
= 0.

Se

—kMTratpbta® + b pata® — alvfpa® — patbta?

+ bpa® + apba® — bapa® — pba®)

(2.34)

(2.35)

(2.36)

= —kMTr(pbta’al + patab’ — pa’aldt — patbfa2 + pa’hb + pba® — paba — pba®)

= —kMTr(pbta’bt + pata’ot — pbta’al — pa'bia?)

= —kMTr(pata’bt — pa'bfa?)

= —kMTr ((ﬁ&&* ~1)abt — p(aat — 1)&6*)

= —kMTr(paatabt — pabt — paatabt + pabh)

= 0.

Therefore, substituting Eqgs. (2.31) -(2.37) in to Eq. (2.24) , we obtain

d

@) = =i((a 1)) ~ w(@®)

Following the same procedure, one can obtain

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)



9 (ab) = —({ab, 7)) — h{ab) + kM, (2.46)
%@@ = —([ba, H]) — k(ba) + £ M, (2.47)
9 (atbty = —i((ast, H) — walbh) + wM, (2.48)
%@m = —i([ptat, H]) — k(bTal) + kM. (2.49)

Next we seek to determine the time evolution of atomic operators using the relation
4(A) = —i([A, H])

dt
along with the Hamiltonian given by Eq. (2.4). We therefore notice that
d Q .
(0a) = —ill6a,i (6] 60) +ig(6la —al6u + 6]b — bl6))
Q A
= {(5(6a6] — 6a6c) +9(606} — 0160 + 5ub]b — Gabl6n)
Q .
- 5(&1@ — 6064) — 9(64064 — a16,54 + 5706 — bT63,6,)))
= 5 (60) +9((ina) — (i) + (B'oc)). (2.50)

In similar manner, we readily obtain

d Q T ~ A

2 () = =5 (80) + g((icb) — (@'6c) — (ind)), (2.51)
%@ = %(mc) — (7)) + g((6pa) — (64D)), (2.52)
Dty = 261 + (o) + gl(5la) + (ateu), 259
i) = gl(61h) + () — (61 — (8160, (250
%@ = _%W’D +(5e)) — g((6)b) + (bT6s)). (2.55)

Employing the Hamiltonian operator specified in Eq. (2.4) along with the commutator
property [AB,CD] = AC|B, D] + A[B,C]1D + C[A, DB + [A,C]DB, we can put Egs. (2.21)
,(2.22) and (2.38) - (2.49) as

(o) =~ (a) — gl6a), (2.56)

L) =)~ alon, 257

6 = () — g({ada) + {6ad), (2.58)

S) = () — gl(hon) + (o), (2.59)
%@Ja) = —r(ata) — g((61a) + (a6,)) + KN, (2.60)
%meﬁ) — —x(aal) — g((asl) + (6.a")) + k(N + 1), 2.61)
LBty = —r(B18) — g((618) + (B1oy)) + KNV, (2.62)
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7 (0b1) = —r(BbT) — g((b6]) + (61b1)) + K(N + 1), (2.63)
@by = —n(a'h) — g((618) + (@), (2.64)

< bty = —n(bal) + (bo]) + (B, (2.65)
%m (@b — g((6ab) + (a6%)) + KM, (2.66)
by = —n{b) + (o) + R, (2.67)

D (albt) = (@b +velal) + nM, (2.68)

< lat) = —n(bal) + s (2.69)

The quantum Langevine equations for the cavity mode operators are expressible with the

aid of Eqgs. (2.56) and (2.57), as

d K R

L= —La— go, + Fult), 2.
i 50— 99+ (t) (2.70)
DG = B g6y + By(t) (2.71)
dt - 2 go—b b 9 .

where F,(t) and F}(t) are noise operators associated with operators of cavity mode & and b.

Applying large time approximation to Egs. (2.70) and (2.71), we obtain

sy = 295 4 2

(t) = L O'a(t) + /~€ a(t)a (2.72)
- 2 2 A

(1) = =22oult) + ~Fi(0). (2.73)

We now proceed to decouple the expectation values of the products of cavity mode
and atomic operators that appear in the equations of evolution of cavity mode and atomic
operators. To this end, we substitute Eqgs. (2.72), (2.73) and their adjoint in to Egs. (2.50) -

(2.55) and Eqgs. (2.58) - (2.66). It then follows that

860 = D100 — o) + 22 [tFult)) — GuFu) + (F{050)] . @74

G on = 500 — Lo~ 2 (b)) + byo) — (Flwen] . @79)

L6 = 5 0 — 0] — 2600+ 22 [touat) — {oa (1) (2.76)

Dy = £ [t61) + 00 ~velie) + 22 [(GLE0) + ()] @.77)

%mw = Ye [(ila) = ()] + 2;9 [(GLR0) + (B (03) — (GLEa0) - (Fl(5a)],  @78)
Lty = =5 [0l + 0] +retin) - 2 [6lB) + (Fiwen] . @79

D12y = (@) — I [(Fa(0)6a(t)) + (6a(t) Fu(t))] (2.80)



@ty = (@) + 2eli) — 2(GaFY0) + (Fa(t)oD)] + KN + 1),

) = (818} + el — UG BO) + (E (D) + N,

S = —n5) + () — 210 (0) + (F D] + KN + 1),

~

5LE () + (F(8)6)]

—
S
~

|

|
—

>
=
~
|

‘ DO

S
—
Q>
Q
ok
—~
~
N~—
~
+
—
&
—~
~
SN—
Q
o
P
_l’_
S

2, . .
where, 7. = 4% is the stimulated emission decay constant.
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(2.81)

(2.82)

(2.83)

(2.84)

(2.85)

(2.86)

(2.87)

Neglecting the correlation between cavity mode noise and atomic operators, we can write

(Ga()Fu(t)) = (6a(t)(Fu(t)) =0,

Employing Eqs.(2.88) - (2.97) in to Eqgs. (2.74]-|2.87), we obtain

o) = S 1) — el

& 60) = Sl — (al] ~ L6,
9 tha) = SU6D + (6] — et
&ty = eltna) — ()

d Q

(2.88)

(2.89)
(2.90)
(2.91)
(2.92)
(2.93)
(2.94)
(2.95)
(2.96)

(2.97)

(2.98)

(2.99)

(2.100)

(2.101)

(2.102)

(2.103)



d .o _ ~2
4 a2) = —wfad)
d zoy 59
(52 = —n()
d . . i
@<a ay = —k(a'a) + vc(Ma) + kN,
d, . . o .
4 aa) = —w{al) +1elin) + RV + 1),
d oo .
2 (b10) = —r(bT6) + e (i) + KN,
d s oo X
2 (00) = = {BbT) + 7 (ic) + K(N + 1),
d N N
Gty = —klat
dt<a b) k(a'b),

d - A
@< by = —kr(ab) + kM.

12

(2.104)

(2.105)

(2.106)

(2.107)

(2.108)

(2.109)

(2.110)

(2.111)

The steady state solution of Egs. (2.56), (2.57), (2.67) - (2.69), (2.98) - (2.111) are

given as

(@) =~ (5,)
) = -2 ()
(@*) =0
(%) =0
(afa) = f(m) +N
(aat) = % i) + N +1
(b7b) = == (i) + N
(bbT) = %(U +N 41
(a'h)y =0
(ba"y =0
(aby = M

(blaly = M

R Q
(0a) = 5.-(31)
(o) =~ 61

(2.112)

(2.113)
(2.114)
(2.115)
(2.116)
(2.117)
(2.118)
(2.119)
(2.120)
(2.121)
(2.122)
(2.123)
(2.124)
(2.125)

(2.126)

(2.127)

(2.128)
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Q
(fla) = 561 + (&¢)] (2.129)
27,
(fa) = (M) (2.130)
Q
(i) = 5—[(&d) + (60)] (2.131)
2%
In view of Eq. (2.128), we notice that 5. = 1. We can thus write Eq. (2.129) as
Ay Vegn
(Ge) = 4 (la); (2.132)

so that combining Eqs.(2.128) and (2.132), we obtain

0 {ie)

(fla) = o (2.133)
or 5 o
(o) = LT L) 0a) +§2 Jla). (2.134)

For 2 = 0,(absence of coupling coherent light),

<77a> =0,
(M) = 0,
<ﬁc> =1

From these results we notice that, in the absence of deriving coherent light, the atom
remains in the bottom level, with zero probability of being found in the intermediate and
top levels.

For atomic states assumed to be complete, we can write

(1) + (7o) + (1e) = 1,

so that taking Eqs. (2.130), (2.133) and (2.134) into account, we realize that

. 02
(fla) = 1 302 (2.135)
. 02
2 2
e+

Moreover, using Eq. (2.126) in Eq. (refEq:2.127), we have

<&a>[1 + %] =0
<5a> =0
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Therefore,
(Gqa) =0 (2.138)

Using Eq. in Eq. (2.126), we get
(6p) =0 (2.139)
On the basis of Egs. and (2.139), we can put Egs. and as
(@) =0, (2.140)
(b) = 0. (2.141)

Using Egs. (2.130), (2.135) and (2.136), we can put Eq. (2.117) and (2.119) as

2
aahy =2 | 1 Nt (2.142)
Kk |72+ 302 ’ )
2 2
77 Ye ’}/c + Q

Next we seek to obtain the correlation properties of the noise operators employing
the quantum Langevin equations for the cavity mode operators and the relevant equations
of evolution. To this end, Egs. and are equal to the expectation value of Egs.
(2.70) and (2.71) provided that,

(Fu(t)) =0 (2.144)

and
(Fy(t)) =0, (2.145)

where Fa(t) and Fb(t) are noise operators associated with the operators a and b respectively.

Employing the relation

d

da, dal
— a JE—
dt

al(a(t)) = (@' =) +(—-a) (2.146)

along with Eq. (2.70) and its conjugate, we obtain

%(dT(t)d(t» = —r(ala) — g((a' ()3a(t)) + (6L(Da(1))) + (@ Fu(0) + (Fl(B)a(t))  (2.147)

Comparing Eqs. (2.60) and (2.147) ,we see that

(at () Fy (b)) + (El(t)a(t)) = kN (2.148)

The solution of Eq. (2.70) can be written as

N A =t b=t o At (gt , b=t 4 o
a(t)=a(0)e2 —g [ e =2 Go(t")+ ol dt'+ [ e 2 F,(t)dt (2.149)
0 0
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Multiplying Eq.(2.149) by £l (t) from the left and taking the expectation value of the
resulting expression, we obtain

N

(Fl®a(t) =

t /
- / e_”(g_“@g(t)ﬁa(t’)dt’ (2.150)
0

A noise operator at some time t should not affect the system operators at earlier
times

(Fl(t)a(0)) = (Ff)(a(0) =0

(2.151)
(EL®) (5at) + 6 (1))) = 0 (2.152)
By using Eqgs. (2.151) and (2.152), we can reduce Eq. (2.150) as

(B (a() Aﬁk%”«ywmwmw 2.153)

Moreover, multiplying the conjugate of Eq. (2.150) by Fa(t) from the right and taking the
expectation value of the resulting expression, we get

GORO) = @O —g [ 5 [0l

2
t ’
—k(t—t") A_i_ "7
+ / B ) B (1) 2.154)
0
Since a noise operator at some time t should not affect a system operator at earlier
time Eq. (2.154) can be reduced as

@Wﬁﬁ»=éek%wVﬂﬁR®Mﬂ

(2.155)
Substituting Eqgs. (2.153) and (2.155) in to Eq.(2.148) and assuming
(EL()Fy (1)) = (FJ(t)Fo(t')), we obtain
/0 LD B B () d ? (2.156)
On the basis of the relation [3]
/O A=tV BB () dE = D 2.157)
we assert that

(ET(t)F,(t)) = 2Dé(t —t'), (2.158)

where a and D are constants or D may be as a function of time. Based on Eqgs. (2.157) and
(2.158) we can write Eq. (2.156) as

(2.159)



Therefore,

(FI@O)Ea(t) = (F]

(t)Eu(t)) = RNS(t — 1)

Following similar procedure, one can readily obtain,

(Fa(O)EL (1) = (Fa(t)E] (1) = k(N +1)3(t — 1),

(Ef () Fy(t) = kN(t — 1),

(EL)Ey() = (B () Ey(t)) = kNS (t — 1),

(By () EL () = (By(t) EJ (1)) = 5(N + 1)d(t —t'),

(B EL(L) = (B(t)By(t) = kMo(t — 1),
(By(0)Eu(t") = (By(t) Eu(t)) = kMS(t — 1),
(ELOE() = (B () Ey(1) =0,
and

(FI(OF() = (I Ef () = rM(t —t).

a
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(2.160)

(2.161)

(2.162)
(2.163)
(2.164)
(2.165)
(2.166)

(2.167)

(2.168)



CHAPTER 3
Quantum Statistical Properties of Cavity Photons

In the previous chapter we have obtained the steady state solutions of the expectation
values of cavity mode, atomic operators and the correlation properties of cavity mode noise
operators. In this chapter we wish to determine the statistical characteristics of light
produced by a non-degenerate three-level atom available in the cavity driven by coherent
light and coupled to two mode squeezed vacuum reservoir. The photon statistics of light
generated by non-degenerate three-level atom is described by the mean and variance of the

photon number as well as the photon number correlation.

3.1 The mean photon number of the cavity modes

The photon number operators for cavity modes a and b are given as respectively

(3.1)

>
IS}
Il
joN
Rt
Q>

>
>

Il
>
g
[ bl

(3.2)

3.1.1 The mean photon number of mode a

With the use of Eq. (2.135) in (2.116)), the steady state mean photon number of cavity light

a is expressible as

= e

a — Aa N
n H<?7>+
Ve 02
- m[73+392]+N’ 9
which with the aid of N = sinh? r becomes
Y 0?2 1T 1,4
n=—|———=s| —=+ (e ). 3.4
n ﬁ{ﬁ—k?ﬁﬂ} 2+4(e +e %) (3.4)

We notice that the first term in Eq. (3.3) is the contribution due to interaction of
three-level atom with cavity modes and driving coherent light, whereas the second is due
to the squeezed vacuum reservoir. In the absence of driving coherent light( Q2 = 0) the

mean photon number is reduced to

- __1 1 2r —2r
g =N = 2+4(e +e ) (3.5)
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Figure 3.1: A plot of the 7, versus Q [Eq. ()] forr=0.5and xk =0.8.
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Figure 3.2: Plot of the n versus . [( Eq. ] forr=0.5and xk =0.8.

18



19

mean photon number
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Figure 3.3: Plot of the 7, versus r [( Eq. ] for . =0.5and k = 0.8.

From Fig[3.1] we notice that the intensity of cavity photon increases for Q < 0.5 and
constant for 2 > 0.5. From the plots in Figs. and one easily see that the mean
photon number increases as the rate of photon emission (+.), the squeeze parameter (r) and
the amplitude (£2) of coherent light increases and vice versa. When the amplitude of the
coherent light (2 = 0), the mean photon number obtained is due to the squeezed vacuum
reservoir, whereas the mean photon number obtained when the squeeze parameter r = 0 is

due to the interaction of the atom with cavity modes.

3.1.2 The mean photon number of mode b

The mean photon number of mode b is obtainable employing Eq. (2.118) along with Eqs.
(2.130) and (2.135). We therefore observe that

e I U
ny = - [762+3QQ:| + N (3.6)
In view of Eqs.(3.3) and
g = Ny 3.7

This shows that the mean photon number of the two cavity modes are equal.



3.2 Single mode

variance of photon number

3.2.1 Variance of the photon number of mode a

The variance of the photon number of mode a is given by

(Ana)* = (fg) — (fa)”

In view of Eqs. (2.114)

(Ang)® = (a'a)(aa’)

Substituting Eqgs. (2.116) and (2.117) in to Eq. (3.9), we get

(Ang)?

In view of Eq. (3.4) , Eq.

(Ana)2 =

= (L) + ) (L) + N+ 1)

K
-\ 2 2%, . .
= (%) + ( 1) +N> N+ N+ L)
K K K
(3.10) can be written as
n2 4 g — 2ngN + N> — N 4+ 2n,N — 2N? + N> + N
A2 + fg,

which shows that the light mode a is a chaotic light.

3.2.2 Variance of photon number of mode b

The variance of mode b is given by

(Any)? =

Employing Eqgs. (2.118) and (2.119) in to Eq. (3.12), we have

(Any)? =

(Z=tm) + W) (L) + N + 1)
Ye

Ve N A Ye ;A Ye ;A
(=) (M) (e) + ;<77b>N + ;(m) + ;<77¢>N + N? + N,

20

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)
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which with the help of Eq. (2.134) becomes

2 2 2
Yeya (Ve TN o (Ve TN e,
g (g ) i+ (P ) Ly
np — N + N)N + 7,

s QZ) <% (ﬁb>)2 + <fy2 s QQ) T (i) N + 7ip(N + 1)

< 02 * 02 K

2 QQ 2 QQ
%+>wrwf+<%+ym—mN+mw+n

(Any)* = (
(

02 02
= CQQ (A7 — 27N + N? + 7N — N?] + 71y (N + 1)
2
+Q
= e o (7 = mN] + (N + 1)
2 2 r —r\ 2 r —r\ 2
vE+ Q7| (e —e 3 —e
= o2 ngnb( 5 ) + iy ( 5 > +1 (3.14)
For r = 0 (ordinary vacuum reservoir),
2 2
Q%N o
(Anb)Q — <’7 0 ) n% + np (3.15)

where 7, = 2= (7).

Moreover setting . = 0, the photon number variance for the cavity mode b reduced to
(Anp)? = Al 4y (3.16)

where 1, = N.
From Eq. (3.16) we notice that when the atom is not interacting with cavity modes (. = 0),

the variance of light mode b is due to squeezed vacuum reservoir.

3.3 Two mode photon number variance
The photon number variance of the two mode cavity light described by annihilation operator

é=a4+b. (3.17)

is defined as

—~ —~ —~ — —

>

-
>
NS4
—
>
>
<
—
>

—r

[\o}
~
—
o

[N}
~

etey (e + (62)(e2). (3.18)
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Now we proceed to find the expectation values of the terms that are found in Eq. (3.18)
utilizing (3.17) and (2.120) and its adjoint. We thus observe that

(efey = ((a"+0")(a+0b)
= (afa) + ') + (a'b) + (b'a)
= Ng+Np

= 27, (3.19)
Substituting Eq. (3.3) in to Eq. (3.19), we obtain
@ey = 2204, + 2N (3.20)
K

Moreover taking into account Eqs. (3.17), (2.114) and (2.115), we find that

@2 = (@ +b"?
= (@b + (bial). (3.21)

On account of Eqgs. (2.124) and (2.125), we arrive at

(@) = 2151y 4 o, (3.22)
K

(
= (ab) + (ba). (3.23)

Substituting Eqgs. (2.122) and (2.123) in to Eq. (3.23), we readily obtain

(@) = %<5C> oM, (3.24)

Following a similar procedure and considering Eqs. (2.117) and (2.119), we obtain

ety = ((a+b)al +bh)
)

e () + ie) + 2(N +1). (3.25)
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Substituting Egs. (3.20) , (3.22) , (3.25) and (3.26) in to Eq. (3.18), we have

\ $

(Ano)? = (25t +2Mm)( H(UC>+2M)

(Scteh
2 o L
N <Z +2N)(H(<nb>+<nc>)+2<N+1>)
- (%GC+ZM>< <Z>+2M)+nc<7:< o) + N+ <c>+N+2)
3/\
_ (%)2(N2—2Nna+n)+4M2+nc(2na+2+g§(_ - N))
2 2 2 % e
_ (%)2 [N? = 2N7g + 72 + fighe — 7eN]
+ 4M2+2m(ﬁa+1)+4M%(ﬁa—N)
L _
- (B[ 7o)
+ Mg(?_N>+2ﬁc<%+l>+4M2’ (3.26)

where 7. is the mean photon number of two mode cavity light.

3.4 Photon number correlation

The atom in the upper-level |a) decays to the intermediate level by emitting a photon a. It
subsequently decays to the lower-level |c) with the emission of photon b. In this section we
study the correlation properties of the photons a and b. The photon number correlation is
defined as [2]

2
gi£<> =

(3.27)

where g(zg (0) is the probability of observing photon a and b at the same time. If g((fg (0)=1

the photons a and b are uncorrelated. But, if g(2)( 0) # 1, the photons a and b are correlated.

Substituting Eqs. (2.120), (2.121), (2.123) ,(2.124) in to Eq. (3.27) , we get

% (g, )2 + e (5,) + M2
o = 14 ) >

(3.28)

In view of Eq. (3.28) , it is possible to say that the photons a and b are correlated.



CHAPTER 4
Quadrature Fluctuation

In this Chapter we seek to determine the quadrature variance of single-mode lights of mode
a and b as well as the quadrature variance of two-mode light produced by a non-degenerate

three level atom.

4.1 Single mode quadrature variance

4.1.1 Quadrature variance of mode a

The squeezing properties of single-mode light of mode a are described by plus and minus

quadrature operators defined by [2]
a, =al +a, 4.1)
a_ =i(al —a) (4.2)
Using Egs. and (4.2), one can write
la_,ay] = i[(al —a),al + 4] (4.3)
With the aid of the identity
[A+B,C+ D) = (I4,C]+[4,D] + [B,C] + [B, D)),

Eq. (4.3) can be written as
la_,a4] = 2i[al, a] (4.4)

The uncertainty relation for the two quadrature operators a, and a_ can be written as

o
Aa_Aay > % ([a—,ay])]
> |(ata) - <aeﬁ>‘ (4.5)

On account of Eqgs. (2.116) and (2.117), Eq.(4.5) can be written as

NayAa_ > 1 (4.6)

24
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Now we proceed to determine the plus quadrature variance for light mode a which
is defined by

(Aay)? = (a%) - (ay)”

— (a")? - (@) - (a)(a) - (a)(a") (4.7)

(Aay)? = (a'a) + (aa’) (4.8)
In view of Eqgs. (2.116) and (2.142), one readily obtain
(Aay)? =2, + 1 (4.9)

In similar manner,

(Aa_)? =27, + 1 (4.10)
This shows that the cavity mode a is chaotic .
4.1.2 Quadrature variance of mode b

The squeezing properties of single-mode light b is described by plus and minus quadrature

operators defined by

by =b+b (4.11)
bo =i(bt —b) (4.12)
and
[by,b_] = bt +b,bf —b]
= —i[b!,b] + b, b')
= 2i[b, b] (4.13)

The uncertainty relation of mode b is thus given by

Ab Ab_ > ‘<[6T,z3]>(

>

On account of Egs. (2.143) and (3.6), we have
2 2 2

Ye [ 77+ Ve Q

e L T2 Yy N1 )N

K (’yz+392>+ + K (72—1—392) ‘

- e
— k(e +302)

(Bb") - (b'%)|

AbyAb_ >

The variance of plus quadrature of cavity mode b is defined as

A~

(Aby)* = (B3) — (by)?, (4.15)
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On account of Eqs. (2.118) and (2.141) , we get

(Aby)? = (bTh) + (bb'), (4.16)

so that substituting Eqgs. (2.118) and (2.119) in to Eq. (4.16), we have

(Aby)? = i)+ N+ @) +N+1
2, 02

_ Qﬁb+%( e )41 (4.17)

For ~. <<,
(Aby)? = 27y + 1. (4.18)

In similar line of thought, it can be established that
(Ab_)? =27y + 1 (4.19)

Therefore, for 7. << Q,
(Aby)? = 27y + 1. (4.20)

This shows that light of mode b is in chaotic state.

4.2 Two mode quadrature variance

In this section we proceed to study the squeezing properties of two-mode cavity light which

described by two quadrature operators

a=¢é+é (4.21)
and
o =i(el —e). (4.22)
we now observe that
[6r,e ] = el +¢¢ —¢

= 2i[¢, ¢l (4.23)



and hence

AcyAc_

AV A A A Y

AV

On account of Eqs. (2.116) - (2.119)

AC+A07 Z
>

>

27

(4.24)
Ye (e R
() = (a))| +2
Ye e+ @ Lo
K \Y2+302  ~2+4302
73
— 1+ 2. 4.25
“GE+ |t 2

Next we seek to calculate the quadrature variance of the two-mode cavity light

which is defined by cavity operators

(Acy)?

= (&

— (@) 4

) = (e4)?

&) + (¢éte) + (eel).

(4.26)

Substituting Eqs. (3.19), (3.21), (3.23) and (3.25) in to Eq. (4.26), we get

Je

(Acy)?
ge
K

o e
K

L (51) +2M + %(&a oM
(o)
() +4M +225i) + 35 () + (i)
4N + 2.

2 () + () + 2N +2

(4.27)

With the aid of Egs. (2.132), (2.135), (2.136) and (2.137), we obtain




28

c /c Q2 C Q2
(Acy)? = 227 <)+4M+27

k Q \ 32 1302 Yo + 302
Yo [ e +
Je AN +2
" m<73+392+73+392 AN

Yo Q2 ( %> 'yc + 202
= 2—— 14+ = — [ — AM + AN + 2
K 72 + 302 0 +Ii 2 + 30?2 + AV

Ve 202 702 + 202 73 02
= — 22— — +4AM + 4N + 2
K <7§+3Q2+'yg+392 /<c(2fy§—|-3QQ+ + *
-2 2
Ye | Ve + 40 ’YCQ
= = AM + 4N + 2
k|72 +302 0 TAZ2+302 TAM AN
Ve [49% +12 + 27,0
= — M+ N
K 72 4 302 FAM A N)+

Ve [492 + 42 + 290 N
S — 2¢2" 4.28
ol o + 2e ( )

We notice that for 2 << ~. , the plus quadrature variance reduces to
(Acy)? = L& 4 9¢r, (4.29)
K

where 1¢ is due to interaction of the atom with the cavity mode and 2¢?" is contribution

from squeezed vacuum reservoir.

Moreover, the variance of the two-mode minus quadrature is

(Aco)® = (&%) —()?
= (&Te) + (eeh) — (&%) — (&?) (4.30)

Substituting Eqs. (3.19) , (3.21) , (3.23) and (2.25) in to Eq. (4.30) , we have

(A = T ({0 + ()] + 2N + 2 (i + {ic))] + 2N +2

- L6l) - o) —am
= % [3(71a) + (7p)] + 4(N = M) +2 — QE%W

= % :3<ﬁa> - 2§<77a> + <77a>] + 4(N - M) +2

e [ 302 2782 Yo + @
_ e _ AN — M) +2
Ko|72 + 302 7§+3QQ+7§+3§22 +4 )+

Ve [492 + 72 — 279.0
= € AN — M) +2
kL 2 +3Q2 A )+

Yo [492 + 42 — 270 9
— e c 2¢72" 4.31
Pl B TOE +2e (4.31)

For O << ~,,
(Ac_)? = L& 4 ge2r, (4.32)
K
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Figure 4.2: A plot of the (Ac_)? versus r [Eq. (4.31)] at constant value of 2 = 0.5 and x = 0.8

From the plot in Fig. the two-mode quadrature variance attains its minimum
value for (2 near zero and increase for (2 between 0.1 and 0.5 and constant for {2 > 0.5. From
this one can see that the cavity modes attains its maximum squeezing when the value of
the amplitude of coherent light €2 is near zero. Hence the cavity modes attains maximum
entanglement for smaller values of number of photons in the cavity. From Fig. one
can see that the quadrature variance decreases as the squeezing parameter r increases.
This implies that the squeezing of the two-mode cavity light increases with the increases
of r. Moreover from the plot in Fig. [4.3|we notice that as the rate of photon emission .
increases the minus quadrature variance also increase. This indicates that the squeezing

of the cavity light decreases with the increase of7..
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Figure 4.3: A plot of the (Ac_)? versus 7. [Eq. (4.31)] at constant value of Q = 0.5, x = 0.8 and

for different values of r

4.3 Quadrature squeezing

In this section we seek to calculate the quadrature squeezing of the two mode cavity light

relative to the quadrature variance of the two mode vacuum state can be defined as

(Ac_); — (Ac_)?
(Ac)3

S =

where, (Ac)? is the quadrature variance of two-mode vacuum state.

With the aid of Egs. (4.31) and (4.32) , we get

Ye 402 + 42 — 2%Q> 2Ke 2"
Yo+ 2K ’702 + 302 Ve + 2K

(4.33)

(4.34)

The plot in Fig. indicates that the squeezing for the cavity modes increases for

Q increases (2 < 0.25) but decreases for 2 > 0.25 with maximum degree of squeezing 90%
when 7. = 0.5, r = 1.5 and x =0.8 which is observed from Fig. [£.4]. Moreover, from the plot in
Fig. [4.5]and [4.6] we notice that the squeezing increases with the amplitude of the coherent

light Q2 and with the squeeze parameter r. In addition it decreases when the rate of photon

emission increases and vice versa. The maximum squeezing is 93.75% and occurs for Q) =

0.5, 7. = 0 and r = 1.75 which is observed from Fig.
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Figure 4.4: A plot of the Quadrature squeezing (s) versus Q [Eq. )] at constant values of
Y. =0.5,r=15and x = 0.8.
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Figure 4.5: A plot of the Quadrature squeezing (s) versus 7. [Eq. (4.34))] at constant values of
r=0.5and x = 0.8.
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Figure 4.6: A plot of the Quadrature squeezing (s) versus r [Eq. (4.34])] at constant values of
~v.=0.5and x = 0.8.



CHAPTER 5
Quantum Entanglement of Cavity Modes

In this section we study the steady state entanglement between two modes. In order to

detect an entanglement between the cavity modes a and b, we use the following criteria.

5.1 Duan et al. criteria

According to this criteria a quantum state of a system is entangled provided that the sum

of the variances of the EPR-type operators 4 and ¢ satisfies the inequality [8-14]

(Au)? 4 (Av)* < 4
< 202+, (5.1)
where
0= &4 — Iy, (5.2)
b = Pa + Po- (5.3)
in which
To=a. =al +a,
xp=by = bt +b,
po = a- =i(a’ —b),
Py =b_ = i(bt —b).

Substituting Eqgs. [2.116/-[2.119|and [2.122]-[2.125|in to Eq. , we get
(Aw)? + (Av)? = 2 | 2=(ia) + L (i) — 222(6) +4(N = M) +2]

In view of Eqgs. (2.132) , (2.135) and (2.136), we readily obtain
Ye (492 +92 — 29.0

(Au)? 4 (Av)? = 2[ )+4(NM)+2]

K 72 4 302
29 (492 +~2 — 270 4
K 72 + 302 e2r
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Employing Eq. (4.31) in to Eq. (5.5), one readily obtain
(Au)? + (Av)? = 2(Ac ). (5.6)

Thus according to Duan et al. criteria, the cavity modes are entangled if they are squeezed
and the degree of entanglement is proportional to the squeezing of the two-mode cavity
light.

From Eq. (5.6), we notice that the entanglement is directly proportional to the two-mode

squeezing.
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Figure 5.1: Plot of the (Au)? + (Av)? versus Q [Eq.] at constant value of r = 0.5 and k = 0.8
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Figure 5.2: Plot of the (Au)? + (Av)? versus v [Eq{5.5]] at constant value of r = 0.5 and x = 0.8

From the plots in Figs. and one can see that when the rate of photon
emission decreases the sum of variances also also decreases. This implies the strong
entanglement.From Fig. [5.2]and [5.3| we notice that when the amplitude of coherent light
increases, the sum of variances decrease, but the squeezing and entanglement increases.

In addition, as the squeeze parameter increases, the sum of the variances decreases which
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Figure 5.3: Plot of the (Au)? + (Av)? versus r [Eq. at constant value of 7. = 0.5 and x = 0.8

is the indication of the strong entanglement. Hence, according to Duan et al. criteria the
squeeze parameter and the amplitude of driving coherent light enhances entanglement
with degree of entanglement 97.5% for v. =0.02, r=0.5and 2 =0

5.2 Hillery-Zubairy criteria

According to this criteria the two-mode photons are entangled if the following inequality is
satisfied [6,15-17]
(ata)(bTh) < (ab)2. (5.7

It then follows that

If we define a function

@
I

ata) (b'b) — (ab)?
= 72— (ab), (5.8)

the negativity of G implies entanglement of the two-mode cavity light.

On account of Eqgs. (2.122), (3.3), we notice that

2
’YcQ2 2'Yc92 2 9
G=|—"—"— — + N - M 5.9

<H(7§+392)> +7§+392 - ©9

or
S22 27.0? 1, _9
G [K(7§+392)] 2130 4[6 +e ] (5.10)

r

T — 2 T —T T__ T
where N = sinh?r = <6 = > and M = coshrsinhr = (6“)4# have been used.

From the plots in Figs. we notice that the entanglement of the cavity modes
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Figure 5.5: Plot of the G versus . [Eq. [5.10] at constant value of r = 0.5 and x = 0.8

increases with the squeeze parameter r and the rate of photon emission ~., whereas it
decreases when the amplitude of coherent light 2 increases. Hence in the case of Hillery-
Zubary criteria the entanglement of the cavity modes is enhanced by the rate of photon

emission and the squeeze parameter.
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Figure 5.6: Plot of the G versus r [Eq. [5.10]] at constant value of v = 0.5 and x = 0.8

5.3 Logarithmic Negativity

Another criteria to detect the entanglement of two-mode cavity photons is the logarithmic
negativity which indicates the presence of entanglement between two-modes. The logarithmic

negativity for a two-mode state is defined as [9,11,18,19]
En = maz]0, —logsy*], (5.11)

where V; is the smallest eigenvalue of the simplistic matrix. According to this criterion, the

entanglement is achieved when Ey is positive within the region of V; < 1 which is defined

as L
— (02 — ddetT)? \ ®
v, — (a (o det )2> ’ (5.12)

2

where the invariant matrix ¢ and the covariance matrix I" are defined as

o = detAq + detAy — 2det Aqo, (5.13)
A A
T (5.14)
in which
I 1N
A= P (5.15)
Ia1 Ty
T T
Ap=| " " (5.16)
Paz T'ay
T T
AL = 70 7 (5.17)
Iy Ty
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T r
Ay= | F " (5.18)
Fyz T
The elements of the matrix in Eq.(5.14) are given as

Dy = 5(@id5) + (i) — (6:) ()] (5.19)

in which i,j = 1,2,3,4 and &, = af + a, &y = i(af —a), 23 = bf + b and &4 = i(b' — b) are the
quadrature operators corresponding to each modes of the cavity light. Employing operators
in Eq. (56.19), it can be verified that

[11 = 3[2(29)] — (1)

= %y + 1 (5.20)
T1o =0 (5.21)
_ e (Yey
3= O ( . (Na) + N) (5.22)
T4 =0 (5.23)
T =0 (5.24)
Ty =20, +1 (5.25)
To3 =0 (5.26)
_ e (TJeys v
Lot = ( . <na>) oM (5.27)
_ e (e
Lo = 5 (H <na>) YoM (5.28)
T3 =0 (5.29)
2
. Ye Ve
T'ss =20+ 1+ - <702 n 3QQ> (5.30)
T34 =0 (5.31)
Ty =0 (5.32)
_ e (Yegn ) _
Lz = ( K <na>) oM (5.33)
T3 =0 (5.34)
2
o Ye é
F33—2nb+1+ p <’762—|—3QZ> (5.35)

On the basis of Eqs - , we can put the covariance matrix I" as

2 + 1 0 LG (o) +2M 0
- 0 20, + 1 0 2 —2eZe(fy) — 2M
Le e (flo) + 2M 0 20, + 1+ l;(nggm) 0
2
0 —2eZe(fy) —2M 0 20+ 14 2 (5 502)
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Employing the determinants of the matrices (5.15), (5.16) and (5.18) in to Eq. (5.13) , we

obtain

2 Y, [ 2
= (20 + 12+ |2 + 1+ Lo(— e 2[— e i 2M] 5.37
7= (ot 102+ |t 14 26T )| 2 [ ) + (5.37)
Moreover, the determinant of the covariance matrix I" can be expressed as
g Ve Ve ?
detl' = | (27 + 1)[27p + 1+ = | 5 | — (52 (M) + 2M)? 5.38
e [(na+ )[27mp + +K<72+392> (ﬁQ<na>+ ) (5.38)
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Figure 5.7: A plot of the smallest eigenvalue [Eq. ( )] of the two-mode cavity light versus
Qatr=0.5,x=08and~. =04
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Figure 5.8: A plot of the smallest eigenvalue [Eq. ( )] of the two-mode cavity light versus
veatr=0.5,xk=0.8and Q2 =0.4
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Figure 5.9: A plot of the smallest eigenvalue [Eq. ( )] of the two-mode cavity light versus
raty.=0.5,x=08and 2=0.4

Fom the plot in Fig. one can see that entanglement increases for Q2 < 0.5,but
decreases as amplitude of coherent light 2 > 0.5 for maximum degree of entanglement
90% when 2 = 0.5, r = 0.5 and 4. = 0.4. Hence the degree of entanglement increases with
smaller value of photon emission. From Fig. we notice that entanglement increases as
rate of photon emission decreases. Furthermore, from the plot in Fig. one can see that

entanglement increases with the squeeze parameter r.



CHAPTER 6
Conclusion

In this thesis, we have analyzed the photon statistics, the squeezing, and entanglement
of the cavity radiation generated by coherently pumped nondegenerate three-level atom
in a cavity coupled to a two-mode squeezed vacuum reservoir. With the use of the master
equation, we obtained the time evolution of the first and second moments of cavity mode
and atomic operators. Applying the steady state solutions of these equations of evolution,
we calculated the mean and variance of photon number, photon number correlation, and
quadrature variance for single modes and two-mode cavity radiation. Our results show
that the amplitude of the coupling coherent light, rate of stimulated emission, and the
squeeze parameter enhance the intensity of cavity radiation. We have also seen that the
single modes are chaotic, whereas the two-mode cavity light is in a squeezed state, with
maximum squeezing of 93.75% for 2 = 0.5, v. = 0, and r = 1.75. The squeezing increases
with the squeeze parameter and amplitude of coherent light, where as it decreases when
the rate of photon emission increases. In addition, we have studied the entanglement of the
two-mode cavity light using different quantification criteria. All the three entanglement
detecting criteria demonstrated that the cavity photons are entangled. According to Duan
et al. criteria entanglement increases with the squeeze parameter r and the amplitude
of coherent light 2, whereas it decreases when the rate of photon emission increases.
In case of Hilery-Zubary criteria the degree of entanglement increases with the rate of
photon emission and with the squeeze parameter, but it decreases when the amplitude of
coherent light increases. In Logarithmic negativity the degree of entanglement increases
with the squeeze parameter and when Q2 < 0.5, whereas it decreases when the rate of

photon emission increases and for the values of Q > 0.5.
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