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Abstract

In this thesis we study the statistical and squeezing properties of the light produced
by a degenerate three-level laser. Using the solutions of c-number Langevin equations,
we have calculated antinormally ordered characteristic function. Then employing the
resulting characteristic function, we obtain the Q-function. Applying the Q-function, we
have calculated the mean photon number, the variance of phototn number, the photon
number distribution and the quadrature variance. We have found that the light mode is
47.9% squeezed below the coherent state level at steady state for A = 3 and x = 0.8. It

is observed that the degree of squeezing increases with the linear gain coefficient(A).

We have determined the Q-function for the superposition of the light beams produced
by two degenerate three-level lasers. Using this Q-function, we have calculated the mean
number of photons, the variance of photon number, the photon number distribution and
quadrature variance. We have found that the steady state mean photon number is a
simple sum of the mean photon numbers of the two light beams. The squeezing of the
superposed light mode increases with the linear gain coefficient. It is found that for A = 3

and k = 0.8, the squeezing is 95.8% below the coherent state level.

vi
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Chapter 1

Introduction

Nonclassical properties like squeezing of cavity radiation produced by cascade three-level
laser has received a great deal of attention in recent years [1-19]. In quantum optics
the annihilation and creation operators used in describing single-mode radiation can be
decomposed into two quadrature operators. For single-mode radiation in any state, the
product of the fluctuations in the two quadratures satisfies the uncertainity relation. In
squeezed state, the quantum noise in one quadrature is below the coherent state level at
the expense of enhanced fluctuations in the conjugate quadrature, with the product of
the uncertainties in the two quadratures still satisfying the uncertainty relation. Having
less noise, squeezed states constitute an important nonclassical resource for information-
processing systems like quantum computations, photon detection and in the field of high
precision measurments. A squeezed state is now belonging to the selected technolgies for
detection of weak signals and in low-noise communication [1, 3, 5|. The squeezed state of

light can be generated by some quantum optical systems under certain conditions.

A three-level laser is one source of squeezed light [ 6, 7]. A degenerate three-level laser is
a quantum optical process in which degenerate three-level atoms in cascade configuration
and initially prepared in coherent superposition of the top and the bottom levels are
injected into a cavity coupled to a vacuum reservoir via single port-mirror. The set of
energy levels of an atom consists of an infinite number of discrete levels corrosponding

to the bound states of the electron [8]. For a three-level atom, out of these set of energy



levels only three-levels interact with electromagnetic radiation. When the three-level
atom interacts with radiation, it under goes a transition from top to bottom level via the
intermidate level by emitting two photons. If the two photons generated have different
frequencies, a two-mode light is generated. In this case the atom is called non-degenerate
three-level atom. But, when the frequencies of these photons are equal, the atom generates

a single-mode light. For this condition the atom is called degenerate three-level atom.

Three-level lasers in which a cosiderable role is played by the coherent superposition
of the top and bottom levels of the injected atoms have been studied by different authors
1, 2,3 .5 6,7, 9,10, 11, 12, 17, 18, 19]. These studies show that three-level lasers
can generate light in a squeezed state under certain conditions. Ansari 2] has found the
quadrature variance of degenerate three-level laser using the steady state solution of the
expectation value of cavity mode variables. He found that the cavity mode is in squeezed
state if the probability for the injected atoms to be in the bottom levels is larger than
the probability to be in the top levels. And almost perfect squeezing can be achieved for
slightly high probability for the atoms to be in the bottom levels and for large value of
linear gain coefficient. Dawit [9] studied a degenerate three-level laser in which top and
bottom levels are coupled by strong coherent light and with half probablity for the atoms
to be in the top or bottom levels coupled to a squeeze vacuum reservoir applying the
solution of stochastic differential equations. He found that the squeezing increases with
the linear gain coefficient.

Alebachew and Fesseha [10] have studied the squeezing properties of the cavity mode
produced by a degenerate three-level laser whose cavity contains a parametric amplifier
by applying the solution of the stochastic differential equations, with the top and bottom
levels of injected atoms coupled by the pump mode emerging from the parametric ampli-
fier. In this study they showed that the optical system generates light in a squeezed state
with a maximum interacavity squeezing of 93% below the coherent state level. Tewodros

and Fesseha [11] have studied the squeezing properties of the cavity mode produced by



a degenerate three-level laser whose cavity contains a parametric amplifier and with the
cavity mode driven by strong coherent light and the three-level atoms injected into the
cavity are initially prepared in a coherent superposition of the top and bottom levels, with
these levels coupled by the pump mode emerging from the parametric amplifier by ap-
plying the solution of c-number Langevin equations. Their study showed that the system
generates squeezed light with maximum squeezing of 94% below the coherent state level
for certain conditions. Recently, Misrak [12] has studied the squeezing properties of cavity
mode produced by degenerate three-level laser with parametric amplifier by applying the
solution of stochastic differential equations. This study showed that the quantum optical
system generates squeezed light and the degree of squeezing increases with the linear gain

coefficient with maximum interacavity squeezing of 96.5% below the coherent state level.

In this thesis, we seek to investigate the squeezing and statistical properties for degen-
erate three-level laser and the superposition of light beams produced by pair of degenerate
three-level lasers. we carry out the analysis applying the solutions of c-number Langevin
equations associated with the normal ordering. These equations are obtained using the
master equation drived in the linear approximation scheme. From the solutions of c-
number Langevin equations and the correlation properties of a noise force, we obtain the
antinormally ordered characteristic function defined in Hiesenberg picture which is used
to find the Q-function of light produced by three-level laser. Employing the Q-function we
calculate the mean photon number, the variance of photon number, the photon number
distribution and the quadrature variance of light produced by three-level lasers. Further-
more, using the Q-function, we obtain the Q-function for the superposition of two light
beams produced by three-level lasers. Upon employing this Q-function, we determine
the squeezing and statistical properties of the single-mode light obtained from superpo-
sition of two light beams produced by three-level lasers. We then calculate the mean
photon number, the variance of photon number, the photon number distribution and the

quadrature variance of the superposed light beam.



Chapter 2

Degenerate Three-Level Laser

In this chapter we first seek to get the master equation and c-number Langevin equations
for the cavity mode produced by degenerate three-level laser. Using the solutions of the
c-number Langevin equations, we find the antinormally ordered characteristic function
defined in Hiesenberg picture. Employing the antinormally ordered characteristic func-
tion, we obtain the Q-function of light produced by a degenerate three-level laser. Finally,
applying the resulting Q-function we calculate the mean photon number, the variance of
photon number, the photon number distribution and the quadrature variance of the light

beam produced by degenerate three-level laser.

2.1 Master equation

Here we seek to obtain the master equation for a cavity mode of degenerate three-level
laser in which a degenerate three-level atoms in a cascade configuration are injected at a
constant rate r, into a cavity coupled to vacuum reservior via a single port-mirror and
removed after a large enough decay time 7.

We denote the top, middle and bottom levels by eigen states |a), |b) and |c) whose enegy
is give by E, = hw,, £, = hw, and E,. = hw,, respectively. We assume the cavity mode to
be at resonance with the two transitions |a) — |b) and |b) — |c), with direct transition

between |a) and |c) is to be electric-dipole forbidden.



The interaction of a three-level atom with the cavity mode in the rotating wave approx-
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Figure 2.1: Three-level atom in a cascade configuration.

imation and in the interaction picture can be described by the Hamiltonian [1]

a

igl(la) (bl + [b){cl)a — a' (|b){al + |e) (DD, (2.1.1)

where ¢ is the coupling constant and a is the annihilation operator for the cavity mode.

We take the initial state of a three-level atom to be
[W4(0)) = Ca(0)]a) + Ce(0)]c),

where C,,(0) and C.(0) are the probablity amplitudes of the three-level atom to be in the
upper and bottom levels, respectively. Then the density operator for a single atom has

the form

pa(0) = pla)(al + pi2|a) (el + pi)le) (al + p[e) (el (2.1.2)
with pi = |C,[2, p&) = C,C*, p) = C.C* and pi) = |C.|2.
Let par(t) be the density operator for a single atom plus the cavity mode at a time ¢ with
the atom injected at a time ¢;, such that (¢t —7) < t; < ¢. The density operator for all
the atoms in the cavity plus the cavity mode at time ¢ can be written as

par(t) =14 > par(t,t)At; (2.1.3)

J



where 7,At; denotes the number of atoms injected into the cavity in a time At;. Now

converting the summation into integration in the limit A¢; — 0, we have

¢
par(t) = ra/ par(t,t)dt (2.1.4)
t—r

For any function h, if h = ffo f(z,2")da’, then Lh = f(z,T)— f(z,z +f0 5o f(z, 2" )da'.

Therefore, Eq. (2.1.4) reduces to

d t

0
EpAR(t) =rapar(t,t) — repar(t,t —7) + 1, —par(t,t')dt. (2.1.5)

, Ot

We observe that pag(t,t) the density operator for the cavity mode plus an atom injected

at time t. This operator can thus be expressed as

par(t,t) = pa(t)p(t) (2.1.6)

with p(t) is the density operator for the cavity mode alone. We also note that pag(t — 7)
is the density operator for an atom plus the cavity mode at time ¢, with the atom being

removed from the cavity at this time. This operator can also be put in the form

pan(t,t —7) = palt — 7)p(t) (2.1.7)

In view of Egs. (2.1.6) and (2.1.7), Eq.(2.1.5) becomes

d
EpAR(t) (pA(t) — pA(t,t— T —|— Ta/ pAR t t dt/ (218)
t—T

In the absence of damping the cavity mode by a vacuum reservoir, the density operator

par(t) evolves in time according to

o panlt,0) = il pan(?)]

so that using this relation in Eq.(2.1.8) together with Eq.(2.1.4), we find

%pAR(t) = ra(pa(t) — pa(t,t — )p(t) — i[H, par(t)] (2.1.9)



Furthermore, tracing over the atomic variables and taking into account the damping of

the cavity mode by a vacuum reservoir together with the fact that
Trpa(t) =Trpar(t —7) =1,
we can show that

d ~
=0 = Tra(=ilH, par(t)]) + 5 (2apa’ — pala - alap) (2.1.10)

From Egs.(2.1.1) and (2.1.10), we get

%p = gTra([(|a) (bl + [b){c])a — a'(|b)(al + |c)(bl), par(t)]) + g(%wdT — pa'a — a'ap)

In view of the property
[A+B,C] = [A, B] +[A,C]

and the defination for matrix element

(alpar|B) = pas

with o, 8 = a, b, c and the cyclic property of trace operator, the master equation for the

cavity mode can be put in the form

d . . . . - R K, . . b e
20 = 9(papia’ = pu+ pre’ — ' pre+ appa — prati+ poy — payit) + 5 (2apa’ — pata—alap).

dt
(2.1.11)
On the other hand, we see from Eq.(2.1.10) that

& pes = ({010 (0)|8)~ (@l pa(t, -=7)18) (1)) ~iTra( (0| Hpar B(0)—{alpar HI8(1))) ~7pas,

where the term p,s is added to account for the decay of the atoms due to spontaneous
photon emission, here ~, considered to be the same for all the three levels, is the atomic
decay constant. We assume that atoms are removed from the cavity after they have

decayed to a level other than the middle or the bottom level, we then see that

{alpa(t,t =7))|B) =0



For a, f = a,b and ¢. Then Eq.(2.1.11) reduces to

d

= b = ra{alpa(0)|8)p(1)) — iTrallal ApanlB(0)) — (alpart15(0) — vpus. (21.12)

Upon using the values of H and pa(0), we find

d

—Pab = 9(pacd’ + aprp — paa) — Vpab, (2.1.13)
d it oed— at
P = 9(pec’ — pppa — @' pac) — Y P (2.1.14)
d (0) s
%paa = TaPuq P+ g(paba + apba) — YPaa) (2'1'15)
d (0) X -
JpPac = TaPad P+ 9(@pse — Pap@) — YPac, (2.1.16)
d G .
prb = g(ppe@’ — apcty — @' paa — Poal) — Y Pbb» (2.1.17)
d (0) " X
Epcc = TaPec P+ g<a Poc T pcba) = 7VPecc- (2'1'18)

We confine to linear analysis and this can be achieved by dropping the g-terms in Eqgs.(2.1.15),
(2.1.16), (2.1.17) and (2.1.18) and applying the first-order approximation. Thus upon
dropping the g-terms and applying the first-order approximation scheme, we get

(0)

P = 2L22P (2.1.19)
v
Pob = 0, (2120)
rapip
P = L2l P (2.1.21)
v
rapip
oo =~ (2.1.22)

Combination of Eqgs.(2.1.13), ( 2.1.19), (2.1.20) and (2.1.21) as well as Eqgs.(2.1.14), (
2.1.20), (2.1.21) and (2.1.22) leads to

dt

d Tog

— (0 pat — 0 )5y 2.1.23
dtpab y (pac pa Paa pa) Y Pab; ( )
d Tag . .
@~ (pDap — pida'p) = vpue. (2.1.24)



Using once more the first-order approximation scheme, we can easily find that

Tag “ A

Pab = 7(/}2@/}@* — p)pa), (2.1.25)
Tag “ .

Pre= "5 (pQap — pQalp). (2.1.26)

But the complex conjugate of p,, and py. are py, and pe, respectively. Hence

Tad , . A

Pra = V(appé‘? —alppl) (2.1.27)
Tag , . ~

por = 2y (pi'pl2) = piply)) (2.1.28)

Using Eqs.(2.1.25), (2.1.26), (2.1.27) and (2.1.28) in Eq.(2.1.11), we get

d Apsd
op = ’; (24t pa — paa’ — aatp)
|
+§(Ap£2) + k) (2apa’ — pata — atap)
(O)A
—i—'m%(pdT2 + ap — 24t pal)
ApD
+ '; (pa? + a2p — 2apa), (2.1.29)
where
2
A="9 (2.1.30)
vy

is the linear gain coefficient. It is worth mentioning that the quantum properties of the
light genereted by three-level laser are determined by the master equation (2.1.29). It
is easy to observe that with p((z%) =1 and pg? = p((;g) = 0. This equation reduces to the

master equation for a two-level laser operating below threshold.

2.2 c-number Langevin equations

The dynamics of a cavity mode of a three-level laser coupled to vacuum reservior can be

described by the quantum Langevin equation in which the time evolution of the cavity
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mode is carried by the operators. To this end, we seek to find the quantum Langevin

equations applying the density operator. The expectation value of any arbitirary operator

Ais
(A) = Tr(pd)
&;D - Tr(%A)
Hence
() = Tr(Lagr) (221)

d Ap(o) 1
et N . aa A~ = A (0) N
Sa0) =T @) - 540 + m)fa(e)
o,
= —E(a(t)), (2.2.2)
where
p= Al = o)) + ~. (2:2.3)
We also note that
d 7
AT — _Pyat
St (0)) = 5t () (22.4)
In the same fashion, one can show that
d 2 0
—(a(t)a(t)) = —p(a” (1)) + Apge (2.2.5)
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and
d

) = —p@ a®) + Apf). (2.2.6)

We note that the c-number Langevin equations corrosponding to Eqgs.(2.2.2), (2.2.4),
(2.2.5) and (2.2.6) are

%@ =~ lal). (2.2.7)

Hat(0) =~ o), 228

2 {a()a(0) = —plafa(t) + A2 229
%<O‘*(t)“(t)> = —p{a”(t)a(t)) + Apls). (2.2.10)

The steady state solutions of the c-number Langevin equations are

<O‘(t>>ss =0,
Ap(o)
OZ2 t ss — = 5
(a*(t)) .
and
. Apl
(@ (t)a(t))ss =
]
On the basis of Eq.(2.2.7), one can write
Loty = ~Eaw) + 1) (2.2.11)
dta = 2a , 2.

where f(t) is a noise force whose correlation properties remain to be detrmined. Taking
the expectation value of Eq.(2.2.11) and comparing it with Eq.(2.2.7), we see that the

expectation value of the noise force is zero

(f(t)) =0 (2.2.12)

As «(t) is simply a c-number function, ordering does not affect the c-number Langevin

equations. Therefore, we see that
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But upon multiplying Eq.(2.2.11) by «(t), we find

do(t)  p
= L)+ ar)

a(t)

Hence

from which follows

%(a(t)a(t» = —u(a®(t)) + 2(a(t) f(1)). (2.2.13)

In view of Egs.(2.2.9) and (2.2.13), we see

(0)
(a(t)f(0) = 22 2:2.14)

The formal solution of Eq.(2.2.11) can be written as
¢
a(t) = a(0)e /2 4 / e P2 £ (Y dt! (2.2.15)
0
Upon multiplying by f(¢) and taking expectation value, there follows

(a(®)f (1)) = (a(0)f())e "/ + /0 e MIORF() f (1)) dt!

Noting the fact that a noise force at a time ¢ should not affect system variables at earlier
time, we get
t
(@lt)f(e) = [ e g0 £y 2:2.16)
0
From Eqs.(2.2.14) and (2.2.16), we see that

B Ap)

t
| e e
0
Now on the basis of the relation
t !/
| e numana =
0

We assert that

(f(t)g(t")) = 2E0(t — 1),
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where F is a constant or some function of time . We then see that

(FOFE) = ApQa(t — ). (2.2.17)

Furthermore, taking the sum of equations obtained on multiplying Eq.(2.2.11) by «*(t)

from the left and its complex conjugate by «(t) from the right, we find
do*(t)  da(t)
t
O g

%(a(t)a*(t» = —p{a”()a(t)) + (f*(t)a(t)) + (" () f(1)) (2.2.18)

By comparing Eqs.(2.2.10) with (2.2.18), we find

a’(t) = —pa(t)a(t) + a(t) (1) + o (1) f(t)

(f*(alt) +a* (1) f(1)) = Aply). (2.2.19)

In the same way from Eq.(2.2.15) and its complex conjugate, one can easily get
t
(f*D)alt)) =/ e MR () f())dt (2.2.20)
0

() f (1)) = /0 ettt f @) f(X))dt (2.2.21)

Using Eqs.(2.2.20) and (2.2.21) together with the assumption that

in with Eq.(2.2.19), we arrive at

¢
2 [ e OB o)t = An)
0
from which we assert
(@) f(t) = Aplla(t —t') (2.2.22)
It is worth mentioning that Eqs.(2.2.12), (2.2.17) and (2.2.22) represent the correlation

properties of the noise force f(t) associated with the normal ordering.

In order to find the solution of Eq.(2.2.11), we introduce a new variable defined by

as(t) = a'(t) £ alt). (2.2.23)
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d d . d

Using Eq.(2.2.11) and its complex conjugate, we can get

d % .
E@i(t) = _§Oéi(t) + f1(t) £ f(1). (2.2.24)

We see that this equation does not have a well behaved solution for k < A(p((z%) — p((;g)). we

then define k = A(pg?l) — p2 as a threshold condition. For x > A(p{l) — pﬁg)) the solution

of Eq.(2.2.24) can be written as
t
ax(t) = ax(0)e /2 4 / e HEO2( (1) £+ f(t))dt! (2.2.25)
0

In view of Eq.(2.2.23), we can find

alt) = A, (£)a(0) + By (1) — B_(t), (2.2.26)
Where
AL(t) = e Ht/?
and
Balt) = 5 | IR0 £ £t

The expectation value of « can be developed from Eq.(2.2.26) as follows

(a(t)) = A1 () {(0)) + (B (1)) — (B-(1))

Assuming the cavity mode initially to be in vacuum state, we have

(@) = (Bu(®) — (B-(1)
=5 [ o)+ ondr =5 [ e 0) - ronar

0

= [ty
0

From Eq.(2.2.12), we have
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Hence,

(a(t)) = 0. (2.2.27)

In view of Eqgs.(2.2.7) and (2.2.27), one can see that « is a Gaussian variable with zero

mearn.

2.3 Q-function

We are now in a position to obtain the Q-function for light produced by a degenerate
three-level laser. The Q-function can be expressed in terms of the antinormally ordered

characteristic function as [1]
* 1 2 * 2*a—za*
Q" a,t) = — | d°2¢.(2", z,t)e , (2.3.1)
7
where ¢,(z*, z,t) is the antinormally ordered characteristic equation defind by
Ga(2", 2, 1) = Tr(pe %),

Using the identity

AP — oBeAclAB

we have

oz, 2,1) = e_ZZ*TT(peZdTe_Z*d).

This can be written in terms of the c-number variables associated with normal ordering
as

Ga(2%, 2, 1) = e (2 779, (2.3.2)
Since «v is a Gaussian variable with zero mean, one can put Eq.(2.3.2) in the form

a2, 2,t) = e_zz*ea:p(%((za* — z*a)?))

= e exp({a?)2? /2 + ()2 )2 — 22" (a*a)) (2.3.3)
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Upon setting

phe = pkd

we see that

With the help of these relations, we find that

(By+B-) =0,

= (B2) +(B%) — 2(B,B.)
= (B3) + (B2),
(%) = (B1) + (B?),
and
(aa*) = (BY) — (B?).
But
2 :1 (—p(2t—t'—t")/2) " " ! gl
) =5 ¢ P+ () TN i),

In view of Eqgs.(2.2.17), (2.2.22) and the property of kronecker delta function

1
/ f(z)é(x —c)d §f(c), (2.3.4)
for ¢ = g or ¢ = p, then we find
(0) (0) ¢
gy = AL [y
4 0
0
A(p((zc) + pt(m)) (1 _ 6%‘”)

21



and

(B2) = A(pg‘%;; pi) (1— e
Hence,

) = 25 e

and

(0?) = (02 = A%?(l — i)
Then

Ap Apd)

Go(2%, 2, 1) = ezz*exp( (1 —em/%)22/2 4 (1 —e /229 — 227

It is convenient to introduce a new parameter defind by

1—n
0 _ - 7
paa 2 ’
where —1 <7 < 1. Using the fact

pul + 0 =1,

together with

PP = pl ol
there follows
P = HTW
and
ol | = 17_772

In view of these relations, the characteristic function reduces to
ba(2*, 2, 1) = exp[—azz* + b(z* + 2*%) /2],
where

_ A(]‘_n) —pt/2
a_1+2(A77+/<)(1 e ),

17

(2.3.5)
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_n2
b= VLI ey

- 2(An+ k)
Using Eq.(2.3.5) in Eq.(2.3.1), we get

1
Qo o, t) = = / dzzexp( —azz* + —a*z 4+ azt + b(2* + z*2)/2) (2.3.6)
T

Carrying out the integration using the identity

d*z . . 9 0 1 12 abc + A'c? + B'b?
/7exp<—azz +bztcz*+ A+ Bz ) = [m} exp[ TN ,a >0
(2.3.7)
we find
(02 — v?)/2
Qa*, a,t) = ea:p( — uaa® +v(a® + a*Q)/2>, (2.3.8)
T
in which
a
U= 2 _p2
and
b
T

Now integrating the Q-function over «
(uQ _ 02)1/2
/dQOzQ(oz,t) = /dQOz—exp(—uoza* +v(a? + a*?)/2),
T
so using Eq.(2.3.7) once more, we get
/d%zQ(oz,t) =1

This shows that the Q-function is normalized.

2.4 Photon statistics

The statistical properties of a light beam is described in terms of the mean photon number,
the variance of the photon number and the photon number distribution. Here we wish
to calculate the mean photon number, the variance of photon number and the photon
number distribution of the light generated by degenerate three-level laser employing the

Q-function.
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2.4.1 The mean photon number

The number of photons for degenerate three-level laser light beam is represented by the
operator 7 = a'a and the mean photon number for this light beam is expressible as
(n)=(a'a). But (a"a'™) is product of operators in the antinormal order (antinormal

moments) which can be evaluated using Q-function as follows .
(a"a'™y = Tr(pa"a'™)

From the cyclic property of trace operator
(a"a'™) = Tr(a™pa™),

the completness relation for coherent states of light leads to

2
( d—%*mpa"|a><a|)
T

o

—Tr (&Tmp&"|a) (a|)

(a"a')

Il
S~

T
Pa
T( |@*mﬂan’a>

dQOé <O./|p|OZ> a*man
s

d?aQ(a, o) ™",

—— — —

in which

o _ ()

™

is the Q-function and then follows
n= /dQOzQ(a, a")(afa—1)

where a*a — 1 is the c-number function corrosponding to the number operator n in the

antinormal order.
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Using Eq.(2.3.8), we get

n :/anQ(a,a*)a*a—/d%z@(a,a*)

_ 2 2\1/2 dQ_a o * 2 *2 * o
= ( (u* —v°) exp(—uaa® + v(a” + o) /2)a"a 1

T
—0 d?
= (u? — v2)1/2—( —aexp(—uozoz* +v(a® + a*Q)/Q)) -1,
ou T
In view of Eq.(2.3.7), this reduces to
~ u

The mean number of photons for the light beam at steady state is

Al =)
2(An+ k)

n =

(2.4.2)

which is identical with the expresion obtaind by Fesseha [1] upon direct use of steady

state solutions of c-number Langevin equations.

2.4.2 The variance of photon number

In this section we find the variance of the photon number, whose square root give us
the uncertainity in photon number for the light beam, employing the Q-function. The

variance of photon number for light beam is expressed as [1]
(An)* = (A?) — n? (2.4.3)

Since the mean photon number is found earlier, the only unknown is (7?) which can be
also obtained using the Q-function of the laser light beam. This needs the c-number
function corrosponding to the operator in the antinormal order. To do so, the number

operator is expressed in terms of the annihilation and creation operators in the antinormal
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order using the commutation relation a'a = aa’ — 1 as follows

But

(aa'?) /dzaQ(a o, t)atar?
(2 2N1)2 d*a _ x 2 2 2 2
= (u? —v?) —exp uad™ +v(a” + a™) /2 |ota

aQ a*2
= (u® — 1/2 5 < —ea:p —uaa® +v(—=— + )))

2 2
82
_ 1/2
_(u 8u2( UQ—’UQ)

Carrying out the differentiation gives

2u? + v?
242\
(a*a') = —(u2 —

(2.4.4)

From Egs.(2.4.3), (2.4.4) and (2.4.5) the variance of photon number is

2u? + v?
2 —2 —

with steady state value
A(l—n)(A+ An+ k)
An)? = : 2.4.5
( n)ss 2(/477_‘_/4:)2 ( )

which can be expressed in terms of n as

(An)?, = n(1+

This shows that the photon statistics is super-Poissonian for all values of 7 in the interval

0 <n <1 ascan be seen in Fig.2.2
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Figure 2.2: Plots of the mean number of photons (solid line) and the uncertainity in
number of photons (broken line) at steady state versus n for k = 0.8 and A = 25.

2.4.3 The photon number distribution

We now seek to study the photon number distribution for the light beam employing the
Q-function (2.3.8). The photon number distribution of any light is expressible in terms

of the Q-function as [1]

T o™ .
P(n,t) =— [ o, o, t)e O‘]
n! da*"dan @ ) ot 0
( 2 _ )1/2 o2n { ) )
—— |exp((1 — u)aa”™ +v(a” + a™)/2) (2.4.6)
n! da*"Oa —o* =0

Upon using the power series expansion, one finds
. 1 —u)lala*
1-w)a*a _ (
¢ o Z 1!
!

2 via?

so that

(u2 o U2)1/2 (U)H'j(l o u)l 82"

B 2541 *2r+1
P(n,t) = n! Z llrlj! da*mOa™ [a ) L @m0
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By the help of the relation

we get

(w2 = 02~ ()= w2+ DN+ D! i i
P t) = j+Hl—n  x2r4l—n
(n, %) SRS Wi+ i—n)l@r+i—nt|©

a=a*=0

(2.4.7)

ljr

If we apply the condition o = a* = 0, the photon number distribution function under
Eq.(2.4.8) vanishes. This function will have a non-zero value only for the condition 2r+[ =
n and 2j + [ = n, from which follows [ =n —2r,l=n—2j and j=7r

() (1~ w'@j + DI+ DL
Urlgl(25 +1—n)!(2r +1—n)! 2j+1,n02r+,n

P(n,t) = (u” —v*)"*)

ljr
From the property of kronecker delta function, we can rewrite it to get

(P (L= w0 N (o)

(2 2\1/2 | -
P(n,t) = (u* —v?) zj:n =271 .

r

To avoid the factorial of a negative number we set n — 25 > 0, then
r=j<n/2

hence .
n |(1 _ u)n—2r,U2r
Pln.t) = (42 — v2)Y/2 n
(n.t) = (w? =" ) 22 (r1)2(n — 2r)!’

r=0

with a steady state value

P(n,t) 24yt ). "
n, =
A2n2(1+n) +2A(1 + 1)k + 2K2
n—2r 2r
| A(l—n)+r Ay 1-12(An+k)
%”' AT (1) +2A(L )Rt 2r? AT (L) F2A(L )Rt 2r2
X
2r (212 _ | )
—~ 22r(rh)2(n — 2r)!
where [n] = 2 for even n and [n] = %52 for odd n.

This is the photon number distribution for the light produced by degenerate three-level
lasers which shows that the photon number distribution decreases with the number of

photons [1].
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2.5 Quadrature variance

The squeezing properties of single mode light are described by two quadrature operators
defined as
iy =a+al

~

a_ =i(a' —a),

where a, and a_ are Hermitian operators representing the physical quantities called
plus and minus quadratures, respectively while af, a are the creation and annihilation
oprators of light obtaind from degenerate three-level laser. The quadrature variance can

be expressed in terms of the quadrature operators as
(Aai)? = (i) — (as).

The explicit form of quadrature variance for the plus quadrature can be expressed in

terms of the creation and annihilation operators as

(Aay)® =1+ (a®) + (@) + 2(ata) — (a)* — (a")* — 2(a)(a") (2.5.1)
In the same way quadrature variance of the minus quadrature will be

(Aa_)? =1+2(a'a) + (a)* + (a")? — (a®) — (a™) — 2(a)(a'). (2.5.2)

But (a'a) = 7i. We can evaluate the remaining expectation values using the Q-function
of light beam and the c-number variable corrosponding to each operator or product of

operators as follows

(a) = /anQ(a,a*)a
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in which « is the c-number variable corrosponding to the annihilation operator a. Upon

using Eq.(2.3.8)

d2
(@y = (u®—ovH)? / —aexp(—uaa* +v(a® + a*?)/2)a
T
2
= gp [(u2 —v?)Y/2 / dTaexp(—uozoz* + pa + v(a® + a*?) /2)a’a*?]
p=0
(u2 _ 1}2)1/2 o Up2
T /22 O {expﬁ]
Vuz—v2 Op 2(u? —v?) =0
— 0. (2.5.3)
Similarily
(@’ =o0. (2.5.4)
a2 2 %2
@ = — o2 Cerpl—uaat + u(% + 0‘2 )]o?
T
0? d*a a?  a?
2 o129 aa o
(u® —v?) 8q2{ 7Teyz:p[ uo +qa+v(2+ 2)] »
0q? 2(u* —v?)]
Lo (o
dq | u? — v? 2(w? —v?) /| =
v
_ . 2.5.5
(u2 — v2)?2 ( )
In the same way
Ao\ v
<a > - (ug . 02)2‘ (256)

Applying Egs.(2.5.3), (2.5.4), (2.5.5) and (2.5.6) in Eq.(2.5.1), the quadrature variance

for the plus quadrature becomes

2v

2 _
(Aay) —1+2n+m,

(2.5.7)

with steady state value
A4+ A1 —n?+k
Aa,)’ = : 2.5.8
(Aay) An T n (2.5.8)
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Applying Egs.(2.5.3), (2.5.4), (2.5.5) and (2.5.6) in Eq.(2.5.2), the quadrature variance

for the minus quadrature

(2.5.9)

with steady state value

A—A/1—n*+k
2 _
(Aa_)? = A . (2.5.10)

By looking at Eqgs. (2.5.8) and (2.5.10), we are not able to any thing about the squeezing
of the laser light. However, we can draw the graph of quadrature variance againest n for
some value of A and k to see the squeezing clearly. Fig. 2.3 indicates that the fluctuations
in the minus quadrature are below the vacuum level with enhanced fluctuations in the

plus quadrature. This verifies that the light mode is in a squeezed state.

. |
) 08
o o
R o 06
3 3
% Y
o ] B e
0 02 04 06 08 I 0 02 04 06 08 1
1 T

Figure 2.3: Plots of (Aay)? and (Aa_)? versus 7 for k = 0.8 and A = 25.

Fig. 2.4 shows that the degree of squeezing increases with the linear gain coefficient

(A). Tt appears that almost perfect squeezing could be achieved by taking large values of
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A and for small values of . Furthermore, for A = 100, one can see that (Aa_)? = 0.1191,
which occurs at n = 0.1111. Hence a squeezed light is generated with squeezing of 88.09%

below the coherent state level.

09}

0.7 f 4

0.6 .
A=25

(ra)?

0.4 -

=T \ _
=75

0 L l L l l l L l l
0 01 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1

Ul

Figure 2.4: Plots of (Aa_)? at steady state versus 7 for k = 0.8 and A = 5,25, 75.



Chapter 3

Superposition of Two Laser Light
Beams

In this chapter we first seek to get the Q-function for the superposition of the light beams
produced by a pair of degenerate three-level lasers. Then applying the Q-function, we
calculate the mean photon number, the variance of photon number, the photon number

distribution and the quadrature variance.

3.1 Q-function

A degenerate three-level laser is the source of light emitted by three-level atoms in a
cavity coupled to a vacuum reservoir via a single port-mirror. Here we wish to obtain
the Q-function for the superposition of two light beams produced by three-level lasers.
The Q-function is used to describe the superposition of two light beams with the same
frequency but may be in the same or different states. Let p(a', a) be the density operator
for a certain light beam. Then upon expanding this operator in normal order and using

the completness relation for coherent states, we get

. 15)
b= / PHQB 6+ 55)I8) (3l

where g’ is the density operator for the first light beam.

If we inject a light beam into the cavity which initially contains a light beam of the same

28
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Figure 3.1: Superposition of light beams emitted from two degenerate three-level atoms
injected into a cavity at a rate r,.

frequency (Fig 3.1), the density operator for the superposition of the two light beams in

the cavity is given as [1]

A L R
p=1/fWQW,7+aT)DWNﬂﬁW)
using the value of p/, we find
A—/CP PBQ(~* +3)Q<ﬁ* ﬁ+3>!ﬁ+ (B + ]

Then, the Q-function for the superposition of the two light beams from three-level lasers

turns out to be

0 0
Qe at) = 1 [ EBEQE B+ 500" 7+ 50)

X erpl-aa’ = BT =y oSt aft + o'y oyt = Ty = By (3.1.1)
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which can be rewritten as

Qla*,a,t) = 1 d*Bd~yexpl—a* (o — 5 —7)]
T

< QB B + %)ewp[ﬁ*(a B
xm¢m+§QMMfm—ﬁ—w] (3.1.2)

Using the binomial theorem

we readily find

Q8" 8+ %)ew[ﬁ*(a — B = QB a = YexplB(a— B — )]

and
cw¢m+§§wﬂ¢m—ﬁ—vnZQWia—mmm¢m—ﬁ—v»

In view of the preceeding two equations, Eq.(3.1.2) takes the form
* 1 * *
Qanant) = [ @8QE 0~ )Q0"a - B (313
xerp[-a*a — BB — vy +a" B +af" + o™y +ay = By — 5]

Let Q(v*,7v) and Q(B*, B) be the Q-function of the first and second light beams, respec-

tively. Using

ay
YT e
v = by
Lai -
for the first light beam and
a2
Ug = a% — b%a
by
Vg =
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for the second light beam. Together with the notion of the Q-function for the light beam
given by Eq.(2.3.8). The Q-function of the first light beam becomes

(1} = )"

QY7 t) = exp(—uryy* + v (Y2 +v%)/2), (3.1.4)

then

(W2 — v?)1/?
QY ,a—p)= %exp(—ul(o/y* — 7 B) +vi(a® + 72 + B2 —2aB)/2) (3.1.5)

In the same way, the Q-function of the second light beam is given as

* (U% - U%)l/z * * 2 2 *2
QB =) = —=——eap(—uz(af” = F77) +va(a” +97 + 7 = 207)/2)  (3.1.6)

In view of Egs.(3.1.5) and (3.1.6) together with taking two identical light beams in which
u; = us = u and v; = ve = v, Eq.(3.1.3) can be rewritten as

[(u2 _ 712)2]1/2

Qa*, a,t) = exp(—a*a + (2v)a?/2)

X / d%ﬁexp[ — B*B+ (a* —va)B + (a — ua)B* +vB?/2 + UB2/2:|
X @exp[ — ¥y 4 (@ = B+ up* —va)y + (a— B —ula — B))y* +vy?/2 + 072/2],

Upon integrating over 7 using Eq.(2.3.7), we find

1 (uz—v2)2 1/2
* t: N A
—ua*a+(—v3+vu2+v)oz2+ vooa*?
exr —_— —_—
PIT T2 1— 02 2 "1 2
d*p Lo 2u—u? — 0P
[ Fem| s
a*(u—v2) 4+ a(v® +vu —vu? —v
=) )
1 — 2
a*(vu — v) + a(u — u?
=) alu— )
1 — 2
20— v 4+ vu? — 2uu, B2 52
1— 2 (2 +7>‘

(3.1.8)
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Similarily, integrating Eq.(3.1.8) over 3 gives the Q-function for the superposition of two

light beams which is

R OéQ *2
Q(a*, a,t) = —exp|—Maa™ + N(; + = )] (3.1.9)
T
in which
R \/ u2 — 2 |
4 — 4y +u? — 0?2
M- 2u — u? +v? |
4 —4u + u? —v?
and
N 2v

T A du+ w2
Integrating the Q-function over «

2 05*2

/anQ(a,t) = R/dQTOéexp[—Maa* —l—N(% + 5 )],

In view of Eq.(2.3.7), the integration gives

/d%z@(oz,t) =1
Hence, the Q-function for the superposition of the light beams produced by a pair of

degenerate three-level laser light beams is normalized.

3.2 Photon statistics

Here we wish to calculate the photon number distribution, the mean photon number and
variance of the photon number for the superposition of two light beams employing the

Q-function.

3.2.1 The mean photon number

The mean number of photons for the superposition of two light beams obtained from

superposition of two identical degenerate three-level lasers is expressible as

- /dzaQ(a, o) (a*a — 1)



33

where a*a—1 is the c-number function corrosponding to the operator n in the antinormal
order.

Using Eq.(3.1.9), we get

n :/d2aQ(a,a*)a*a—/d%z@(oz,oz*)

22 2 %2
= R(/—aexp[—Maa* + N(a— + a2 )]a*a) -1
m

2

—0 d*a . a?  a*?
—Ra—M( Texp[—Mozoz —|—N(7+ )]) - 1.

In view of Eq.(2.3.7), this reduces to

Figure 3.2: Plots of the steady state mean number of photons for superposed light (broken
line) and for single light (solid line) versus 7 for k = 0.8 and A = 25.

_ RM
"= (M2 — N2)3 o
But
R—=VIMZ—NZ,
then
n=—1 1, (3.2.1)

M2 — N2
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which is the mean number of photons for the superposition of two light beams obtained

from identical degenerate three-level lasers with steady state value

Al —n)

. 3.2.2
An+k ( )

n =

which is a simple sum of the mean photon numbers of the two light beams as it can also

be seen in Fig.3.2.

3.2.2 The variance of photon number

The variance of photon number for a light beam is expressed as
(An)? = (A?) —n? (3.2.3)
But from previous chapter
(%) = (a*a'*) — 3n — 2 (3.2.4)

and

(a%af?y = /anQ(a, o, t)ata?

2 *2
Oz_ «Q 2 %2

2 2

d2
= R/ —ae:xp(—Maa* + N(
T

o2 2o . o2 o2
:R8M2 ( Texp(—Maoz —i—N(?-I— )))

0? 1
:RaMQ( —M2—N2)7

there follows
R(2M? + N?)
(M2 — N2)5/2

From Eqs.(3.2.3), (3.2.4) and (3.2.5) the variance of photon number is

(aa?) = (3.2.5)

2 _ R(2M? + N?)

(An) m

—n?—3n—2,

with steady state value

s 2Anks+ kP — AX(=241P)

_9 _
- — @2 37— 2.
58 (An + k)2 " "

(An)
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Figure 3.3: Plots of the mean number of photons (solid line) and the uncertainity in
photon number (broken line) at steady state versus n for £k = 0.8 and A = 25.

Using Eq.(3.2.2), we find

Al =n)(A2+n) + k)

(An)gs = (An 4 H)Q
= 7 Asi o). (3.2.6)

from which one could easily see that for 0 < 1 < 1, the photon statistics is super-

Poissonian which is also observed clearly in Fig.3.3.

3.2.3 The photon number distribution

We now seek to study the photon number distribution for the light obtained from the
superposition of two light beams generated by identical degenerate three-level lasers em-

ploying the Q-function (3.1.9). The photon number distribution of any light is expressible
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in terms of the Q-function as

T
P(n,t) = — "o, t)ee
(n’ ) n! da*mda™ |:Q(a o )6 :|a a*=0
R a2n Oé2 Oé*2
= — 1-M N(— 3.2.7
e [expu oo’ £ NG+ 5] (327
Upon using the power series expansion, one finds
L1
(1-Mara (1— M)«
RN
N\j 2
Nz (3)3a J
€ _Z j!
j
NAr . *2r
ot _y )
7!
so that
R (ﬂ)rﬂ(l _ M)l H2n '
P ) = = 2 25+ | *2r4-1 )
() =252 T R PR

ljr
By the help of the relation
o™ m!
da™  (m —n)!

we get

R (Zyr+ (1 — M) 25 +D)'(2r + DI .
P 1) = — 2 2j+l—n  «2r+l—n ) 2
(1) = 2] ; U2 + 1 —n)l(2r +1—n)! {O‘ “ e (3:2.8)

If we apply the condition o = a* = 0, the photon number distribution function under
Eq.(3.2.8) vanishes. This function will have a non-zero value only for the condition 2r+1 =
n and 2j + [ = n, from which follows [ =n —2r, l=n—2j and j =1
T-‘r](l M )l
=R 02; n(S r+1,n
Z r'j (n—2))! 2j+1,n02r 41,

ljr

From the property of kronecker delta function, we get
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To avoid the factorial of a negative number we set n — 25 > 0, then
r=j<n/2

hence .

n| 1 — M)n—QrNQT
RZ o (2 2T (3.2.9)

Using the respective values of R, M and N , we arrive at

n—2r 2r
—ou sz ’L}2 v
P(n,t) = { } > (3.2.10)

4 — 4u + u? — v? 22 (r)2(n — 2r)! ’

r=

with steady state value

n—2r o
1/2 [ n!< A(L—n)(—An++) ) ( A(An+r)\/1=n? )

A2n24+2Ak+2AK+K2 A2n24+2Ak+2AK+K2

(An + k)?
A2n? 4+ 2AK 4 2AK + R?

Pn,t) = { 2 22 ()2 (n — 2r)!

(3.2.11)
where [n] = 2 for even n and [n] = %52 for odd n.
This is the photon number distribution for the superposition of two light beams produced
by degenerate three-level lasers which has the same form as in the case of light generated
by degenerate three-level laser coupled to a vacuum reservior in chapter two. From which

we can check that the photon number distribution decreases with the number of photons.

3.3 Quadrature variance

We now seek to study the squeezing property of a single-mode light obtaind from the
superposition of two light beams produced by three-level lasers. We then calculate the
quadrature variance of this light. The squeezing properties of single-mode light are de-

scribed by two quadrature operators defined as
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where a and a_ are Hermitian operators representing the physical quantities called plus
and minus quadratures, respectively while af, G are the creation and annihilation oprators
of light obtained from the superposition of two light beams. The quadrature variance can

be expressed in terms of the quadrature operators as
(Aas)® = (a1) — (as)”.

The explicit form of quadrature variance for the plus quadrature can be expressed in

terms of the creation and annihilation operators as

(Aay)? =1+ (@) + (a™) + 2(a'a) — (a)? — (a')? — 2(a)(a') (3.3.1)
In the same way quadrature variance of the minus quadrature will be

(Aa_)? =1+2(a'a) + (a)* + (a")? — (a®) — (a™) — 2(a)(a'). (3.3.2)

But
@ = [ #aQ(a,ana
in which « is the c-number variable corrosponding to the annihilation operator a. Upon

using Eq.(3.1.9)

2 2 %2
(a) — d_&exp[—Maa* + N(% + a2 )]
0 d*a a?  a*?
- R— - - * N(—
ap[ - exp|—Maa* + pa + (2 + = )]:|p=0

K (3.3.3)

Similarily

(@' =0 (3.3.4)
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2 2 %2
(@®>y = R( d?aexp[—Moza* + N(% + O; )]
0? o o>  a*?
— R | [ Ly~ Maa® N
Ran{ - exp[—Maa* + qa + (2 + 2)]LZO
R 0? [ Ng? ]
= |erp————
VM2 — N20¢? 2(M? — N2) q=0

v )|
MZ—N20g | M?— N2 U\ 2(M2—N?) )|
NR

= GF— N (3.3.5)

In the same way

(@12 — ﬁ. (3.3.6)

Applying Egs.(3.3.3), (3.3.4), (3.3.5) and (3.3.6) in Eq.(3.3.1), the quadrature variance

for the plus quadrature becomes

_ 2NR
(Aa+)2 =142n+ m, (337)
with steady state value
Ag)? — An+2A01—n+ /1 —n%) +k
(Aay)” = y . (3.3.8)

Applying Egs.(3.3.3), (3.3.4), (3.3.5) and (3.3.6) in Eq.(3.3.2), the quadrature variance

for the minus quadrature

2NR
2 _
with a steady state value
A s An+2A(1—n—/1-n%)+k
(Aa_)? = yr . (3.3.10)

From a direct look at the Eqgs.(3.3.8) and (3.3.10), we could not judge the squeezing of
properties of the light. However, we can draw the graph of quadrature variance againest
n for some value of A and k. It is observed that the light mode is in a squeezed state

(Fig. 3.4). Of course, the squeezing occurs in the minus quadrature.
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Figure 3.4: Plots of (Aa,)? and (Aa_)? versus n for k = 0.8 and A = 3.

Fig. 3.5 is the quadrature variance for superposition of the light beams produced by a pair
of degenerate three-level lasers for different values of A. This figure shows that the degree
of squeezing increases with the linear gain coefficient. It appears that almost perfect
squeezing could be achieved by taking large values of A with maximum value A = 3 and
for small values of . Moreover, the minimum value of quadrature variance for A = 3 and
r = 0.8 is found to be 0.0425 which occur at n = 0.4545. This implies that the maximum

squeezing is 95.8% below the coherent state level.

Fig. 3.6 shows that for A = 3 and k = 0.8 the quadrature variance of the minus quadrature
is 0.5213 which occurs at n = 0.4545. In other words, the degenerate three-level laser
generate squeezed light with a squeezing of 47.9%. Besides, the superposition of two
light beams generate a squeezed light with quadrature squeezing of 95.8% for the same

values of A, k and 7. From this we can see that the superposition of two light beams
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Figure 3.5: Plots of (Aa_)? versus n for k = 0.8 and A = 1,2, 3.

changes the quadrature squeezing. For our specific case it is found that when we produce a
single-mode light from the superposition of the two light beams, the quadrature squeezing

doubles which can be seen in Fig. 3.6.
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Figure 3.6: Plots of (Aa_)? (for kK = 0.8 and A = 3 ) versus 7 for the light produced by
single degenerate three-levle laser (broken line) and the light beam produced by a pair of
three-level lasers (solid line).



Chapter 4

Conclusion

In this thesis we have seen the squeezing and statistical properties of the light generated
by degenerate three-level laser in which degenerate three-level atoms in a cascade config-
uration and initially prepared in a coherent superposition of the top and bottom levels
are injected into a cavity coupled to vacuum reservoir via a single port-mirror. Applying
the linear approximation scheme we found the master equation for a light produced by
degenerate three-level laser from which we obtained the solutions of c-number Langevin
equations. Employing these solutions we found the antinormally ordered characteristic
function which was used to find the Q-function of a light beam generated by degenerate

three-level laser.

Upon applying the Q-function we calculated the photon statistics of the light and it
appears that the photon statistics is super-Poissonian while the photon number distri-
bution decreases with the photon number. We have calculated quadrature variance for
A =3 and k = 0.8 at steady state to be 0.5213 with a squeezing of 47.9% which occurs
at 1 = 0.4545. It is observed that the quadrature squeezing increases with the linear gain

coefficient.

Moreover, we have calculated the Q-function for the superposition of two light beams.
Applying this function we calculated the mean photon number which appears as a simple
sum of the steady state mean photon numbers of the two light beams. We have also calcu-

lated the variance of photon number at steady state and found that the photon statistics
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for the superposition of two light beams is super-Poissonian. The most interesting ob-
servation here is that the quadrature variance for the superposition of two identical light
beams decreases with a linear gain cofficient having minimum positive value of 0.0425 for
A =3, k=08 and n = 0.4545. After this point the quadrature variance has negative
values. It needs further investigation why the quadrature variacne is negative for the
value of A > 3. The light produced from the superposition of two light beams is in a
squeezed state with a maximum squeezing of 95.8% below the coherent state level for the

same values of A, k and 7.
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