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Abstract

In this dissertation we have studied the photon statistical and the quadrature
squeezing properties of the two-mode cavity light available following the interac-
tion of subharmonic light modes, emerging from a nonlinear crystal pumped by
coherent light, with a single three-level atom in a closed cavity. The cavity is cou-
pled to a vacuum reservoir via a single port mirror. We have considered the case in
which the top and bottom levels of the three-level atom are not coupled by the co-
herent light emerging from the nonlinear crystal. Employing the pertinent Hamil-
tonian and master equations, we have obtained the equations of evolution of the
expectation values for the cavity mode and atomic operators.

Applying the steady-state solutions of the equations of evolution of the expecta-
tion values for the cavity mode and atomic operators, we have calculated the global
mean photon number for the two-mode cavity light. The global mean photon num-
ber of the two-mode cavity light is found to be the sum of the mean photon num-
ber due to the subharmonic generation and the mean photon number emitted and
absorbed by the atom. We have observed that the effect of the interaction of the
subharmonic light modes with the three-level atom is to decrease the global mean
photon number of the two-mode cavity light. This is due to the fact that the mean
number of photons absorbed is greater than the mean number of photons emitted.

Moreover, applying the time dependent solutions of the equations of evolution
of the expectation values for the cavity mode and atomic operators, we have also

obtained the local mean photon number for the two-mode cavity light. Our anal-



ysis shows that the local mean photon number of the two-mode cavity light in-
creases with frequency and eventually approaches to the global mean photon num-
ber within a relatively small frequency interval.

In addition, we have calculated the global photon-number variance for the two-
mode cavity light. We have noticed that the photon statistics of the two-mode cav-
ity light is supper poissonian. Our analysis indicates that the global photon-number
variance in the presence of the interaction is less than that in the absence of the in-
teraction. This implies that the effect of the interaction is to decrease the global
photon-number variance.

Furthermore, we have determined the global quadrature squeezing for the two-
mode cavity light with arbitrary ordering of the two-mode vacuum reservoir noise
operators. We have established that the two-mode cavity light is in squeezed state
and the squeezing occurs in the plus quadrature. We have also found that the global
quadrature squeezing in the presence of the interaction (43.5%) is less than the
global quadrature squeezing (50%) in the absence of the interaction. In addition,
We have seen that the maximum local quadrature squeezing for the two-mode cav-
ity light is 60.8% at A = 0.17 and eventually approaches to the global quadrature
squeezing as the frequency increases.

Finally, applying the steady-state solutions of the equations of evolution of the
expectation values for the cavity mode operators, we have determined the global
quadrature squeezing for the two-mode cavity light when the two-mode vacuum
reservoir noise operators are in normal order. We have found that the global

16

quadrature squeezing for the two-mode cavity light is 100% for 7. = 3 ~ 1.067

and is 88.3% for . = 1.25 with the vacuum noise operators in normal order.
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Introduction

Quadrature squeezing is one of the nonclassical features of light that has attracted a
great deal of interest. Several authors have carried out the analysis of the quantum
properties of the squeezed light generated by various quantum optical systems [1-
15]. In squeezed light the noise in one quadrature is below the vacuum-state level at
the expense of enhanced fluctuations in the conjugate quadrature, with the prod-
uct of the uncertainties in the two quadratures satisfying the uncertainty relation
[16-19]. Squeezed light has potential applications in low-noise optical communica-
tions, precision measurements, and weak signal detections [2-5].

It has been predicted that three-level atoms in a closed cavity can produce under
certain conditions squeezed light [16-18]. Fesseha [16, 18] has studied the squeez-
ing and statistical properties of the light produced by the three-level atoms avail-
able in a closed cavity and pumped by electron bombardment. He has found that
the light emitted by the atoms is in a squeezed state, with the maximum quadrature
squeezing being 50% below the vacuum-state level. In addition, he has considered
three-level atoms in a closed cavity pumped by coherent light [18]. For this case
he has found that the maximum quadrature squeezing is 43.4% below the vacuum-
state level. The analysis of the aforementioned cases have been carried out by nor-

mally ordering the reservoir noise operators.



On the other hand, it has been shown theoretically [18-31] and subsequently
confirmed experimentally [32-34] that a subharmonic generator, a nonlinear crystal
pumped by coherent light, produces squeezed light. It is found that the maximum
quadrature squeezing of the superposed subharmonic light modes at threshold and
at steady-state is 50% below the vacuum-state level [18, 19].

Furthermore, some authors have studied the statistical and squeezing proper-
ties of the light produced by the interaction of subharmonic light modes with three-
level atoms, using the usual commutation relation [35-40]. However, it appears to
be difficult to believe the results obtained in this manner to be correct in light of the
discussion given in Ref. [41].

In this PhD dissertation we seek to investigate the interaction of subharmonic
light modes (emerging from a nonlinear crystal pumped by coherent light) with
a three-level atom. We consider the case in which the nonlinear crystal and the
three-level atom are in a closed cavity coupled to a vacuum reservoir via a single
port mirror. Our interest is to analyze the squeezing and statistical properties of the
two-mode cavity light available following this interaction. We carry out our anal-
ysis applying the master equation for the cavity modes and atomic operators. We
consider the case in which the top and bottom levels of the three-level atom are not
coupled by the coherent light emerging from the nonlinear crystal. The large-time
approximation scheme is used to decouple the equations of evolution for the cavity
mode operators.

Employing the steady-state solutions of the equations of evolution for the ex-
pectation values of the cavity modes and atomic operators, we calculate the global
mean photon number, the global photon number variance, the global quadrature

variance, and the global quadrature squeezing. Furthermore, applying the time de-



pendent solutions of the equations of evolution for the expectation values of the
cavity modes and atomic operators, we determine the local mean photon number
and the local quadrature squeezing.

In addition, we wish to determine the quadrature squeezing of the two-mode
cavity light available following the interaction of the subharmonic light modes with
the three-level atom by putting the two-mode vacuum reservoir noise operators in

normal order.



Operator Dynamics

We consider here the case in which a three-level atom, in a cascade configuration,
and a nonlinear linear crystal driven by coherent light are available in a closed cavity
coupled to a vacuum reservoir via a single port mirror. Moreover, we consider the
case in which the top and bottom levels of the three-level atom are not coupled by
the coherent light emerging from the nonlinear crystal. This is physically realized
by covering the right-side of the nonlinear crystal by a screen which can absorb the
coherent light [36]. We denote the top, intermediate, and bottom levels of the atom
by |a), |b), and |c), respectively. We assume the transitions between levels |a) and |b)
and between levels |b) and |c) to be dipole allowed, with direct transition between
levels |a) and |c) to be dipole forbidden [17, 18].

When a three-level atom undergoes a transition from the top energy level |a) to
the intermediate energy level |b), it emits a photon of frequency w,;,. Furthermore,
the atom undergoes a transition from the intermediate energy level |b) to the bot-
tom energy level |c¢) by emitting a photon of frequency w,.. We prefer to represent
the light emitted by the three-level atom from the top energy level by mode a and
the light emitted from the intermediate energy level by mode b. These light modes
are at resonance with the two transitions |a) to |b) and |b) to |c).

The process of subharmonic generation taking place inside the nonlinear crystal



Figure 2.1: A three-level atom with a nonlinear crystal (NLC).

can be described by the Hamiltonian
H' =ix(étab — éa'dh, 2.1)

where the operators a and b represent the subharmonic light modes, X is the cou-
pling constant between the coherent light and light mode a or b and ¢ is the annihi-
lation operator for the coherent light. In order to have a manageable mathematical
analysis, we replace the operator ¢ by v which is taken to be real, positive, and con-

stant. we can then write the Hamiltonian as
H' = ie(ab — a'bh), (2.2)

where ¢ = \v. In addition, the interaction of the subharmonic light modes with the

three-level atom at resonance can be described by the Hamiltonian
H" =ig(6ta —al6, +6lb— biay), (2.3)

where g is the coupling constant between the atom and light mode a or b, 6, and 5,

are lowering atomic operators defined by
G, = |b){al, (2.4)

Gy = |e) (0. (2.5)
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Thus the interactions involving the cavity light modes are described by
H, = is(ab— a'd") +ig(6la — ale, + 6]b — biay) (2.6)

and the interaction involving the three-atom is given by

A ~

H, =ig(6ta —ale, + olb— bTay). 2.7)

In accordance with Ref. [41], we fix the Hamiltonian given by Eqgs. (2.6) and (2.7) at
the initial time wether we are working in the Schrodinger or Heisenberg picture. We
assume that the two-mode cavity light is coupled to a two-mode vacuum reservoir
via a single-port mirror. Moreover, we carry out our analysis by putting the noise

operators associated with the vacuum reservoir in arbitrary order.

2.1 Equations of evolution of cavity mode operators

Now we seek to obtain the equations of evolution of the expectation values for the

cavity mode operators employing the master equation [18]

G0 = =ilL0). (0] + 5 (200503 0) - 0010 - p0'0)0))
+5 (2605005 (0) - H0)0)0) — HO 0)0)) 28)

%ﬁ(t) = —i[ie(a(0)b(0) — a'(0)b'(0)) + ig(65(0)a(0) — @' (0)3u(0) + & (0)b(0)
5 (0)0)(0). (1)) + mmmamwn—ﬁwmmw—ﬁmﬂmmmo
+—(%mmame—@Wmammw—ﬁa%Wmam) 2.9

We recall that the equation of evolution for an operator A is expressible as

d - d -
E<A> =Tr (Ep(t)A> ) (2.10)
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Hence employing this relation along with Eq. (2.8), one can write

Ga0) = 1o = il0.50]a0) + § (22050131 0) - )00
—,a(t)aT(O)a(O))a(O). (2.11)
We note that

Tr( — i[H.(0), ﬁ(t)]&(o)) = Tr( —i(H.(0)p(t)a(0) — ﬁ(t)ﬁc(o)d(o))) (2.12)

Applying the cyclic property of the trace operation, we find

Tr( — i[H.(0), ﬁ(t)]&(())) = Tr( —ip(t)[a(0), ﬁc(oﬂ) . (2.13)

In view of (2.6), the above equation turns out to be

e i) a0, f20)) = 72000 20).a00)0)] - [a0).a'0) 0] )
(0 [4(0).0)a00)] - [a(0) '(0)5,(0)]
+a(0),6}00)] - [10.505,0] ) ). @14

Assuming that [a(0),a'(0)] = 1 [41] and taking into consideration the fact that ¢ and

Z; commute, we get

Tr<—ip<t)[a(o),ﬁc(o)]> = e (bi(t)) — glGa(t). 2.15)

In view of this result and the fact that

K

: (2&<o>ﬁ<t>a*<o> —at(0)a(0)p(r) - p<t>a*<o>a<o>)a<o> — G, @16

(2.11) takes the form

d K

g talt)) = —5{a(t) - e(b(1)) — g(6a(1)). (2.17)

Following the similar procedure, one can also readily obtain

E@(t» = —g@(t» —e(al(t)) — g(au(1)), (2.18)
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%Wt)&(t» —r(al(t)a(t)) — e(b(t)a(t) + a'(£)b'(¢))
—g{al(t)a(t) + a'(t)5a(t)), (2.19)
%(&(t)d*(t)) —r{a(t)a' (t)) —e(a(t)b(t) + bl (t)a'(t))
—g{a(t)ol(t) + 6a(t)a' (1)) + & (2.20)
%(13*(75)13(15» = —r(bI(1)b(t)) — =(a(t)b(t) + b (t)a' (t))
—g(&(0)b(t) + b (1) (1)), (2.21)
%(3@)5*@)) = —r(b(t)bT(1)) — e(b(t)a(t) + al (1)b'(t))
—g(b(t)a] (1) + &,(1)b' (1)) + &, (2.22)
%@(t)@(t» —r(a(t)b(t)) — (@l (a(t) + b (1)b(t))
—g(6a(t)b(t) + a()an(t)) — e, (2.23)
%@(t)&(t» —r(b(t)a(t)) —e(at(t)a(t) + b (1)b(t))
—g(b(t)Ga(t) + G(t)a(t)) — e (2.24)
i<a2(t)> —r{a®(t)) — e(a(t)bl (t) + o (t)a(t))
dt
—g{a(t)6a(t) + a(t)a(t)) (2.25)
%@2@» —r(0?(1)) — e(b(t)al (t) + a' (1)b(t))
—g(b(t)3(t) + cu(t)b(t)) (2.26)
%(J(t)é(t)) = —r(@'(0)b(t)) — e(a(t) + b*(t))
—g(6L(0)b(t) + @' (t)n(1)) (2.27)
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and

—g(b(t)al(t) + ay(t)al(t)). (2.28)

We see that Eqgs. (2.19)-(2.28) are nonlinear differential equations and hence it
is not possible to find the exact time-dependent solutions of these equations. To
overcome this problem, we apply the large-time approximation scheme [18]. To

this end, we rewrite Eqgs. (2.17) and (2.18) as

%a@) = L) — (1) — goult) + Falr), 2.29)
d » K~ R R A
%b(t) — —Eb(t) —eal(t) — goy(t) + (1), (2.30)

where F,(t) and F}(t) are noise operators with vanishing mean and associated with
the cavity mode operators a(¢) and b(t), respectively. Now applying the large-time
approximation scheme to Egs. (2.29) and (2.30), we get the following approximately

valid relations

at) = —b(1) = —=6a() + % () (2.31)
and
b(1) = —22al(t) — “Loy(t) + 2 Fa(o) (2.32)
It then follows that
aft) = 5245’12 <&’%§t> - 639 + 1:;“;? - Fig)) (2.33)
and
O e
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Upon substituting Egs. (2.33) and (2.34) together with their adjoint into Egs. (2.19)-

([2.28), we readily obtain
%W(t)d(t)) = —r(al(t)a(t)) —e(b()a(t) +a ()b (1))
 derg? [(52(75) +0l(1)  (a(t))
— 4¢2 K €
. F.t)  Fl() Fi(t)
o5y -50) - (5

)]

4
ey’ {_ ) | <<Fa(t) _ FJ(t))&l(t)

2eq Kg

ST b) = (bl (1)b(1)) - < () b(t) + bl (t)a'(¢ )>

45/-;9 Fb
— 42 % 2%g

), (232 ZS) o))

(V1) = —r(b(6)B (1)) — e(b(t)alt) +a' (t)b'(¢))

B 4ekg? [(@(t) + 61(t)) ~ (0e(t))
— 4e?

+< (Fb—(t) N %)62@) + 6 (t) (Fg(t)

2eq Kg

Fy(t)
)]
Sab(t) = —r(a(t)b(t)) - =(a (>a<t>+b*() <>>

46/19 {2 < (
+ O’at
2eg
F,

— 42

) (- )]

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)
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%@(t)a(t» = —n(b(t)a(t)) — (@l ()a(t) + b1 (1)b(1))
B 4erg? |:<ﬁa(t)+ﬁc(t)> ~ {o(t))
K2 — 4e2 K €
Bt _ ELOY, ) 1 o0 (20
(B0 - B, 0+ ot (22
Fg(t))ﬂ .
_e\Y — ¢, (2.40)
kg
C@) = —w(@(0) - =@ 0) + B 0a()
4ekg? F.(t)  E1).
T R2 — 42 K( 29 kg )Ua(t)
NG ACEN A0
+o—a(t)( 22 _Tg) >] 4D
%@2@» = —r(B()) — e(b()al (t) + a"(©)b(1))
4erg? K1) Fl@).
K2 —4e? K( 29 Ky )Ub(t)
(B2 B
L) — —eld (030 — (a0 + 70)
_ dekg? Pl Fb_m_m
K2 — 4g2 [< “(t)( 2eg kg )
. A
%(E(t)dT(t» = —r(b(nal(1)) —e(a"(t +b2< )
45/{9 b(1)
K2 — 42 [<( 2eg Ky ) ot
oty (F0 - O 24
where
6. = le)al, (245)
flo = |a) al (240
i = [B) 0 @47
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and
fle = |e){c] (2.48)
Since the atomic and the noise operators are not correlated, one can write [17]
(E(0)3(1)) = (F(0)(3 (1)) = 0 (2.49)
Hence Eqs. (2.35)-(2.44) take the form
S0am) = s a) - <(bat) +a' 0y (1)
__deng® [{ou(t) +510) _ (D) .50
K2 — 4e? K e |’ '
%(ﬁ(t)df(t» = —rla(t)al (t)) — =(a(t)b(t) + bl (t)al(¢))
deng” lt)) , (2.51)
k2 —4e2 ¢
%@T(t)l;(t)} = —r(b(O)b(1)) — ea(t)b(t) + b (t)al(t))
45"{92 <}7b(t)> (2.52)
K2 —4e? ¢ '
%(5(15)5*@)) = —r(b1)bT (1)) — e(b(t)a(t) + a' ()b (t))
_deng® [0 Hol0) )], e
K2 — 4¢e2 K €
%(fl(t)@(t» = —r(a(t)b(t)) —ea’ (t)a(t) + b (1)b(t))
derg® 2(m(t))
e e (2.54)
%(5(15)&(15)) = —r(b(t)a(t)) —e(al (t)a(t) + b (1)b(t))
e [T @O)] ey
%@2@» = —r(a®(t)) — e(a(t)b' (t) + b (t)a(t)), (2.56)
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and
—(b(t)a(t)) = —r(bt)al (1)) — e(a(t) + b*(1)).

The steady-state solutions of Egs. (2.50)-(2.59) are found to be

442 e{6,+ o))

itay — — S lha 4 athty — _(h
(a'a (ba + a'b") — e - (Ta) |
2
aahy = — (ah + btat 97 .
(aa'") H<ab+ba>+ﬁ2_4€2(nb>+1,
(bb) = —=(ab + blat) + Y
K k2 —4e2 70
- 4 e(o.+al)
bty = —=(ba + afd') — et — (N 1
(1) = == b+ ) - S S gy,

€ PN
aby = —={ata + bip) — —
(ab) H<aa—|— > K2 —4e?2 K K’

2 A A
7S PO A dg €(Na + Me) 7SN
(ba> <CZ a + b b> Iﬂ}z — 482 <Uc> KJ’

K

and

(2.57)

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

(2.63)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)



2.1 Equations of evolution of cavity mode operators 14

Now with the aid of Eq. (2.67) and the complex conjugate of Eq. (2.66), Eqgs. (2.68)

and (2.69) can be written as

~ 2 — 2 ~

<d*b>(’€ 28226 > — (ba" (2.70)
and

~ 2 — 2 ~

<bd*><“ 25226 ) — (a'h). 2.71)
Then from Egs. (2.70) and (2.71), we obtain

17 K2 — 222\ 2 12
This shows that

(a'b) = 0. (2.73)

Moreover, on the basis of Egs. (2.70) and (2.71), one can also easily establish that

2 _9.2\2
(ba'y = (Q) (bat), (2.74)

2e2

so that
(ba'y = 0. (2.75)

Therefore, in view of Egs. (2.73) and (2.75) along with their complex conjugates,

Egs. (2.66) and (2.67), become
(a*y = (b*) = 0. (2.76)

Furthermore, using Eqs.(2.64) and (2.65) along with their complex conjugates in
Egs. (2.60) and (2.62), we easily find

252 252 ALA 4g2
NN _ bTb 2 2 Ac
(a'a) 2 9c2 + K2 _ 252< )+ (k2 — 2e?)(Kk? — 4e2) ( =)

+(Na) (28 + k%) — 2eK (6. + &1)) (2.77)




2.2 Equations of evolution of atomic operators 15

and

Syp 2¢? 2¢? 44>
) — ata 2
(b'h) = o + Ry (a'a) + (45

)t

On account of Egs. (2.77) and (2.78), we readily obtain

2¢? 44*
PP — 4 4 4N /A
a'a) K2 — 4g2 * K2(Kk2 — 4e2)? (s A

+2€2(452 + /4;2)(771)) + 252(142 — 252)<ﬁc>

—2er(K* — 26%) (6. + &I>) (2.79)
and
TH 2¢? 492 27,2 2\ /A
(b'b)y = poRY + 2 — 122)2 (25 (K% + 2¢%)(7a)

+(K? +42%) (57 — 28%) (i) + 4" (i)
—4e’k (6, + &g>) . (2.80)

In addition, employing Egs. (2.64) and (2.65) along with their complex conjugates,

Egs. (2.61) and (2.63) can be put in the form

2¢? 44°
At 2/ 92 2\ / A
(aa"y = 1+ FERY + (2 — 427)? (25 (K° 4+ 2e7)(Na)

+(k? + 42%) (K7 — 22%) () + 4" (1)c)
—4%k{6, + &1}) (2.81)
and

an 2¢? 4q¢?
Ty 2.2 _2\/~
o'y = 1+ R + 2R — 7Y (48 (k* —&°)(Na)

+262(4e” + &) (M) + (K* — 263 (K® + 26%)) (Ae)

—2ek(Kk® — 2e%) (6. + &D). (2.82)
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2.2 Equations of evolution of atomic operators

Next we seek to obtain the equations of evolution of the expectation values for the
atomic operators. Since we consider the case in which the three-level atom doesn’t
interact with the vacuum reservoir, the master equation for the atom can be written
as [42]

d

Z0(t) = —i[Ha(0), p(2)]. (2.83)

The equation of evolution for the expectation value of an atomic operator (t) is

expressible as

d . B d ., ..
o0) =7r( 5005(0)), .80
so that in view of Eq. (2.83), there follows
d .
a(&(t» = —z‘TT([Ha(O),ﬁ(t)]&(O)). (2.85)

460) = i1r(50[60), 7,0 ). .66

H6lt) = o{ (lt) ~ 1(0)a) + D (0.(0) ). 2.87)
) =g =020 + (100 - W0)i0) 2.88)
i Op g a Oc Ne b ) .
%(&c(t» = g<&b(t)d(t) — a—a(t)é(t)>, (2.89)
) = (G000 + ' 0o ) ), .90
H(0) = o 3l080) + 9 030) — (L0 + ' 00u0) ), @D
d

(1)) = —g<&z (1)b(t) + 6*<t>&b<t>>. 2.92)
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In view of Egs. (2.33) and (2.34) together with their adjoints, Eqs. (2.87)-(2.92) take

the form

K € c
) . " )
(G- B0 (B E)a0)). e
d YeE —1 FJ ) Byt
£<0 () = ~ a2 <%(0 (t)>+<— S "y )a(t)
Z ot
L) () (% B Fg_/it) ) (2.94)

) ) (2.95)

g€
Fi@t)  Ey(t)\.
B2

de? — K €
- .
4 (Fb <t> _Ta t)>(5'b(t)> ’ (298)
2ge gK
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where v, = % is the stimulated emission decay constant [18]. On account of Eq.

(2.49), the above equations reduce to

d,. Ry /6a(t) 0
E<U&<t>> B _m2—452< 2 & >’ (2.99)
d, o 1 Ky
E< b(t)) —2m<0b(t)>7 (2.100)
d . ki, [o.(t) 1, .
5<ac(t)> = H2< 5t E(nb(t) — nc(t))>, (2.101)
£<A (t)) — ,%267@ < _ l(AT(t) 46 (t)) + @> (2.102)
di e\ T g i \Je e e/’ '
d . K%y, /1. . 1,. A
E(’%(t» = m<g(gi(t) +6.(t) + g(ﬁb(t) - Ua(t))>, (2.103)
d ~ o H2€70 ﬁb(t)
2 e(t)) = =5 — H2< - > (2.104)

The steady-state solutions of Eqgs. (2.101)-(2.103) are found to be of the form

(Ge) = 2—§<<ﬁc> - (ﬁb>), (2.105)
(61) + (6c) = §<ﬁa>, (2.106)
(Na) — (1) = %(@D + <6c>>. (2.107)

Now from Egs. (2.106) and (2.107), one can easily get
() = 0. (2.108)

Upon substituting Eq. (2.105) along with its complex conjugate into Eq. (2.106) and
taking into account Eq.(2.108), we readily obtain

/{2

(Ne) = 4_€2<77a>' (2.109)

The completeness relation for the three-level atom is given by

(M) + (M) + (1) = 1, (2.110)
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where (7,), (), and (7}.) are the probabilities to find the atom in the top, interme-

diate, and bottom levels, respectively. Therefore, applying Egs. (2.108) and (2.109),

we arrive at

4e?
Na) = 2.111
(o) K? + 4e? ( )
and
2
K
e) = 55—+ 2.112
(e} K2 + 4¢e? ( )
Finally, combination of Egs. (2.103), (2.108), and (2.112) leads to
2
(6) = ——" (2.113)

K2 4+ 4e2”



Photon Statistics

Applying the steady-state solutions of the equations of evolution of the expecta-
tion values for the cavity mode and atomic operators, we seek to obtain the global
mean photon number and photon number variance for the two-mode cavity light.
In addition, using the time dependent solutions of the equations of evolution of the
expectation values, we obtain the local mean photon number.

3.1 Global mean photon number

We seek to calculate the global mean photon number for the two-mode cavity light,
which is the superposition of subharmonic light modes a and b. The annihilation

operator ¢ for the two-mode cavity light can be defined by [18]
¢=a+b. (3.1)
The mean photon number for the two-mode cavity light is given by
n = (¢'é). (3.2)
On the basis of Eq. and its adjoint, we arrive at
i = (a'a) + (b'D) + (a'b) + (bta). (3.3)
Then on account of Eq. together with its complex conjugate, we note that

n = (a'a) + (bb). (3.4)
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We see that the mean photon number of the two-mode cavity light is the sum of the
mean photon numbers of light modes a and b. Thus applying Egs. and (2.80),

we get

B A e (o nya (4 4 D) () + 26205
K2 —4e?2 (k2 —4e2)?

—2ek(6e + a—i>>, (3.5)

so that employing Egs. (2.106) and (2.108), Eq. can be put in the form

. 4e? Ky i )
T R4 (2 -4y ((ﬁ2—282)<na>—282<m>>. (3.6)

Now on account of Egs. (2.108) and (2.110), Eq. (3.6) takes the form

42 K,
: 2 — K2 (M) ). .
2 _ fg2 T (K2 — 4¢2)? ( & -k <77a>) 3.7)

3
I

K

With the aid of Egs. (2.111) and (2.112), Eq. (3.7) can be put in the form

42 K7, K% + 4e?
= _ c /\a _4 2 /\c . 3.8
n 2 _ A2 ™ (K2 — 4e2)2 ( 5 (Na) —4£7(1) )) (3.8)

It proves to be more convenient to rewrite Eq. (3.8) as

4e?

n= g T fee) = fule), (3.9)
in which
fele) = G Tig?)z ('{2 2452> () (3.10)
and
&) = s i) B.11)

We realize that f.(¢) and f,(¢) are the mean number of photons emitted and the
mean number of photons absorbed, respectively. From the plots in Fig.3.1, we ob-
serve that the effect of the interaction of the subharmonic light modes with the

three-level atom is to decrease the mean photon number of the two-mode cavity
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3.5F

L 1 1
a 0.06 0.1 018 0.2 028 0.3 0.38 0.4

0.8

061

C| 1 1
a 0.08 0.1 016 0.2 0.28 0.3 .36

Figure 3.2: Plots of the mean photon number emitted and absorbed [Eqs. (3:10) and (3-11)] versus

e fork =0.8 and ~. = 0.5.
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light. As seen from the plots in Fig.3.2, the decrease in the mean photon number
is due to the fact that the mean number of photons emitted is less than the mean
number of photons absorbed.

We now consider the special case in which the subharmonic light modes don't
interact with the three-level atom. Hence upon setting +. = 0, Eq. reduces to
[19]

4e?

This represents the mean photon number of the two-mode subharmonic light in

the absence of interaction with the three-level atom.

3.2 Local mean photon number

To determine the local mean photon number in a given frequency interval, we first
obtain the power spectrum for the two-mode cavity light when both light modes a
and b have the same central frequency wy. The power spectrum for the two-mode

cavity light is expressible as

Pw) = lRe/ drexp (z(w — wO)T) (e (B)e(t + 7)) s (3.13)
T 0
Upon integrating both sides of Eq. over w, we readily get

/ " P(w)dw = 7, (3.14)

in which 7 is the steady-state mean photon number of the two-mode cavity light.
From this result, we observe that P(w)dw is the stead-state mean photon number of
the two-mode cavity light in the frequency interval between w and w + dw [17-18].

Now we proceed to determine the two-time correlation function that appears

in Eq. (3.13) for the two-mode cavity light. To this end, applying the large-time
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approximation scheme to Eq. (2.100), we get
{0s(t)) = 0. (3.15)

Then employing the complex conjugate of this result, one can put Eq. (2.99) in the

form

d 1 K%y,

PTG ey

(Ga(t))- (3.16)

We notice that the solution of this equation of evolution is expressible as

(0a(0) = (G O)ean L) 3.17)
where
M
p= s (3.18)

With the atom considered to be initially in the bottom level, Eq. (3.17) turns out to
be

(6a(1)) = 0. (3.19)
Moreover, the solution of Eq. is found to be
(0 = (ontoean( 1) .20
and with the atom considered to be initially in the same level, we have
(Gp(t)) = 0. (3.21)

Now substituting the complex conjugate of the expectation value of Eq. (2.32) into

Eq. (2.17), we get

Hay = (55 )y +o( el - ay) - e22

) (a(t)) — g(Ga(1)). (3.23)
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The solution of this equation is a well-behaved function provided that

2 4 2
A} (3.24)
2K
It then follows that
K
—. 2
£ < 5 (3.25)

We identify this relation as the threshold condition. We realize that the the solution

of Eq. (3.23) is expressible for e < £ as

o [ eon( ~Zu—t))ultnar, 3.26)

in which

p= ; (3.27)

Hence with the assumption that the cavity light is initially in a vacuum state and in

view of Eq. (3.19), Eq. (3.26) turns out to be

(@) = 0. (3.28)

Applying the large-time approximation scheme to Eq. (2.99), we obtain

_28

(0a(1)) (33(1))- (3.29)

K

Using the complex conjugate of the expectation value of Eq. (2.31) into Eq.(2.18),

we obtain

b0} = (525 ) bn +o( iy - y) @30

and employing the complex conjugate of Eq. (3.29), we arrive at

000 = — (5= ) - & (2 1)t 3.31)



3.2 Local mean photon number 26

Moreover, we realize that the solution of the above equation of evolution is express-

ible as

(o) = GO)een( - 5t)
ke /0 t e:cp< - g(t - t’)) (6(t))t, (3.32)

Ju

and with the aid of Eq. and with the assumption that the cavity light is initially

in a vacuum state, Eq. is found to be

(b(t)) = 0. (3.33)
Therefore, on account of Egs. and (3.33), Eq. takes the form

(¢(t)) =0. (3.34)

In addition, on adding Egs. (3.23) and (3.31), we find

60y = =55 ) o) - ataa). .35
where
5 (1) = & Je 6, (4), :
0lt) = 0,(0) + a1 (3.36)

In view of Egs. (3.34) and (3.35), the annihilation operator of the two-mode cavity

light ¢ is a Gaussian variable with zero mean. Now one can rewrite Eqs. (2.100),

and as
Coult) = ~Laut) + Al0) (337)
Coult) = 2o, + ) (3.38)
and
Lett) = ~2e(t)  goo + £u(0), (339
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where fb and fa are the noise operators associated with the atomic operators 4, and

6., respectively. And F, is the noise operator associated with the cavity mode oper-

ator ¢ . Then we realize that the solutions of Eqgs. (3.37), (3.38), and (3.39) are given

by
. . 1 T 1 /
a(t+71) = Jb(t)exp(—i/n)—i-/ dT@l‘p(—§IM(T—T)>
0
X fy(t + 7'),
. . 1 T 1 /
Gt +7) = aa(t)exp(—§,u7)+/ dT6$p(—§,u(7'—7‘))
0
X folt 4+ 7')
and

ct+7) = é(t)exp( — %57) — g/OT dT/€$p< — %B(T — T'))
+ 7

x{fro(t+7')— Fi(t )}

1
9

Moreover, in view of Eq. (3.36), Eq. (3.42) takes the form

sm) = ol o) o [[avern( - i)

1 R
X {&a(t +7) 4+ =Gyt +7') — —Fu(t + r’)] ,
o

1
g

so that employing Egs. (3.40) and (3.41), we get

e(t+71) = é(t)exp( - %57> _ g/OT dT/equ< — %ﬁ(T - 7"))

x [w‘p( - %M%T’) (6a(t) + %@(t))

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)
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Now multiplying the above equation on the left by ¢f(¢) and taking the expectation

value of the resulting equation, we have

@oete+ ) = @eeen( - yr) - [arem( - jse - 1)
ka(—%u%#)GﬂﬂFﬁﬂ+%%@ﬂ>

v " 1 / " ~ £ "
—l—/o dr e:cp( — §fyc,u(7' -7 )) <CT<t) (fa(t +7")

'W+#ﬂ>——@WRU+ﬂﬂ (3.45)

In view of the fact that the noise operators F,(¢ + 7) at a certain time does not affect

the cavity mode operator at earlier time, we can write
(O F,(t+7)) = OVt +7)) = 0. (3.46)

On the other hand since the atomic noise operators and the cavity mode operators

are not correlated, one can write
(@) falt + 7)) = (@ WO)falt + 7)) =0 (3.47)

and
@) ft+7)) = (@) (ot + 7)) = 0. (3.48)

Then Eq. (3.45) reduces to

'wet+r1) = (éT(t)é(t))exp( - %67) -9 dT’exp< — %ﬂ(’?’ - T’))

xexp( — %MWCT’) <6T(t) (6a + %61,(25)) > (3.49)

Upon applying the large-time approximation to Eq. (3.39), we get the approximately

Sh

valid relation

gé(t) —F(t) = —yg (6a(t) + %617(25)) = —gdo(t), (3.50)
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so that on account of this result, Eq. (3.49) takes the form

@Ot + 1) = <e*(t)a(t)>exp< _ %57) 4 /0 ' dT'e:Ep( _ %5(7 - ﬁ))

Xe:ch( - %m') <a*(t) (gé(t) — Fc(t)) > (3.51)

Furthermore, we notice that the solution of Eq. (3.39) to gether with Eq. (3.36) is

given by

Fc(t’)} (3.52)
and taking the adjoint of this equation, we have
. X 1 Lo 1 /
&)y = él0)exp| — Eﬁt - g/ dt'exp| — 55(25 —t)
0
X {&g(t') - lﬁj(t’)] . (3.53)
g

Now multiplying this resulting equation by F,(¢) from the right side, we arrive at

1.
X {&g(t’) - —FT(t’)} EL(t) (3.54)
Upon taking the expectation value of the above equation, we see that

GO EW) = <e*<0)ﬁc(t)>exp( - %Bt) _y /0 t dt'exp( - %5@ - t/))

x{ &t E —lA NE
<o<t>Fc<t> gFJ<t>F6<t>> (3.55)

Since the system under consideration is coupled to a vacuum reservoir, then

~

(FI(¢)F.(t)) =0 (3.56)

and applying Egs. (2.49) and (3.46)), the expectation value of the Eq. (3.55) reduces

to

(B F () =0 (3.57)
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Therefore, taking into account Eq. (3.57), Eq. (3.51) can be put in the form

@tete+n) = @ oeojens( - go7) [1+5 [ aren( 50
0
—/W/)} : (3.58)
so that on carrying out the integration, one readily gets
<6T<t)é<t + T)>ss = n |:B f ,ue:cp( - %,MT)
3 ﬁ M@mp( - %67)} : (3.59)

On introducing Eq. (3.59) into Eq. (3.13), the power spectrum of the two-mode

cavity light takes the form

Pw) = ﬁRe{ B /OOOdTe:cp<—(%u—z'(w—w0))r)

o

T i
5‘#/0 dTexp< (25 i(w wo))T)l, (3.60)

so that on carrying out the integration, there follows

ro = 52 (g —ar) - e ) e

We recall that the mean photon number in the interval between «/ = —\ and

w’' = \is expressible as [18]

A
ﬁ:I:A = / dw'P(w'), (362)
-2

in which w" = w — wy. Therefore, upon substituting Eq. (3.61) into Eq. (3.62) and

carrying out the integration, we arrive at [17]

28 2u
Mgy =170 {6 T an—l (%) ~ 3= an—l (%)} : (3.63)

We note that the mean photon number of the two-mode cavity light in the fre-

quency interval between ' = —\ and w’ = ) is expressible as

Ny = ’FZZ()\), (364)
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Figure 3.3: Plot of the local mean photon number [Eq. (3.65)] versus A for ¢ = 0.3,

rk = 0.8, and v. = 0.5.

where the function z() is given by

28 2
z(A) = 3 i Mtan’1 (%) - 3 i Mtan’1 (%) (3.65)

We observe from the plot in Fig.3.3, that the local mean photon number increases

with \. In addition, form the plot along with Eq. (3.64), we see that the local mean
photon number approaches to the global mean photon number. On the other hand,
we notice that a large part of the total mean photon number is confined within a

relatively small frequency interval.

3.3 Global photon number variance

The global photon number variance of the two-mode cavity light at steady-state is
defined by

(An)? = ((¢1¢)?) — (&Té)2, (3.66)
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Since ¢ is a Gaussian variable with zero mean, the photon number variance of the

two-mode cavity light can be put in the form [18]
(An)? = (efe)(ect) + () (e?). (3.67)

Now we proceed to obtain the explicit expressions for (¢¢") and (¢?). To this end,

applying Eq. (3.1), we easily obtain
¢ety = (aal + bb' + ab’ + bat), .
ecty = (aa’ + bb' + ab’ + bal (3.68)
so that on account of Eq. (2.75) and its complex conjugate there follows
(echy = (aa' + bbT). (3.69)

Then upon substituting Egs. (2.81) and (2.82) into this equation, we readily get

4e? N KYe
42 (W — 4e?)

(eehy = 2+ 5 (652 (o) + (4% + K2) (M)

+(K* = 26%) () — 2er{6. + &;)). (3.70)

With the aid of Egs. (2.106) and (2.108), Eq. (3.70) can be written as

4¢? K,
Aty c 2 2\ /A
(eey = 2+ R + (2 — 427y ((66 — 2K°) (M)

+ (K% — 252)<ﬁc)). (3.71)
In addition, applying Eq. (3.1), we easily get
(%) = (ab + ba + a% + b?) (3.72)
and with the help of Eq. (2.76), we find
(%) = (ab + ba). (3.73)

Hence using Eqgs. (2.64) and (2.65) in Eq. (3.73), we obtain

R 26 0. aan 492 2e(p) . €(Na + Ne) A
() = —;<aTa + bTb> pE— p + - —(0¢)

_x (3.74)

R
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Moreover, on account of Egs. (2.79) and (2.80), there follows

~2 . _2_5 . 2_5 452 _ K¢ R R
(@) = K K (/@2 — 482) (k2 — 4e2)? (3%@7&) + deni (i)
Fen(i) — M6, + 61) + (62 452><&c>]) 3.7

and in view of Egs. (2.105), (2.106), and (2.108), we arrive at

2 2¢ 4¢? K7y,
~2 _ e . c . o
(& K K (/@2 - 452) (K2 — 4£2)? ( A i)

Hen = 2~ 42)(a)) 3.76)

Furthermore, we note that
(et?y = (@b + bfat + af? + b1?) (3.77)
and with the aid of the complex conjugate of Eq. (2.76), we find
(&t?y = (a'bf + bfaly. (3.78)

Then on applying the complex conjugates of Eqs. (2.64) and (2.65), this equation

turns out to be

R 28 0. aan 4g° 2e(My) | €(a + Ne) ~
2y _ to 1 bt f
(%) = —;<aa+bb>—K2_4€2{ K + K — {o2)
2
_£€ (3.79)
K
and on account of Egs. and (2.80), there follows
2 2 4¢? K,
~f2 _ === . c A~ 4 A~
@ = -E-E (L) - e (st + 4o
+er(fe) — [4e2(6, 4+ 61) + (K2 — 452)<&1>]) (3.80)

Employing Egs. (2.106), (2.108), and the complex conjugate of (2.105), we readily

obtain

e — 202 - 4&))(@). (3.81)
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Figure 3.4: Plots of the global mean photon number[Eq. (3:8)] and photon number variance [Eq.

(3.82)] versus ¢ for k = 0.8 and v, = 0.5.
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Figure 3.5: Plots of the global photon number variance [Eq. (3-82)] versus ¢ for x = 0.8, 7. = 0.5,

and . = 0.
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Now substituting Egs. (3.8), (3.71), (3.76), and (3.81) into Eq. (3.67), we readily find

4¢? K, K2 + 4e? 42
A 2 == - Aa 4 2 Ac 2
(An) (/@'2 — 4e? * (K% — 4e2)? ( 2 (1a) — 4e7(1) * K2 — 4e?

e (162 - 200 + (2 - 2960 )

2¢ 2 4e? KYe .
ok k\R2—422)  (2— 4£2)? — ri{ila)
2
(e - 2—5(%2 - 482))<ﬁc>)) , (3.82)

where (7,) and (7).) are given by Egs. and (2.112), respectively. From the
plots in fig.3.4, we notice that the photon statistics of the two-mode cavity light is
supper poissonian. Moreover, from the plots in Fig3.5, we observe that the effect
of the interaction of the subharmonic light modes with the three-level atom is to

decreases the photon number variance.



Quadrature Squeezing

In this chapter we seek to study the quadrature squeezing for the two-mode cav-
ity light. Applying the steady-state solutions of the equations of evolution of the
expectation values for the cavity mode and atomic operators, we first obtain the
global quadrature variance. We then determine the global quadrature squeezing.
Moreover, employing the time dependent solutions of the equations of evolution of
the expectation values for the cavity mode and atomic operators, we calculate the

local quadrature squeezing.

4.1 Global quadrature squeezing

The squeezing properties of the two-mode cavity light are described by two quadra-
ture operators defined by [18]
ey =él ¢ (4.1)
and
e =i(ch — @), (4.2)
where ¢, and ¢_ are Hermitian operators representing observables called the plus

and minus quadratures, respectively [17]. With the help of Egs. and (4.2), one

can establish that the two quadrature operators satisfy the commutation relation

(e, e ] = 2i[e,e']. (4.3)

36
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Then the uncertainty relation for these physical observables is given by [42]
Ac_Acy > }<[é, éT]>‘ (4.4)
Now we proceed to obtain the explicit expression for the commutator
[¢,él] = cet — éfe. (4.5)
Then applying Egs. and (3.8), we readily find

eel] =2+ e (n - n) (4.6)

K2 — 4e?
We identify the first and second terms in this equation to be due to the ordering of

the vacuum noise and atomic operators, respectively. Then on substituting of Eq.

(4.6) into Eq. (4.4), we get

Ac_Ac, > ]2 b= (1) - ) ‘ @7

K% — 42
Thus on account of Eqgs. (2.1T1) and (2.112), the uncertainty relation for the plus

and minus quadratures takes the form

KYe
Ac_Acy > 2+ ———. 4.8
c_Acy > +/{2+452 (4.8)
Furthermore, upon setting £ = 0, the above equation reduces to
Ve
Ac_Acy > 2+ —. (4.9)
K

This is the uncertainty relation for the quadrature operators when a three-level
atom is interacting with a vacuum cavity mode.

Next we proceed to calculate the global quadrature variance of the two-mode
cavity light. The quadrature variance of the two-mode cavity light is defined by
[17,18]

(Ack)? = (&) — (¢x)%, (4.10)
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so that in view of Egs. (4.1I) and (.2), we have
(Act)? = £((¢" £ 6)%) F ((e!) + (&) (4.11)

Moreover, on account of Eq. (3.34), the quadrature variance of the two-mode cavity

light takes the form
(Act)? = (efe) + (ecT) £ () + (¢)). (4.12)

Now upon substituting Eqgs. (3.8), (3.71), (3.76), and (3.81) into Eq. (4.12), one ob-

tains
4e K,
2 c . 2, 2 2 2 .
(Acy)® = 2— P + (2 — 42272 ((na)(&s + Kk® — 6er) + 2(4e” + K° — der) ()
+(k — 28)k{N.) + (k(k — 4¢) + 4?) (6. + 62}) (4.13)

and

(Ac)? = 2+ N (a) (8% + K* + 6ek) + 2(4e® + K> + 4er) (M)

k—2 (K2 —4g2)2\ """

+(k + 28)k(fe) — (k(k + 4e) + 42) (6, + &D) : (4.14)

Furthermore, on introducing Eqs. (2.108), (2.1T1), (2.112), and (2.113) into Egs.

(4.13) and (4.14), the global plus and minus quadrature variances of the two-mode

cavity light are found to be

4e K7,
2 _ c 2 2 2 3
(Acy) = 2-— P + (2 1 427) (2 — 422)2 {46 (88 + K — 65/{) + k(K — 2¢)
+dek (m(m —4e) + 452)} (4.15)
and
4e K7,
2 _ c 2 2 2 3
(Ac_)® = 2+ p— + (2 427 (2 — 422)2 [45 <8€ + K"+ 66/6) + k(K + 2¢)

—dek (n(n + 4e) + 452)} : (4.16)
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Figure 4.1: Plots of the global plus and minus quadrature variances [Eqgs. (.15), .16), and @.17)]

versus ¢ for k = 0.8 and . = 0.5.

where we have taken into account the fact that (6]) = (6.). In addition, we note that

fore = 0, Egs. (4.15) and (4.16) reduce to

(Acy)?, =2+ % (4.17)

vac ~

This indeed represents the quadrature variance for a two-mode cavity vacuum state
in the presence of the interaction of subharmonic light modes with a three-level
atom, with the effect of the noise operators included. From Egs. and (4.17),
we also notice that for ¢ = 0 the uncertainty in the plus and minus quadratures
are equal and satisfy the minimum uncertainty relation. From the plots in Fig.4.1,
we observe that the two-mode cavity light is in a squeezed state and the squeezing
occurs in the plus quadrature.

Now we calculate the global quadrature squeezing for the two-mode cavity light

relative to the global quadrature variance of the two-mode cavity vacuum state. We
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Figure 4.2: Plots of the global quadrature squeezing [Egs. and ([@.21)] versus ¢ for xk = 0.8.

then define the quadrature squeezing for the two-mode cavity light by [18]

(Acy)iae — (Acy)?

5= (XZJr)?)ac (418)
It then follows that
(Acy)?
S - ]. - m. (4.19)

On using Eqgs. (4.15) and 4.17) in Eq. (4.19), the steady-state global quadrature

squeezing is found to be

S =1

K 5 de n KYe
Ve + 2K K+2e (k%4 4e?)(r? — 4e?)?

X {452 (882 + K2 — 655) + K3 (K — 2¢)

+4ek </€(/<; —4e) + 452) ” : (4.20)

This represents the global quadrature squeezing in the presence of the interaction

with the three-level atom. We then notice that the global quadrature squeezing in
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the absence of interaction (. = 0) Eq. (4.20) reduces to [19]

2e
S = ) 4.21
K+ 2¢ ( )

This is just the global quadrature squeezing for the superposed subharmonic light
modes. From the plots in Fig.4.2, we observe that the effect of the interaction is to

decrease the global quadrature squeezing.

4.2 Local quadrature squeezing

We finally seek to obtain the local quadrature squeezing for the two-mode cavity
light. To this end, we first determine the spectrum of quadrature fluctuations of
the two-mode cavity light. We define this spectrum of quadrature fluctuations for a

two-mode cavity light by

Si(w) = LRe /0 T (s (t), Eu(t+ 7)) asemp (z’(w - wO)T), (4.22)

™

where wy is the central frequency of either light mode a or b. Upon integrating both

sides of the above equation, we get

/OO dwS+(w) = (Acy)?, (4.23)
in which
(Acy)® = (ex(t), ex(t))ss (4.24)

is the quadrature variance of the two-mode cavity light at steady-state. On the basis
of the result given by Eq. (4.23), we assert that S (w)dw is the quadrature variance
of the two-mode cavity light at steady-state in the frequency interval between w and
w + dw [18].

Now we proceed to determine the two-time correlation function that appears in

Eq. (4.22). To this end, with the aid of Eqs. (4.I) and (4.2) along with Eq. (4.12), we
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find

(ea(t),cu(t+7)) = ('B)elt+ 1) +e(t)el(t + 1) £ e(t)e(t +7)

+et (el (t+71)). (4.25)

Next we seek to find the explicit expressions for each term that appears in Eq. (4.25).

Therefore, taking the adjoint of Eq. (3.44), we have

Aty = eT(t)exp( _ 157) _ g/OT dT'exp( e T')>
[e:t:p( _ -M%T) ( 1) + iﬂ(z))
v [ irteen( G ) (e

it )) - ;FJ(HT')} (4.26)

L
7
Now multiplying the above equation on the left by ¢(¢) and taking the expectation

value of the resulting equation, we have

et ) = eoden( - yr) —o [ arem( - joe - 1)

It + T")) > — Z(e(t)Fl(t + T')ﬁ . (4.27)
In view of Egs. (3.46)-(3.48), Eq. (4.27) reduces to

et ) = eoden( - yr) —g [arem( - 4o - 1)

xexp( - %M%T’) <é(t) (a—;(t) + i&g(t)) > (4.28)

We note that the adjoint of Eq. (3.50) is given by

et () — FIt) = —g(61(t) + =6] (1)), (4.29)
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so that using this equation, Eq. (4.28) can be written as

E(el(t + 7)) = <e(t)eT(t)>exp< _ %w) 4 /0 ' dT'G:L'p( _ %5(7 _ T')>

xexp( - %m') <é(t) (géf(t) - ﬁj@)) > (4.30)

Furthermore, we notice that the solution of Eq. (3.39) can be put in the form

o) = é(0>exp( - %&) g /0 t dt'ea:p( 5Bl t/))

X {&O(t’) —

1.
—-E.(t]. (4.31)
)

On multiplying this equation by £ (¢) from the right side, we get

X [60(15’) - éﬁc(t’)} E1(t) (4.32)

and taking the expectation value, we arrive at

Bt) - g/ot dt’e:vp( — %ﬁ(t — t’))

EL(t) Aj(t)>. (4.33)

N | —

GORI0) = COF e -
~ / ”\—I- ]-

X ( oo(tFI(t) — -

g

Since the two-mode cavity light is coupled to a two-mode vacuum reservoir, we see

that

(EL(t)ET (1)) = 266(t — t'). (4.34)
On applying Eqgs. (2.49), (3.46), and (4.34), Eq. (4.33) can be put in the form
. ¢ 1
(e()ET(t)) = zm/ dt'emp( - 5B(t - t’)) S(t—t). (4.35)
0
Now making use of the fact that
! / 1 / / 1
/ dt'exp| — =pt—1t) ot -1t ) ==, (4.36)
0 2 2
so that Eq. (4.35) takes the form

(e(t)FI(t)) = k. (4.37)
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Hence with the aid of this result, Eq. (4.30) can be written as

(el +r)) = <é(t)@T(t)>€$p(—%ﬁr) [Hg / ' deexp(gw—u)T')]

—(/f)ea:p( - %57) /OT dT’ea:p(%(,B — u)T') (4.38)

and on evaluating the integral, one readily gets
(e)el(t+71)) = (e(t)ér(t)) [ b mp( - 1,&7‘) —— exp( — 157)}
f—p 2 — 2

—BQ_K“ {exp( — %MT) — ea:p( — 67’)} ) (4.39)

In addition, on multiplying Eq. on the left by ¢(¢) and taking the expectation

N =

value of the resulting equation, we have

e+ ) = ewoopeas( - 367) ~g [ area( - 3o~ 1))
[ean( = unr') (a0 |oute) +

1 4 .
+,L_L p(t + r”)) > — —(e(t)Fu(t + T,)>:| . (4.40)
On account of Egs. (3.46)-(3.48), Eq. takes the form

ete+ 7y = eoen( - 3or) g [ aren( - 30t -))

xexp( _ %W’) <é(t) <éa(t) + %61,(15)) > 4.41)

With the aid of Eq. (3.50), Eq. (4.41) can be rewritten as

(et +7)) = (é(t)é(t)>exp< - %m) + /O ' dT/exp( - %5(7 _ T'))

Xe:c‘p( - %m’) <é(t) (gm - Fc(t)) > (4.42)

Moreover, upon multiplying Eq. by F.(t) from the right side and taking the

expectation value of the resulting equation, we have

COR) = COROen( - 30t) —g [[aven( - Jo0-0)

X <&0(t’)Fc(t) - Fc(t’)ﬁc(t)>. (4.43)

1
9
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With the help of the fact that for vacuum reservoir
(EL(tE.(t)) = 0. (4.44)
And on applying Egs. (2.49), (3.46), and (4.44), Eq. becomes
(e()F.(t)) = 0. (4.45)
Then upon taking into account Eq. (4.45), Eq. can be put in the form

(et + 7)) = <62(t)>emp( _ %57) {1 + g /0 ' dT/exp(%(ﬁ
—u)r'ﬂ . (4.46)

Thus on carrying out the integration, one readily finds

@it m) = (@0)| 52 eon( - jur)

—/Bﬁluexp(—%&')}. (4.47)

On taking the complex conjugate of (4.47), we have

o) = @] 57 e( - pur)

—6ﬁue$p(—%ﬁ7')} (4.48)

On substituting Eqgs. (3.59), (4.39), (4.47), and (4.48) into Eq. (4.25), we obtain

B 1 iz 1
X [ﬁ — ,uexp( — §,u7) — 5 Iuexp( — iﬁT)]
_62_’1 (ea:p< - %MT> - 65619( - %ﬁT))- (4.49)

Now using Eq. (4.12), this equation can be written, at steady-state, as

(ee(t),ec(t+ 7)) = (Acy)? lﬂ f Mexp( . %M) -3 a uexp( _ %57)]

_BQ— . ea:p( - %m) - e:cp( - %57) ) (4.50)
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Now on introducing this equation into Eq. (4.22), the spectrum of the plus quadra-

ture fluctuation of the two-mode cavity light takes the form

Si(w) = %Re [(Acm {5% /Ooo dTea:p( _ (%u —iw— wo))f)
_ﬁ /OOO dmp< _ (%5 iw— wo))Tﬂ
([ (-
_/OOO dTexp(— (%5-@@-%))7))], (4.51)

so that on carrying out the integration, there follows

B
— 2m )2> ) (4.52)

We recall that the local quadrature variance in the interval between w’ = —\ and

w' = \is expressible as [18]

A
(Acy )2, = / dw' S, (W), (4.53)

-

in which w' = w — wy. Therefore, upon substituting Eq. (4.52) into Eq. (4.53), we

have

2ﬁ
— ) (4.54)
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Figure 4.3: Plots of local quadrature squeezing (dashed line) and global quadrature squeezing
(solid line) [Egs. and (4.20)] versus A for e = 0.35, x = 0.8, and v, = 0.3.

and on evaluating the integral, the local quadrature variance is found to be

28

(Acy)?, = (AC+)Q[5f tan_1(2)\> %

41"{(:

i

e ()~ ()

(4.55)
B
On setting ¢ = 0 in Eq. (4.55), we have

Yo+ 2k [ 2 L (2) 2e L (2X

<(AC+)1A)UGC = - |:I<L - %tcm 1(I - %tcm ! —
4 2\ 2\
__ {tan_l (—) —tan~! <—] . (4.56)
(k=) Ye K

This represents the local quadrature variance for a two-mode vacuum state.

Now we define the local quadrature squeezing for the two-mode cavity light in
the £ frequency interval by

((Amfu) (A2,
S:t)\ — vac

, (4.57)
((Au)g)
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from which follows

A 2
So=1_ Ao (4.58)
(=N
Hence on account of Egs. (4.55) and (4.56), there emerges
Acy)2A — =2 _tan [ 2 ) —tan~t 2
(Acy m(B—w) n B
B— ﬂ(:ﬁv ) {tanl (i—’\> — tan—! (2’\1
where
283 2u
= 2 = 2
A= 3 Z Iutan_l (7) — 3 Z Iutan_l (E), (4.60)
2K 27e
B =l + 2% [ T tan (%> —— " ¢tan~! (%>] ) (4.61)
K R — ’73 70 KR — ’Yc R

From the plots in Fig.4.3, we see that the maximum local quadrature squeezing of
the two-mode cavity light is 60.8% at A = 0.17. In addition, we note that the local
quadrature squeezing eventually approaches to the global quadrature squeezing as

) increases.



Quadrature Squeezing with Normally Ordered

Noise Operators

In this chapter we seek to determine the quadrature squeezing for the two-mode
cavity light by putting the reservoir noise operators in normal order [16, 18]. Apply-
ing the steady-state solutions of the equations of evolution of the expectation val-
ues for the cavity mode operators, we obtain the quadrature variance by normally
ordering the vacuum reservoir noise operators. We then calculate the normally or-
dered quadrature squeezing relative to the normally ordered quadrature variance
for the two-mode vacuum state.

Now we proceed to calculate the quadrature variance by normally ordering
the reservoir noise operators. Thus the normally ordered quadrature variance at

steady-state can be expressed as
( S (Acy)? ) =(éteNp 4G Vp £+, (5.1)
F

in which we have taken into consideration Eq. (3.34) and where (::) » stands for nor-

mal ordering of the reservoir noise operators. Upon using Eq. (3.1) and its adjoint

49
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in Eq. (5.1), we obtain
( (Acy)?: ) = Gadla)p+C0b)p+ Galdb e+ (bfa)e+ Gaal )p+ BT g
F
+(bat g+ (abt g+ <(:d2:+:dT2:+:B2:+:BT2 DF
+(Gab g+ (ba )+ (a'bt )+ bfal ;>F). (5.2)

In view of Egs. (2.73), (2.75) and, (2.76) along with their complex conjugate, Eq. (5.2)

turns out to be

(: (Acs)? : >F = Gala)p+ Gbb)p+ Gaal e+ G0 g

+(: btaf :)F). (5.3)

We now proceed to determine the various expectation values that appear in this

equation. To this end, employing the relation

al a
%@*(t)d(t» = <dd—t(t)d(t)> + <d*<t>d dit)> (5.4)

together with Eq. and its adjoint, we arrive at
%@T(t)a(t» = —r{a'(t)a(t)) — s(<éa> + <a*z§*>) —~ g(<aT(t)6a(t)>
Hol0AD) ) + (@ OF0) + (F10i(0) 5.5

This equation can be written as

% al(t)a(t) - Yo = —k(: at(t)a(t) e — 5((: ba ) p + (- atdf )F)

(1) )+ EI®alt) ), (5.6)
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On substituting Eq. (2.33) and its adjoint into Eq. (5.6), we have

kg [e{0s(t)Ga(t))  (65(£)5a(t))

(al(t)oa(t) )+ (:ol)alt) ), = Ry - — 5
+<FJ (t)aa(t))  e{Fu(t)da(t))
2g Kg
+€<62(2?f§<t>> (AOLAG)
RGAOLAC IO <t>>} 57
29 kg

Hence on account of Eq. 2.49), Eq. (5.7) takes the form

(: at(t)G4(t) : >F +(: ah(t)a(t) : >F T k2 42 P 2

+s<a—z<i&z<t>> - <al<t>26a<t>>]. (5.8)

kg [€<6b(t)6a(t)> (6L(t)0a(t))

Making use of Egs. and (2.5), one can readily establish that

op(t)0, 6l ()6, . .
=090 _ (4000 _ %<ac(t>> . %<m@> 5.9)
and
gt)e! ah ()6, R .
e{ a(ti ) a(t)z (1) _ %<Uz(t)> _ %<%(t)>. (5.10)
Now in view of Egs. (2.1T1) and (2.113), Egs. (5.9) and (5.10) turn out to be
e(0u(t)da(t))  (05(t)5a(t)) _ 0 (5.11)
K 2 .
and
e(@i(t)oy(t)  (ai(tda(t)) _ 0 (5.12)
p 2 ' '

Now combination of Egs. (5.11), (5.12), and leads to
(al(t)oa(t) : ), + (:al(®)at): ), =0. (5.13)

Moreover, one can rewrite Egs. (3.23) and (3.31) as

dd(t)—— K2 — 4¢?
dt a 2K

)d(t) — gb,(t) + Fy(t) (5.14)
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and

ds K2 — 42\ - g 9 9\ . A
ab(t) = —( o )b(t) - = (H —4e )Jb(t) + Fy(t). (5.15)

We notice that the the solutions of Egs. (5.14) and (5.15) are expressible as

a(t) = d(O)exp( - %&) 4 /Ot dt’emp( 5l t’)>

X { — g6.(t') + Fa(z’)} (5.16)

and

b(t) = B(o)exp< — %615) + /Ut dt’exp( - %B(t - t’)>
x {—% (MA— 452> o () + Fb(t’)] : (5.17)
k b

where £ is defined by Eq. (3.27). Now multiplying Eq.(5.16) by F(¢) from the left

and taking the expectation value of the resulting equation, we have
thV BT (1) 1 o 1 /
(EiWa) = (El@aO)erp( —5pt) + [ dteap( - 580 —1)
0
<| = alEL 05O + (FORO)] .19

Therefor, with the help of Egs. (2.49) and (3.46), Eq. (5.18) can be put in the form

(Fi(t)a(t)) = /0 t dt'exp(—%5(t—t'))<ﬁg(t')ﬁa(t>>. (5.19)

G Fi®alt) Yp = /0 t dt’exp( - %5(15 - t’))< CEI)EL() ), (5.20)
We note that
¢ Elalt) )p = /Ot dt’e:cp( — %ﬁ(t - t/)) (FI0)E,(1)). (5.21)

We recall that for a cavity mode coupled to a vacuum reservoir

~

(Fi(t)F, (), =0. (5.22)
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Thus Eq. (5.21) turns out to be

~

(: ET(t)a(t) ) = 0. (5.23)

a

Hence on account of Egs. (5.13) and (5.23) along with its complex conjugate, Eq.

takes the form
% al(t)al(t) : Yo = —k(: a'(tyat) Hr —e((: ba )y + (- albf Dp).  (5.24)

The steady-state solution of the above equation is found to be

(ata)p = i((: ba ) p + (- a'bf :)F). (5.25)

K

Furthermore, on applying the relation

af a
%(a(t)eﬁ(m = <a<t)dd—§t)> + <dd—gf)af(t)> (5.26)

along with Eq. (2.29) and its adjoint, we easily obtain

H(Ea(D)al (£)) + (a(t) FL(2)). (5.27)

We can now write

i a(t)al(t) - Yo = —k(: a(t)a'(t) Ve — 5((: ab:)p + (: bfaf )p)

+(F@al(t) )+ (ra)Fi) ), (5.28)
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Next employing Eq. (2.33) and its adjoint, we have

K2 — 4e? K 2
(Ga(t) (1) e(@a(t) Fo(t))
29 Kg
+€<5Z(t)?fl(t)> ~ (0a(t)54(1))
K 2
JE05E)  SEOAO)] g
2g Kg

In addition, in view of Eq. (2.49), Eq. (5.29) takes the form

K e(0q(t)y G,(t)o!
(:6.(t)al(t) )+ (ra)oi(t): ), = drg (0a()0n(t)) _ (Ga(t)ay(t))

K2 — 4e2 K 2
+a<6£(tiﬁl(t)> 3 <<3a(t)2ffl(t>>]. (5.30)

Moreover, applying Egs. and (2.5), one can readily establish that

G,(t)6 G,(t)o!
5( a(t; b(t)> < a(t)2 a(t)> %<7A]b<t>> (5.31)
and
(6l ()6 o o
( b(tf)ﬁb ) | a(t)2 ) —%<ﬁb(t>>- (5.32)

On introducing Eq. (2.108) into Egs. (5.31) and (5.32), there follows

e(0u()0n(t))  (Ga(FLE) _ (5.33)

and

5 (£
— = 0. (5.34)

(:6a(t)a’(t): ), + (at)sl(t):), =0. (5.35)



55

Furthermore, multiplying Eq. by £ (t) from the right and taking the expecta-

tion value of the resulting equation, we have

x [ g6 OVEI ) + (Bt AJ(t»] | (5.36)

With the aid of Egs. (2.49) and (3.46), Eq. (5.36) can be put in the from

G E() = /0 t dz'exp(—%5(t—t'))<ﬁa(f)ﬁg<t>>. (5.37)

And this equation can be rewritten as

(: a(t)Fi(t) - Ve = /Ot dt’exp( - %B(t — t'))< - F(8)EX(t) - Yoo (5.38)

t
(ra®)Fi(t):), = / dt’exp( — %5@ — t/)) (EI)E,(t)). (5.39)
0
In view of Eq. (5.22), Eq. goes over into
(ra)Fi(t):), =0. (5.40)

Then employing Eqgs. (5.35) and (5.40) along with its complex conjugate, Eq. (5.28)

can be written as
—(at)al(t): )p = —k(: a(t)a'(t) yp — 5((: ab )y + (: blaf )F) (5.41)

The steady-state solution of the above equation is found to be

Gaa')p = £ (( ab ) p + (: blaf )F) (5.42)

K

Following a similar procedure, one can readily establish that

G'byp = - << ab ) g + (: blaf )F) (5.43)
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and

- e, 2. i KYe
(bt Yy = - (( ba ) p 4 (- a'bf :>F> + 22 (5.44)

We observe that the effect of the noise operators doesn’t appear in equations (5.25),

(5.42), (5.43) and, (5.44). This is because we have calculated the result given by these

equations by normally ordering the vacuum reservoir noise operators.

Now using Eqgs. (2.108) and (2.111)-(2.113) in Egs. (2.79) and (2.80), we readily ob-

tain
2¢? 5 2e%(k? — 2€?)

cata Ve = _ [ e 5.45

(ala:)r K2 — 4e? (n) (k% — 4e?)(K? + 4e2?) (5-45)
and

AL~ 282 /y 454
by p=——" — [ = : 5.46
< ¥ K2 — 4e? ( K > (k2 — 4e?) (k2 + 4e?) (5.46)

The second term in Eq. (5.45) or (5.46) represents the effect of the interaction of the
subharmonic light modes with the three-level atom. From Egs. (5.25) and (5.42)-

(5.44), we note that
(aa' g = (0 ) g (5.47)

and

an 4 KYe
<I bbT I)F = <Z CLTCL I>F + m (548)

Upon adding Egs. and (5.43), one easily finds

—S (<: ata )p 4+ (: b'b :>F) = (ba)p+ (ab)p+ Galdt e

On account of Egs. (5.47)-(5.49), Eq. (5.3) can be put in the form

(: (Ac+)2 : )F = 522:)/252 —|—2(< de :>F+ <Z IA)T?) >F)

- (<: ata g+ (bt ;>F> (5.50)
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and
( D (Ac ) ) = —H2T2€2 +2((za'a:)r+(: b'h D)
F
+g(<: ata e+ ( bh :>F>. (5.51)

Then upon substituting Egs. (5.45) and (5.46) into Egs. (5.50) and (5.51), we readily

arrive at
+4e 4e
(A )2 ) = e (K - 5.52
< (Aey) >F k2 +4e2 \ kK + 2¢ K+ 2¢ (5:52)
and
—4¢ 4e
C(Ac_)? — e " . 5.53
( (Ac-) )F K2 +4e? \ kK — 2¢ +/€—25 (5-33)

These results represent the plus and minus quadrature variance for the two-mode
cavity light obtained by normally ordering the noise operators. The first term in
Eq. (6.52) or (5.53) represents the effect of the interaction of the subharmonic light
modes with the three-level atom. Whereas the second term is due to the subhar-
monic generation. Moreover, we note that for ¢ = 0, Egs. (56.52) and (5.53) reduce
to
) 2 . N 2 . e
( D (At )sge ) = ( D (A )pae > = —. (5.54)
F roR
This indeed represents the quadrature variance for a two-mode cavity vacuum state

with the noise operators in normal order.  From the plots in Fig. 5.1 we see that

16

the quadrature variance is negative for 7. < 3,

is zero for 4. = 12, and is positive for
Y. > 1 for values of € close to 0.4. Moreover, from the plots in Fig. 5.1, we observe
that the two-mode cavity light is in a squeezed state for any value of . > 0.

Now we seek to determine the uncertainty relation for the plus and minus

quadratures with normal ordering of the vacuum reservoir noise operators. Apply-

ing Eq. (3.1) along with Egs. (2.73) and (2.75), Eq. (4.4) can be written as

(:AC+AC:) 2‘<:ddT:)F+<:BET:>F—(<:de:>F+<:IST6:>F), (5.55)
F
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Figure 5.1: Plots of the plus quadrature variance [Egs. (5.52) and (5.54)] versus ~,. for x = 0.8,

€ ~ 0.4 (solid line), and € = 0 (dashed line).
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Figure 5.2: Plots of the plus quadrature variance [Eqs. (5.52) and (5.54)] versus ¢ for k = 0.8,

Yo = % (dotted line), and . = 1.25 (dashed line).
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Figure 5.3: Plots of the minus quadrature variance [Eqs. (5.52) and (5.54)] versus ¢ for « = 0.8 and
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£

~v. = 0.75 (doted line), and . = 1 (dashed line).

0.8,



60

12 T T T T T T

10k 4
!
f
i
gl ‘.
/
h
—~ /
N}-‘\ 6l i i
o s
<] A
S
= /
al s 1
/
-~
-~
-
-
ol Tt J
e T =0
D 1 1 1 1 1 1
o 0.08 0.1 015 0.2 0.25 0.3 0.35
£

Figure 5.5: Plots of the minus quadrature variance [Egs. (5.53) and (5.54)] versus ¢ for x = 0.8 and

Ye = 0.75.

so that making use of Egs. (5.45) - (5.48), we readily find

K¢
: Ac_Acy > . 5.56
( ¢ Ac, )F_KQH&_Q (5.56)

Now upon setting ¢ = 0, the above equation reduces to

( . Ac_Ac, : ) > Je, (5.57)
F KR

This represents the uncertainty relation for the vacuum state with the noise opera-

tors in normal order. It proves to be more convenient to set

fo(e) = ( : Ac_Acy : ) , (5.58)

F

so that employing Egs. (5.52) and (5.53), we have

B KYe Kk +4e de
fole) = {<m2+4a2(m+25> /<;+2£)X

KYe K —4¢e 4e 2
: 5.59
</£2+4€2 (/4;—25>+/1—25>] (5-39)
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Figure 5.6: Plots of the uncertainty relation [Egs. (6.59) and (5.60)] versus ¢ for x = 0.8 and . = {2.

In addition we set

R
fle) = 5 (5.60)

From the plots in Fig.5.6, we see that the uncertainty relation for the two-mode
cavity light with the normally ordered noise operators holds perfectly.

Finally we calculate the quadrature squeezing for the two-mode cavity light with

the noise operators in normal order. We define the quadrature squeezing for the

two-mode cavity light by

(:S:>F‘ ((A)) ( (AC”Q:)F. -

This can be rewritten as

(c5) -1 (”AC””')F. 56
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Figure 5.7: Plots of the quadrature squeezing [Eq. (5.63)] versus ¢ for x = 0.8, 7. = 12, and 7. =

1.25.
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Figure 5.8: A plot of the quadrature squeezing [Eq. (5.63)] versus ¢ for x = 0.8 and 7. = 0.75.
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Figure 5.9: A plot of the quadrature squeezing [Eq. (5.63)] versus ¢ for x = 0.8 and 7. = 1.

Then on applying Egs. (56.52) and (5.54) in Eq. (5.62), we readily get

K KYe K+ 4e 4e
0 S = 1-— — . 5.63
( )F Ve L2—|—452 (/i+25> /<c+2J ( )

This represents the quadrature squeezing for the two-mode cavity light when the

noise operators are in normal order. From the plots in Fig.5.7, we notice that the
maximum quadrature squeezing is 100% for . = }—g and is 88.3% for . = 1.25 at
values of ¢ close to 0.4. Moreover, from the plots in Fig.5.8 and Fig.5.9, we also ob-
serve that the maximum quadrature squeezing is 100% for 4. = 0.75 and for . = 1

at values of ¢ close to 0.3 and 0.38, respectively.



Conclusion

In this dissertation we have studied the photon statistical and quadrature squeez-
ing properties of the two-mode light available in the cavity following the interaction
of the subharmonic light modes with the three-level atom. We have considered the
case in which the vacuum reservoir noise operators are in arbitrary order as well as
in normal order. Employing the pertinent Hamiltonian and master equations, we
have obtained the equations of evolution of the expectation values for the cavity
mode and atomic operators.

Making use of the steady-state solutions of the equations of evolution of the ex-
pectation values for the cavity mode and atomic operators, we have calculated the
global mean photon number for the two-mode cavity light. The global mean pho-
ton number of the two-mode cavity light consists of the mean photon number due
to the subharmonic generation, the mean photon number emitted and absorbed by
the atom. We have observed that the effect of the interaction of the subharmonic
light modes with the three-level atom is to decrease the global mean photon num-
ber of the two-mode cavity light. This is due to the fact that the mean number of
photons absorbed is greater than the mean number of photons emitted.

Furthermore, applying the time dependent solutions of the equations of evolu-

tion of the expectation values for the cavity mode and atomic operators, we have

64
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also obtained the local mean photon number for the two-mode cavity light. Our
analysis shows that the local mean photon number of the two-mode cavity light in-
creases with frequency and eventually approaches to the global mean photon num-
ber within a relatively small frequency interval.

In addition, we have determined the global photon-number variance for the
two-mode cavity light. We have noticed that the photon statistics of the two-mode
cavity light is supper poissonian. Moreover, our analysis indicates that the global
photon-number variance in the presence of the interaction is less than that in the
absence of the interaction. This implies that the effect of the interaction is to de-
crease the global photon-number variance.

On the other hand, we have determined the global and local quadrature vari-
ance for the two-mode cavity light with arbitrary ordering of the noise operators as-
sociated with the two-mode vacuum reservoir. We have noticed that the two-mode
cavity light is in squeezed state and the squeezing occurs in the plus quadrature.
We have found that the maximum global quadrature squeezing in the presence of
the interaction is 43.35% and 50% in the absence of the interaction. From this re-
sult, we see that the presence of the interaction is to decrease the global quadrature
squeezing. In addition, we have seen that the maximum local quadrature squeezing
for the two-mode cavity light is 60.8% and occurs at A = 0.17. We have also noticed
that the local quadrature squeezing decreases with the frequency and eventually
approaches to the global quadrature squeezing.

Finally we have considered the global quadrature squeezing for the two-mode
cavity light with the two-mode vacuum reservoir noise operators in normal order.
It so happens that the quadrature variance is negative for v, < 1% ~ 1.07, is zero for

7. =~ 1.07, and is positive for 7. > 1 ~ 1.07. In addition, we have noted that the



66

two-mode cavity light is in squeezed state for arbitrary values of .. It is not hard
to realize that the emergence of negative quadrature variance is due to normal or-
dering of the noise operators. We have found that the maximum global quadrature
squeezing for v, = % ~ 1.07is 100% and for ~, = 1.25 is 88.3% at values of ¢ close to
0.4. Besides, it is found that the maximum global quadrature squeezing for 7. = 0.75
and for -, = 1is 100% at values of ¢ close to 0.3 and 0.38, respectively. Unfortunately,
we have not been able to introduce an appropriate procedure with the aid of which
the amount of squeezing available can be detrmined when the quadrature variance

is below the vacuum level and at the same time negative.
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