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Abstract: The squeezing, entanglement, and statistical properties of cavity modes produced by V-type three-level laser
coupled to squeezed vacuum reservoir were studied employing the steady state solutions of the expectation values of the cavity
mode operators. The study showed that a light in squeezing state can be produced by the system under consideration under the
condition that the cavity decay constant is larger than linear gain coefficient and the squeezing occurs in the plus-quadrature.
The cavity modes do not exhibit entanglement properties. It is also observed that the degree of squeezing increases with the
linear gain coefficient and squeezing parameter. We also determined the mean and variance of the photon number, intensity
difference fluctuations, and the second order correlation function of the two modes. The mean and variance of the photon
number as well as the correlation function of two modes decrease as the difference of the probability of the two states at initial
time increases. The photons have super-poissionian statistics. The point, 1, at which the maximum intensity difference
fluctuation occurred depends on linear gain coefficient but not squeezing parameter. The result shows that the correlation of the
two modes decreases as 1 the linear gain coefficient and squeezing parameter.
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excited.

In this paper, we wish to study the squeezing,
entanglement, and statistical properties of two-mode light
produced by V-type three-level laser coupled to squeezed
vacuum reservoir by using the expectation value of the cavity
mode operators at steady state.

1. Introduction

The heart of quantum optics is the interaction of matter
with radiation [1]. The light beam consists of photons that
carry energies which contribute to the interaction between
the light and the gravitational force [2].

Squeezing is one of the non-classical features of light in
which the quantum noise in one quadrature is below 2. Radiation of V-type Three Level Laser
quantum standard limit at which in the expense of enhanced
fluctuation in the conjugate quadrature, with the product of

the variance in the two quadrature satisfying the uncertainty The interaction of one electron-atom having position (7)
relation [3-15]. Quantum squeezing and entanglement have ;4 charge (e) with a radiation represented by vector

both. fqndameptal scientific significance and potential potential (4) is described by the Hamiltonian [15]
applications in quantum metrology and quantum

information processing [7]. A three-level laser may be
defined as a quantum optical system in which three-level
atoms initially prepared in a coherent superposition of their In dipole approximation, the vector potential does not
two levels, are injected into a cavity coupled to a vacuum  depend on the position coordinates

reservoir via a single-port mirror. Three-level system
involves two dipole transients [8]. The V-type three-level
laser in which the atoms’ one ground state is coupled to two

2.1. Quantum Hamiltonian
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The vector potentials for two-mode light is given by Using Eq. (3) into Eq. (2) the electric field of the system is
N . . o o~ defined as
A= A(@e Wat + 4% el@al) + B(be~'@nt + pt el@t)f (3)
E= i(Aw,(a e @at — a*tei®at) + Bu,(be @bt — h* el@pt) )
The Hamiltonian of the atom can be expressed as
Hy = 6gqEq + 6ppEp + 6 E. (5)
The position operator for atomic electron defined as

r(t) = race_lwact+ rcae_lwact + rbce_wact+ rcbe_wact (6)
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r--
I .
le)

1¥4(0)) = ca(0)]a) + c(0)|b)

PR —

Squeezed vacuum reservoir
Figure 1. Schematic diagram of V-type three-level laser coupled to squeezed vacuum reservoir.
The Hamiltonian of V-type three-level laser expressed as
A= igac(Bacae!(Vacwa)t- g ate i (0am)) t igy (Gpcbe o)+ Gy bt e (@hem ) (M
Where, gfh,. = Awger,.. i and g, = Bwyery.. 1l are known as the coupling constants.
2.2. Master Equation
The interaction of V-type three-level atom with cavity modes at resonance can be described by Hamiltonian
HI = igac(é-\acé\1 ei(wac—wa)t - 6caé+e_i(wac_wa)t + igbc(ﬁbcb\ei(wbc_wb)t'66b5+e_i(wbc_wb)t) (8)
We take the initial state of V-type three-level atoms to be
PYu (0) = ca(0)|a > +cb(0)|b > )
The density operator for a single atom is
Pi= Paa la><a |+ payla><b | +ppa|b >< al + pp, |b >< b | (10)

Where, pS, = ca? and pp, = cbh? are the probability for the atom to be in state a; and b; at the initial time, respectively and
Pap(0)? = c,c, Tepresents the atomic coherence at the initial time with the relation,

Pab (0)2 = Paa(0) ppy(0) (11)

The master equation for V-type three-level laser coupled to a two-mode squeeze vacuum reservoir can be defined as
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Sp=2(kN +Apl)(2a*pa-aatp-paat) (kN + A pf,)(2b*pb -2bb* p-

2pbb*) + (Ap%,)(24* pb —2b*pa* —2pba*) + Apyq(2b*pa — 2ab*p — 2pab™*) + 2 k(N + 1)(28pa* — 2a%ap —
2pa%a) + — k(N + 1)(2bpb*-2b*bp-2pb*b) + ¥4 kM(2a*b* p—a*b*p-pa*b*+2a bp-a bp-pa b)+ > kM(2b*a*p — a*b*p —
pa*bh* +2bap —abp — pab) (12)

Where k is the cavity decay constant, A is the linear gain coefficient, r is being the squeeze parameter, N = sinh?(r) and
M = sinh(r)cosh(r) are reservoir parameters.

2.3. Expectation Values

The solution of the expectation value of the cavity mode operators using Eq. (12) and trace operation

d . 1 N 1 ~
E<a>—5,ua<a>+5v<b>, (13)
Leh>=-2py <b>+tv<a> 14
dt =T 2V =S4 (14)
L<al>= -, <a?> +v<ab>, (15)
£ <b?>=—p, <b?>+v<ab>, (16)
S <ata>= —p, <a*a>+ov(<ath> +<b*a >)+kN, (17)
%<I§+B >= —yb<B+B>+%v(< ath > +<b*a >)+kN, (18)
%<él§>= —%(/xa+yb)<éﬁ>+§<v>(<.€12>+<32>)—kM, (19)
%<a+5>:—§(ya+ub)<a+B>+§<v>(<a+a>+<B+B>), (20)
Where pg =k —Apda, ity = k — Apdq and v = Apg), = <ab>= ——2HakpiM 27)

App (Ha+up) (Hakp=v?)
@

The steady state solution of the expectation value of the .
system have a solution by considering the case for u,u;, > 3. Quadrature Squeezlng

v2, and the solution . L
The quadrature squeezing property of two-mode light is

<a>=<b>=0, (21)  described by two Hermitian quadrature operators defined by
<a?>= - (22) & =VEI (e £ 0), (28)
(Ha+up)(Hakp=v?)
<h?>=___ ZVHakM (23) Where,
(Hatip)(Happ—v2) A _ 1 (4+5) 29
s ¢ =4 . (29)
<ata>= La”bz (24)
(ka+up)(Rakp=v?) The variance of the quadratures defined by
b+h > = —HakN(atup) 2 __ a4
<bth>= sl (25) Ack =< 4,64 >, (30)
<4h>= VKN (g +up) (26) we can be expressed as

T (uatup) (app—v2'

4, = 1+%(2 <at,a>+2<bt,b>+2<at,b>+2<bta)t<at,a* > +<3aa>+<bh*, bt >+<bhb>+2<
a*t,b* > +2<34,b>) (31)

Using Egs. (21) - (27), the quadrature variance can be defined as

(2k—A) (k- A+(2k-A+A{T=7Z ) (NFM) £ M AZ7?)
(2k-A)(k-A) ’

A2 = (32)

1
Where, pp), — pgo =1 and pg, =-/1-1n?
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Figure 2. Represent the plots of the quadrature variance [Eq. (32)] versus n for k=0.8, r=0.2 and A=0.5.

The figure shows that the system under consideration can produce squeezed light and the squeezing occurs in the plus
quadrature.
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Figure 3. Represent the plots of the quadrature squeezing [Eq. (35)] versus n for k=0.8, r=0.2 and for different value of A.
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Figure 4. Represent the plots of the plus quadrature variance [Eq. (32)] versus ) for k = 0.8,A = 0.5 and for different squeezing parameter.
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Figure 3 and Figure 4 shows that the quadrature variance
increase with 17, and decreases as the linear gain coefficient
and squeezing parameter.

The quadrature squeezing of a two-mode cavity light
relative to the quadrature variance of the two-mode coherent
(vacuum) light can be defined as

where

A3, =1, (34)

is the quadrature variance for coherent (vacuum) state.
With the aid of Egs. (32), (33), and (34), the quadrature
squeezing relative to coherent (vacuum) state

AE%,—4
§ =Lt (33) (2k—4)(2k—A+A{T=0% ) (N-M)+MA%p? 35
Ac = .
(4¢4), (2k-A)(k—A) (35)
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Figure 5. Represent the plots of the quadrature squeezing [Eq. (35)] versusn for k=0.8, r=0.2 and for different value of A.
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Figure 6. Represent the plots of the quadrature squeezing [Eq.(35)] versus n for k=0.8, A=0.2 for different squeezing parameter.
Figures 5 and 6 shows that the degree of squeezing AG? R
increases with linear gain coefficient and squeezing ur=<unu> (38)
parameter. A2 =<, > (39)
4. Entanglement Adding Eqgs. (38) and (39), we have
. . ~ o 2(2k—A)2(N+M)—2AMn>
The EPR like operators can be expressed in the form AQ? 4+ AD% = 2+ ¢ LN+ u (40)

~

0 =3a,—-b, (36)

D

=4_ — b_ (37)

The variance of EPR-type variables can be defined as

(2k—A)(k—A4)

Eq. (40) represents the sum of the variances of EPR-like
variables for a two-mode light produced by V-type three-
level Laser with squeezed vacuum reservoirs. We easily see
from the equation that Afi? + A9? > 2. This result shows that
the cavity modes produced by the system under consideration
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do not exhibited entanglement.

The mean photon number for a two-mode light can be
defined as

5. Statistical Properties

a=<¢é*té >, 41)
To study the statistical properties of a two-mode light The mean photon number at steady state to be
produced by V-type three-level laser coupled to squeezed
vacuum reservoir. _  N(Qk-A+AJ1-72
j = M@ ARA Lo (42)
2(k-4)
5.1. The Mean Photon Number
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Figure 7. Represent the plots of the mean photon number [Eq. (40)] versus n for r=0.2, k=0.8, and different values of A.
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Figure 8. Represent the Plots of the mean photon number [Eq. (40)] versus 77 for k = 0.8,A = 0.2 and different values of r.
Figure 7. shows that the mean photon number decreases as An? At An2 ita 2 13
7 but increases with linear gain coefficient. nt=<(ETO) > - <ete > (43)
.Flgure 8.. shows that the mean photon number increase The variance of two-mode light can be defined as
with squeezing parameter.
An?=qa(l+n) +|<é*>|% (44)

5.2. The Variance of Photon Number
We easily see from Eq. (44), the cavity modes have super

The variance of the photon number can be defined by poisonian photon statics.

- mz(((ZK—A)Z—AZUZ)((ZA 107 +1)+4% (1—772))> NZ(ZA 112 +(2K—A)(A2+1)) N((ZK—A)(A 1-12 +1)) a2y2

4(2K-A)(k—A)2

An (45)

4(2Kk—A)(k—A)? 2(k—A) 4(2Kk—A)2%(k—A)?

Eq. (45), is the variance of the two-mode light produced by V-type three-level laser coupled to squeezed vacuum reservoir.
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Figure 10. Represent the plots the variance of photon number [Eq. (45)] versus g for k= 0.8, r = 0.2 and for different values of r.

Figures 9 and 10. shows that variance of photon number

2 _ 2o _ 2
increase with linear gain coefficient and squeeze parameter. Al =<1z > —<I; >%,
5.3. Intensity Difference Fluctuations Where,
. . o _ ata  THT
The variance of the intensity difference can be defined by Id = a*a—»b"b,

Al =< a*a>2 +<b*h>2 +<ata> +<b*h>+|<a®> |2+ | <bh?*>|>-2| <ab>|?-2<a*h>|?

Applying Eqs. (22) - (27) into (48), we have

2 2(3 2
A2 = MPn? (04224 a+BrA-BA* 02 -16kA%) | M?(42 (402 -24KcA+334%) 163 (c=24)) N (2"(1—‘4)’“4 (s )) KN
2 =

+
8(2k—A)2(k—A)? 8(2k—A)2(k—A)? (k—A)2 2Kk-A
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Figure 11. Represent plots the variance of intensity difference [Eq.(49)] versus p for the value of k= 0.8, r = 0.2 and different values of linear gain coefficient.
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Figure 12. Represent the plots of the variance of intensity difference versus p for different values squeezing parameter with k= 0.8 and r = 0.2

Figure 11 and Figure 12 indicates that the point n, at

which the maximum intensity difference fluctuation occurred -4 Second Order Correlation Function
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depends on linear gain coefficient but not on the squeezing The second-order correlation function for the two-mode
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Figure 13. Represent the plots of second-order correlation function [Eq. (50)] versus pp for k= 0.8, r = 0.2 and for different values of A.

) _ <atab*b>
86 (0) = Zomcpres

Since a and b are Gaussian variable with vanishing means, this equation can be written as

) <ab>?+ <ath>?
8 (0) = 1+ ==
On account of Eq. (24) -(27), we find Eq. (51)
(2) (0) — _ Az(l—Tl) MZ((ZK_A)Z_AZT]Z)Z
8(ab) (2k—A)2-A2n) ' N2 (2k—A)2((2k—A)2—A27)

(50)

(D

(52)

Eq. (52) represents the second-order correlation function of the two-modes light produced by V-type three-level laser

coupled to squeezed vacuum reservoir.
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Figure 14. Represent the plots of second order correlation function [Eq. (50)] versus gy for k= 0.8, A = 0.2 and different values of squeezing parameter.

Figures 13 and 14 shows that the correlation function
decrease as the linear gain coefficient and squeezing
parameter.

6. Conclusion

It is found that the two-mode light produced by the
system under consideration is in a squeezed state for the
case the cavity decay constant is greater than linear gain
coefficient and the squeezing occurs in the plus quadrature.
It is observed that the degree of squeezing increase with the
linear gain coefficient and squeezing parameter. The cavity
modes do not exhibit entanglement properties. The mean
and variance of the photon number calculation results
indicate that the effect of linear gain coefficient and
squeezing parameter are increase the mean and variance of
the photon number and the cavity two-mode has super-
poisonian photon statistics. The point, m, at which the
maximum intensity difference fluctuation occurred depends
on linear gain coefficient but not squeezing parameter. The
result shows that the correlation of the two modes decreases
as m, the linear gain coefficient and squeezing parameter
increase.
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