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ELECTRICALLY PUMPED
TWO-MODE LASER DYNAMICS

The statistical and squeezing properties of the cavity light produced by a three-level laser are
studied. In the laser, N three-level atoms in an open cavity are coupled with a two-mode vacuum
reservoir and are pumped to the top level by means of the electron bombardment. Applying
the steady-state solutions of the equations of evolution of the expectation values of the atomic
operators and the quantum Langevin equations for the cavity mode operators, we have obtained
the global and local photon statistics for single-mode cavity light beams and for two-mode cavity
light. It is found that the global mean photon number and the global photon-number variance
of the light emitted from the top are greater than those for the light emitted from intermediate
level. The cavity lights emitted from the top and intermediate levels can be separately in a
chaotic state under certain conditions. However, the two-mode cavity light is in a squeezed
state under certain conditions. We have established that the mazimum quadrature squeezing of
the two-mode cavity light to be about 46% below the coherent-state level. The presence of the
vacuum reservoir noise has the effect of increasing the photon-number variance and decreasing
the quadrature squeezing of the cavity light but has no effect on the mean photon number. We
have shown that the local mean photon number and photon number variance of the cavity light
approach the global mean photon number and photon number variance of the cavity light as
the frequency interval increases.
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number fluctuations, quadrature squeezing.

1. Introduction

In recent years, a three-level cascade laser has at-
tracted a great deal of interest in connection with its
potential as a source of a squeezed light [1-4], which is
expected due to the correlation between the two pho-
tons generated, when an atom decays from the top
to the bottom level via the intermediate level [5]. A
three-level laser may be defined as a quantum optical
system in which three-level atoms in a cascade con-
figuration, initially prepared in a coherent superpo-
sition of the top and bottom levels, are injected into
a cavity coupled to a vacuum reservoir via a single-
port mirror. A three-level laser may have additional
or modified features. One interesting additional fea-
ture of a three- level laser involves the coupling of the
top and bottom levels of the atoms injected into the
cavity by a strong coherent light. When a three-level
atom in a cascade configuration makes a transition
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from the top to the bottom level via the intermediate
level, two photons are generated. If the two photons
have the same frequency, then the three-level atom
is called degenerate three-level atom otherwise it is
called nondegenerate.

The statistical and the squeezing properties of the
light generated by a three-level laser have been inves-
tigated by several authors [2-9]. Some authors have
studied a three-level laser in which the top and ground
levels of the atoms injected into the cavity are coupled
by strong coherent light [10,11]. Three-level lasers in
which the crucial role is played by the coherent super-
position of the top and bottom levels of the injected
atoms have been studied in [7, 11|. These studies
showed that this quantum optical system can gener-
ate light in a squeezed state under certain conditions.

Preparing the three-level atoms in a coherent su-
perposition of the top and bottom levels before
they are injected into a laser cavity is not a simple
task. Moreover, it may not possible to know whether
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the atoms have decayed spontaneously to levels other
than the intermediate or bottom level before they are
removed from the laser cavity [3,6]. In addition, when
the top and bottom levels of the three-level lasers are
coupled by strong coherent light, the atoms may de-
cay from the top to bottom levels. This decay may
decrease the mean photon number of the cavity light.

Fesseha and Solomon [12, 13] have studied a three-
level laser in which three-level atoms available in a
closed cavity are pumped from the bottom to the
top level by the electron bombardment. They carried
out their analysis by putting the vacuum noise oper-
ators in the normal order which renders the vacuum
reservoir to be a noiseless physical entity. They have
found that the light generated by the three-level laser
operating far below the threshold is in a squeezed
state, with the maximum quadrature squeezing being
50% below the vacuum-state level. In addition, they
have shown that the quadrature squeezing of the out-
put light is equal to that of the cavity light. On the
other hand, their study showed that the local quadra-
ture squeezing is greater than the global quadrature
squeezing.

Furthermore, Fesseha [3] has studied a three-level
laser in which three-level atoms available in a closed
cavity are pumped from the bottom to the top level
by coherent light. He carried out his analysis by
putting the vacuum noise operators in the normal
order. He has found that the light generated by the
three-level laser operating under certain conditions is
in a squeezed state, with the maximum quadrature
squeezing being about 43% below the vacuum-state
level. In addition, he has shown that the quadrature
squeezing of the output light is equal to that of the
cavity light. On the other hand, this study shows that
the local quadrature squeezing is greater than the
global quadrature squeezing.

Recently, Mekonnen [6] has also studied a three-
level laser in which three-level atoms available in a
closed cavity are pumped from the bottom to the top
level by coherent light. He carried out his analysis by
putting the vacuum noise operators in an arbitrary
order. He has found that the light generated by the
three-level laser operating under certain conditions is
in a squeezed state, with the maximum quadrature
squeezing being less than 43% below the vacuum-
state level. In addition, he has also shown that the
effect of the vacuum reservoir noise is to increase the
photon number variance and to decrease the quadra-
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ture squeezing. However, the vacuum reservoir noise
has no any effect on the mean photon number.

This paper essentially has two parts. In the first
part, we will study the statistical properties of the
light generated by three-level atoms available in an
open cavity and pumped to the top level by the elec-
tron bombardment. We will carry out our calcula-
tion by taking the noise operators associated with
the vacuum reservoir in an arbitrary order. We first
determine the quantum Langevin equations and the
equations of evolution of the atomic operators. Mo-
reover, we determine the solutions of the equations
of evolution of the atomic operators and the quan-
tum Langevin equations for the cavity mode opera-
tors. Then, applying the resulting solutions, we cal-
culate the photon statistics of the single-mode and
two-mode cavity lights.

In the second part, we will analyze the squeezing
properties of the two-mode cavity light produced by
three-level lasers in which the three-level atoms avail-
able in an open cavity are pumped to the top level
from the bottom and ground level by the electron
bombardment.

2. Equations of Evolution

We consider N three-level atoms available in a cavity
coupled to a two-mode vacuum reservoir via a sin-
gle port mirror. We study the case where the cav-
ity light and the atoms are interacting with a two-
mode vacuum reservoir. We represent the top, inter-
mediate, bottom, and ground levels of the k' three-
level atom in the cascade configuration by |ag), |bx),
|ek), and |dy), respectively. We assume the transitions
lak) — |br) and |bg) — |cx) to be dipole allowed,
with direct transitions |ag) — |cx) to be dipole forbid-
den. In addition, we consider the case where the cav-
ity modes are at resonance with the two transitions
|ak) — |br) and |br) — |cr). We also consider the case
where the atoms are pumped from the ground level
|dx) and bottom level |ci) to the top level |ax) at the
rates of rg4, and r.,, respectively, by means of the elec-
tron bombardment. A three-level atom may make a
transition from the level |ag) to |by) and from |bg) to
|ek), by emitting photon of the same frequency w. To
this end, we prefer to call the light emitted by the
N three-level atoms from the top energy level light
mode a and the light emitted from the intermediate
energy level light mode b. In addition, the atom may
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decay from levels |ag), |bk), and |cg) spontaneously
to the ground level |di) (assumed to be the same for
all transitions) at the rate of, say, v [14, 15]. In the
rotating wave and electric dipole approximations, the
interaction of one of the k*" atoms to the cavity light
in the rotating frame of reference is described by the
Hamiltonian |2, 4, 6]

H = ig||ag) (bl — a¥|by) (ax| + [be) (kb — bT|cx) (br ],

(1)
where ¢, which is assumed to be the same for both
transitions, is a coupling constant between the atom
and the cavity mode, a is the annihilation operator
for the cavity mode, and |bg){ax| (|ek){bx|) is the
atomic lowering operator. The master equation de-
scribing the interaction of three-level atom and cav-
ity modes with one another andwith the two-mode
vacuum reservoir is found to be [2]

dﬁ_ A K
o l[H,P]+§[

PP . .
— pbTh] + 5 | 2lde) (ak|plar){di| — lak)(ax]p —

2apa’ —atap—pata+20pbT —bTbp —

— plag)(ak| + 2|dk)(bk|plbr) (dk| — |br) (br|p —

= plow) (x| +2|dr) cxlpler) (di| = |Ck><0k|ﬁ—ﬁ|0k><0k\]-
(2)

Upon substituting Eq. (1) into Eq. (2), the maser
equation takes the form

dp _
dt
— potb — by + pbtay) +

glotap — pola —ateap + pate, +lbp—

2
+ % [2|d/c><ak|/3|ak><dk| = lax){ak|p — plax)(ar| +

+ = [2apat — atap — pata + 20pb" — bTbp — pbih] +

+ 2di) (bk | plbr) (k| — [bi) (brlp — plbk) bk | +

+2/di) (exlplex) (el = lew) (eulp = ple) (el (3)
Here, the atomic coherences and atomic populations
are defined by 6% = |by)(ak|, 6F = |ck) (b, 6% =
= lex)(al, My = la){axl, 75 = [be){(bxl, 9E =
= |ex){ck |, N = |di) (dk|, respectively.
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The equations of evolution for the expectation
value of the cavity mode and atomic operators are
evaluated by making use of the relation

%<A> =Tr (‘(ZA). (4)

With regard for Eqgs. (3) and (4), we can arrive at
d K

9 @) = 5@ — g, )
Dby =)~ oloh), (©
L (o8 = ok + olliba — ke + BB, ()
L o8 = o) + ollikD) — (@'oh) — D) ®)
9 (6%) = (68 + gllota) — (55D )
D aky =~k + olio1ha) + (atah)]. (10)
L0k) = (4al) — (ak)) — gltolfa) + @Ma,)], ()
D0ak) = k) — ollo]B) + (o)), (12)
Lk = k) + (i) + (). (13)

dt

On the basis of expressions (5) and (6), we can rewrite

d . K. . N

&(@ =—50- g% + Ga(t) (14)
and

d - K kL

a@ = *gb — g6, + gu(t), (15)

where g, (t) and g, (¢) are the quantum Langevin noise
operators associated with the cavity mode, whose cor-
relation properties are expressible as [16]

(Ga(t)) = (@(t)) =0, (16)
(G5 0)3a(t) = @ D) =0, (17)
(9a(0)35() = (Gu(0)g) (")) = ro(t = 1), (18)
(95 ®3L) = (9a(D)3a(t") = (3(6)a(t")) = 0. (19)

We see that Egs. (7)-(13) are incomplete linear cou-
pled differential equations. Hence, it is not possible
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to find exact time-dependent solutions for these equa-
tions [17]. To overcome this problem, we consider the
case where the cavity mode operators relax firstly [16—
20]. Then, in view of this consideration, Eqgs. (14) and
(15) yield the following approximately valid relations:

2 2
a= _;955 + 7§a(t)a (20)
A 2g . 2
b= —Zgof + —a(t) (21)

Then, substituting (20) and (21) into Egs. (7)—(13),
we obtain

(k1) = —(r + 750 + 21k (03u(0)

dt K
— (2(£)ga(t)) + (91" (t)G2 (2))],

Lok = — (2 +9) ko) + 2ol -

2 K

(a0 (D) ~ (). (23)
Dok = — (2 +9) k) +
+ 20 5h(0)00(0)) — (GE D)), (24)
D0k (0) = (e + WD) +
+ 2014614 (1)a (1) + (G (DA D), (25)
D ®) = -+ 2e0l0) + el (0) +
+ 291614 03u(0) + (G550 (26)
L0() = )+ elal)

2(igh (054 (0) + 61 ()], 1)
where
Ye = @ (28)

is the rate of stimulated emission decay [6].
Next, we wish to determine the values of the terms
inside the square brackets in (7). To this end, after
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removing the angular brackets, the formal solution of
Eq. (10) can be written as

>
ISEES
—
~~
N>
I
>

t
5(0)6—(7-5-%# + 29 /dt/e—(w-ﬁ-%)(t—t/) X
K
0
x [ (t)ga(t)) + gh (a5 ()] +
dt/e*(”ﬁ%)(t*t')ﬁ'a(t/)’

+ (29)

o

where F,(t) is a vacuum reservoir noise operator as-
sociated with an atomic operator. Now, multiplying
the above equation from the right by §,(¢) and taking
the expectation value of the resulting expression, we

(30)

Accounting for the fact that the noise operator g, (t)
at a certain time does not affect the atomic operator
at earlier times and assuming that there is no corre-
lation between the vacuum reservoir noise operators
associated with the atomic and cavity mode opera-
tors, Eq. (30) can be put in the form

t

(k) ga(t)) = %/dt/e*(’Wr%)(tft’) o
0
< [ W)a()30(0) + L IE (0]

It is impossible to evaluate the integral that appears
in Eq. (31), since the explicit form of &%(¢') is un-
known yet. In order to proceed further, we need to
adopt a certain approximation scheme. To this end,
ignoring the noncommutativity of the atomic and
noise operators [16, 18], we see that

(9565 (") ga()) = (55 ()3 (t)ga (D))

Then, upon neglecting the correlation between 6% (¢')
and §f (t)§a(t), we can write the approximately valid
relation

(66 (1)L (1) 3a () = (55 ()9 (#)ga(2)).

(31)

(32)

(33)
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In view of Eq. (17), Eq. (33) takes the form
(34)

Again, by neglecting the correlation between 1% (¢')
and §,(t')ga(t), we can write

(61 () 9a(t)ga(t)) = (61 () (Ga(t)ga(t)).

Now, in view of Eq. (19), the above expression turns
out to be

(35)

(G2 (1) 3a(t)3a(t)) = 0 (36)
Hence, on the basis of Eqgs. (34) and (36), Eq. (31)
can be put in the form

(7l (1)ga(t)) = 0. (37)

Following a similar line of reasoning, we can also eas-
ily verify that
(75 (1)ga(t)) = 0,
(G (et ®) = 0.

In view of Egs. (37), (38), and (39), Eq. (7) takes the
form
—(7 + ) (65 (1)) (40)

It can also be readily established in a similar manner
that

Liohn = — (2 +) ok, (a1)
Liorn = — (2 1) ok, (12)
SUED) =~ + 1)), (43)
LOEO) = (A O) + i), (40
L) =~ 0E) +7efa(6)- (45)

In order to include the contribution of all the atoms
to the dynamics of the three-level laser, we sum
Egs. (40)—(45) over the N three-level atoms, so that

d, .
() =

210

a(t)); (46)

—(Ye + ) {1

(1)) = — (2 +9) (1), (47)
L tme(t) = — (22 +9) el (19)
D (Nu0)) =~ + )R l0)), (19)
LUR(0) = ~(r + 3 Bo() + B0, (50)
A R A REAL AT G1)
DNa(0)) = ANa) + (Bole) + (N0, (52
where
N
i =y 6f = Ny, (53)
k;l
Ny =i = N, (54)

in which ¢ = a,b,c and j = a,b,¢,d and N, Ny, N,
and Ny are atomic operators representing the num-
ber of atoms in the upper, intermediate, bottom, and
ground levels, respectively.

Furthermore, the three-level atoms available in the
cavity are pumped from the ground and the bottom
levels to the top level by means of the electron bom-
bardment. The pumping process must surely affect
the dynamics of (N,), (N.), and (Ng). Then (N,) in-
creases at the rates of ro(N,) and 74(N4) where as
<NC) and (Ny) decreases at the rates of r,(N.) and
ra<Nd> respectively [12]. Here, r,, assumed to be the
same for all transitions, represents the rate at which
a single atom is pumped from the bottom and ground
levels to the top level.

Incorporating the effect of the pumping process,

Eqgs. (49), (51), and (52) become

LN = e + AR + (R + (F), (55)
TN(0) =~ P+ ra (N0 + e Fal®)), (56)
& (Na) = —raf ) +A[(Na) + (M) + (N2, (57

The steady-state solutions for the numbers of
atoms in the upper, intermediate, bottom, and
ground levels are expressible as

(N,) + (Ng)

N,) =

Ta, (58)
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(o) = | 2| ), (59
() = | 2| i) (60
(Nay = T |(Na) + (No) + (V)] (61)
Applying the completeness relation

s+ + e+ =1, (62)
we can easily write

(N,) + (Ny) + (N.) 4+ (Ng) = N. (63)

Making use of this expression, Eq. (61) can be rewrit-
ten as

i) = |2 (69
In view of Egs. (60) and (64), Eq. (58) becomes
oy Ta(Y + 7e)
W = [(7 + )+ ra(y + 2%)] (05)
Using Eq. (65), Egs. (59) and (60) become
7 _ Tae
Wl = {(7 +9)? + ra(y+ 2%)} (96)
and
(Ne) = { o } N. (67
T L+ radl(y +9e)? + ey + 27)]

On the other hand, when the cavity modes are in-
teracting with all three-level atoms available in the
cavity, following the same line of reasoning conducted
by Mekonnen [6], we can rewrite Egs. (5) and (6) as

d . R, g . .
$a(t) = 50@) + ﬁma(t) + Ga(t) (68)
and
Doty = ~25(t) + —rin(t) + (1 (69)
The formal solution of (73) can be expressed as
a(t) = a(0)e” 2! +
t
+ [ dt'e= 5=t {gma Y+ g.(t) | 70
/ gt +3u(0) (70)
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Moreover, the solution of (46) can be expressible as

t
ma(t) = ma(())e*(v+'vc)t + /dt’ef('V*'Yc)(t*t')qA(t’),
0

(71)

where §(t) is the Langevin noise operator associated
with the atom. Now, accounting for the correlation
property (G(t)) = 0 and assuming that the three-level
atoms are initially in the bottom level, the expecta-
tion value of this equation is found to be

(1a(t)) = 0. (72)

Furthermore, using (72) and the assumption that the
cavity modes are initially in a vacuum state along
with (16), one obtains from (70):

(a(t)) =0. (73)
It can also be verified in a similar manner that
(b(t)) = 0. (74)

Therefore, we see from Eqgs. (68) and (73), as well as
from (69) and (74), that a(t) and b(t) are Gaussian
variables with the vanishing mean [19]. Moreover,
adding Eq. (73) and (74), we find
dé(t) K. g . .
= —Z8(t) + ——m(t) + F.(b),
o = 5t + n(t) + F.()

where ¢ = G + b, ™ = 1hy + 1y, F. = F, + Fy,.

(75)

3. Photon Statistics

Here, we will study the statistical properties of the
light modes produced by an electrically driven three-
level laser with an open cavity coupled to a two-mode
vacuum reservoir via a single port mirror. Applying
the steady-state solutions of the equations of evolu-
tion of the expectation values of the atomic operators
and the quantum Langevin equations, we obtain the
global and local photon statistics of the single- and
two-mode light beams.

3.1. The global mean photon number

The mean photon number for light mode a at any
time t is given by (af(t)a(t)) (see Fig. 1). The equa-
tion of evolution of the mean photon number is ex-
pressible as [15]

d da' da
D atay = (B9GN L [ar9e
p (a'a) <dt a> + <a dt>'

(76)
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Fig. 1. Plot of the mean photon number for light modes a, b,
and c versus rq for Kk = 0.8, v = 0.5, 7. = 0.4, and N = 50

Employing (68) and its adjoint, Eq. (76) becomes

2
%(a*a} = —x(ata) + 2 (i),

N (77)

The solution of this expression in the steady state
reduces to

(ala) = % (mling). (78)

With regard for (28) and the relation (rlrm,) =

= N(N,), the above expression takes the form
At oA Ve %
(a'a) = ;(Na>. (79)

Introducing Eq. (65) into this expression, we obtain

ra(Y +7) } (80)

_ Ye
flg = —
K l:(’y '70)2 Ta(')/ 270)

Following a similar procedure, we get the relation
for the mean photon number of light mode b

_ Ve TaYe
= = 81
TR [(v+wc)2+ra(w+2vc)] (81)
and ( )
Ve TalY + 27 :|
Ne = — 82
K [(Wr%)? +7a(y +27) (82)

From Egs. (80) and (81), it can be easily observed
that n, = np in the absence of spontaneous emis-
sion. In addition, comparing and contrasting the
above three consecutive expressions, we conclude that
the mean photon number of the two-mode cavity light
is just the sum of the mean photon numbers of the
separate single-mode cavity light.
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3.2. The local mean photon number

Next, we calculate the mean photon number of single
and two-mode lights in a given frequency interval. To
do so, we need first to determine the power spectrum
of light modes a, b, and c. To this end, the power
spectrum of light mode a with the central frequency
wo is given by [3]

Po(w) = %Re / dre' @O (Gt B)a(t +7))ss,  (83)
0

where ss refers to the steady state. Now, by integrat-
ing this expression over the whole frequency interval,
we arrive at

7 Po(w)dw = g, (84)

where 7, is the steady-state mean photon number of
light mode a [3]|. From this result, we observe that
P,(w)dw is the steady-state mean photon number of
light mode a in the frequency interval between w and
w —+ dw [3].

We now proceed to calculate the two-time corre-
lation function that appears in (83). To this end, we
realize that the two-time correlation function that ap-
pears in (83) is found to be

K

e O e O L
K= 2(7 + ’70)

(@ (DAt + 7)) e = n[

_ 200+ e_zm]

k=207 + )
Now, by substituting Eq. (85) into (83), we get the
power spectrum of light mode @ in the form

Kilq [ (v +7e)/m } N

k=207 +7) [(w—wo)? + (v +7)?
_ 2(7 +90)Ra [ K/2m }

r=2(7+7) Lw—wo)? +(5)* ]

(85)

P,(w) =

(86)

We recall that the mean photon number of light
mode ¢ in the interval between w’ = —\ and W’ = A
is expressible as [19]

A
Rty = /Pa(w')dw', (87)
A
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where w’ = w — wp. Therefore, by substituting (86)
into (87), carrying out the integration, and making
use of the relation

A
dx 2 1 (A
= —tan" " [—), 88
/ 2ta2 a " (a) (88)
-
we arrive at
_ _ 2K/ 1 ( A >
Nat\ =Na | — =7~ tan —
|:’€_2(’Y+’Yc) ’Y""_’Yc
4 " 2\
_ At )/ tan~! ()] (89)
K =2(7 +7e) K

Now, the mean photon number of light mode a in
the frequency interval +\ can be written as

Mgt = ﬁaza(/\), (90)

where the characteristics function z,(A) is given by

@)= i[n—%:m for” (7 Jiv) -
2y +7e)

e (7))

We see from Eq. (90) and the plot of z,(A) that
Ta+) increases with A, until it reaches the maximum
value given by Eq. (80). From the plot of Fig. 2, some
of the values of z,(\) and the corresponding local
mean photon number 7,4+ are shown below.

Following a similar procedure, we can show that the
mean photon number of light mode b in the frequency
interval £\ is

(91)

NpL\ = ﬁbzb()\), (92)
where z,(\) is given by
2(\) = 2 [” tan—1 (2/\> _
k= (27+ ) 27+ 7Ye
2 ¢ _ 2
— M tan™ ! ()] (93)
k= (27 +7.) K

We see from Eq. (93) and the plot of z,(A) that 7ip4
increases with A, until it reaches the maximum value
given by Eq. (81).

From Figs. 3 and 4 and Tables 1 and 2, we observe
that a large part of the total mean photon number is
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0.8

0.61
N

0.4r

0.21

% 1 2 3 4 5
A

Fig. 2. Plot of z,(\) [Eq. (91)] versus A for v, = 0.4, K = 0.8,

and v =2

1

0.8

0 1 2 3 4 5
A
Fig. 3. Plot of z,(X\) [Eq. (93)] versus X for 7. = 0.4, K = 0.8,

and v =2

1

0.8

0 1 2 3 4 5
A

Fig. 4. Plot of z.(\) [Eqg. (95)] versus X for 7. = 0.4, k = 0.8,

and v =2

confined in a relatively small frequency interval. We
have

Tietn = Meze(N), (94)
where z.(\) is given by
ze(N) = 2 [K tan~! ( 22 ) -
m H*(’Y*F’YC) Y+ Ve
RGeS I (m)]
v tan plt (95)
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Table 1. Values of zq ()
and the corresponding local mean photon numbers

A za(A) Mgt
1.0 0.861 0.861714
2.0 0.963 0.9637n4
3.0 0.985 0.9857n4
4.0 0.993 0.993n4
5.0 0.996 0.99671

Table 2. Values of zp(\)
and the corresponding local mean photon numbers

A 2p(A) (1N
1.0 0.868 0.8687n,
2.0 0.965 0.9657n
3.0 0.986 0.9867
4.0 0.994 0.994n,
5.0 0.997 0.997n,

Table 3. Values of zc(A)
and the corresponding local mean photon numbers

A Zc()‘) Net X
1.0 0.917 09177,
2.0 0.984 0.9847n,
3.0 0.994 0.994n.
4.0 0.998 0.9987
5.0 0.999 0.9997

We see from Eq. (94) and the plot of z.(\) that
Net) Increases with A until it reaches the maximum
value given by Eq. (81).

From Figs. 2, 3, and 4 and Tables 1, 2, and 3, we
observe that a large part of the total local mean pho-
ton number is confined in a relatively small frequency
interval.

In the next subsection, we will study the photon-
number variance of light modes a, b, and ¢ in the en-
tire frequency interval, as well as the given frequency
interval.

3.3. Global photon number variance
Here, we will, determine the global photon number
variance. To begin with, the photon-number variance
of light mode a at any time ¢ is given by
An; = ((a'a)?) — ((a'a))”.

a
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(96)

Since a(t) is the Gaussian variable, we can rewrite the
above expression as [19]

(ataata)y = (afa)(a'a)+ (a'al)(aa)+ (a'a)(aa’). (97)
Now, by substituting Eq. (97) back into (96), we get
An? = (a™)(a?) + (aTa)(aa'). (98)

Following the same line of reasoning and a procedure
like that in Subsection (3.1), one can arrive at

(aa') = %(Nw +1 (99)
and
(@?y = (@' =o. (100)

Finally, in view of Eq. (79) along with (99) and (100),
the photon-number variance of light mode a at the
steady state turns out to be

An2 =2 (N [22(W) +1],

- . (101)

In view of (65) and (66), the photon number variance
of light mode a has, at the steady state, the form

.72 Ta( )
Ang = [%N} {(7 +17e)? 127(7 + 2%)}
X [(7 702 :(_IZZ(W + 2%)] "

ra(7 + ) } (102)

[% } {(v +9e)? + 7o (v + 27)

We note that. in the absence of spontaneous emission,
the photon number variance of light mode a reduces
to

2 —
o T Na-

An} =7 (103)
From (79) and (102), we conclude that the photon
statistics of light mode a is super-Poissonian. We also
note that light mode a is in a chaotic state.

Similarly, the photon-number variance of light
mode b, in the entire frequency interval, is found at
the steady state to be

An? = %(NZ,) [%m) + 1]. (104)
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In view of Egs. (80) and (81), Eq. (104) can be rewrit-
ten as

Nﬁ:{tN}{W+WJ;fo+2%JX
y [ Tay2 }
[v + 7al[(7 +7e)? + ra(y + 27e)]
- [% } {(v +7e)? :(‘ZZZ(’Y + 2%)}' (105)

We note that, for v = 0 and r, = ., one can easily
get

An? = ni + iy, (106)
which is the photon-number variance for chaotic light.
To the best of our knowledge, the photon-number
variance of light mode b for v = 0 and r, < . yields

An? = qy,. (107)

From (81) and (106), we conclude that the photon
statistics of light mode b is super-Poissonian. Rela-
tions (81) and (107) imply that that the photon statis-
tics of light mode b is Poissonian.

Similarly, one can easily verify that

AnZ = [T (W) + (8) | | L2 (%%) + (8) +2] +

2 nd)| | L2 ()|

+] /-; (108)
From the results obtained above, we have observed
that the global photon-number variance of light mode
b is less than that of light mode a, and the photon-
number variance of the two-mode cavity light does
not happen to be the sum of the photon-number vari-
ances of the separate single-mode cavity light beams.

3.4. Local photon-number variance

To determine the photon-number variance of the
cavity light, we need to consider the spectrum of
photon-number fluctuations of the light mode (see
Fig. 5). The spectrum of photon-number fluctuations
of light mode a with the central frequency wqg is ex-
pressible as [21]

1 T ;
Sulw) = TR [ dre i (1), gt + )
0

(109)
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o 1 2 3 4 5
A

Fig. 5. Plot of the local photon number variance of light mode

a [Eq. (119)] versus A for 7. = 0.4, k = 0.8, 7¢ = 2, N = 50,

and v =2

where

fa(t) = at(t)a(t) (110)
and

At 4+ 71) =al(t +7)alt + 7). (111)

Upon integrating both sides of Eq. (109) over w, we
easily find

/ S, (w)dw = An?, (112)

where An?2 is the photon-number variance of light
mode a at the steady state. We can then assert that
Sq(w)dw is the photon-number variance of light mode
a in the interval between w and w + dw at the steady
state [21].

Next, we need to evaluate the two-time correlation
function that appears in Eq. (109). To this end, in
view of Egs. (110) and (111), we readily obtain

(Ra(t), Ra(t + 7)) = (@l (Da(t + 7)) (a()a’ (t + 7))+
+at)at+7)){a" tal(t +7)). (113)

It can also be established in a similar manner that

K—2u K—2u
_ K —uT _ 5T
P e e 27 (114)

and

S ~ _ /A2 K — T 2:“’ —Er

(@0ate-+ 7)) = (@) | e e
(115)
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Here p = 7 + 7.. Upon substituting Eqs. (85), (114),
and (115) into Eq. (113), we get

2
sAn3[< r >€2MT
K—2u

(f1a(t); fra(t + 7)),

_ A ey + ( - )2 i L
(K—2p)? K=2p (K—2p)?
~ |:I<J2€_2‘UT _ (K2 + HM)E_(L&;“)T + KMG_HT:|. (116)

Therefore, in view of Eq. (116), the spectrum of
photon-number fluctuations, after performing the in-
tegration, takes the form

[ Ang . 2k%u/m B
Sa(w) - </_€ _ 2/-1/) [(QM)Q + (w _ w0)2

_dpk(k+2p) /27 4K/ B
(F2)2 4 (- wn)? | W+ (@ — o)

Mg 220/ 3
(k=2p)% | (21)% + (w — wo)?
(k% + pr)(k + 2p) /27 pus? [
S et] o

Now, we realize that the photon-number variance
in the frequency interval between w’ = —X and w’ = A
is expressible as

A

An2,\ = /S’a(w’)dw’
A

(118)

where w’ = w — wyg. Therefore, the substitution of
Egs. (117) into (118), after carrying out the integra-
tion and making use of (88), gives

() o )

— tan — | -

T™\K—2u 21
4 2\

7:{# 5 an~! +

(k — 2u) K+ 2

2/ 2u Y\
+ = ( a ) tan~* <A>] —
T \K—2u K

2 _ 2
Ang oy = An;

2
T

—g(n2+m )tan~! 22 +gm tan—1 (2
T a K+ 2 ' k)|

(119)

In order to investigate the dependence of the local
photon number variance on the frequency of the gen-
erated light, the number of the atoms available in the
cavity, the stimulated emission decay constant, the
spontaneous emission decay constant, the pumping
rate, and cavity damping constant, we will plot the
local photon number variance versus these parame-
ters. To this end, we only consider the dependence of
the local photon number variance on the frequency of
the generated light, while the number of the atoms
available in the cavity, the stimulated emission decay
constant, the spontaneous emission decay constant,
the pumping rate, and cavity damping constant are
fixed. Based on this, we only plot the photon num-
ber variance given by Eq. (119) versus A in which we
observe that a large part of the total local mean pho-
ton number is confined in a relatively small frequency
interval.

4. Quadrature Squeezing

In this section, we will study the quadrature vari-
ance and the quadrature squeezing of the cavity light
modes produced by an electrically driven three-level
laser with an open cavity and coupled to a two-mode
vacuum reservoir via a single-port mirror. Applying
the steady-state solutions of the equations of evolu-
tion of the expectation values of the atomic opera-
tors and the quantum Langevin equations for the cav-
ity mode operators, we obtain the global quadrature
variances of the separate single-mode light beams. In
addition, we will determine the global quadrature
squeezing of the two-mode cavity light.

4.1. Quadrature variance

Here, we will calculate the global quadrature vari-
ances of light modes a and b produced by the system
under consideration. To begin with, we need to de-
termine the quadrature variance of light mode a in
the entire frequency interval. The squeezing proper-
ties of light mode a is described by two quadrature
operators of the form [14]

iy =a' +a (120)
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and
a_ =i(a' —a). (121)

These operators are Hermitian and satisfy the com-
mutation relation

la_,a,] = 2i [% (Na - Nb) - 1}. (122)
The operators a4 and a_ represent physical quanti-
ties called the plus and minus quadratures, respec-
tively, while a' and a are the creation and annihila-
tion operators of light mode a. The uncertainty re-
lation for the quadrature operators can be expressed
as [1]

AayAa_ >

(W) — (Rw) = 1),

(123)

so that, in view of Egs. (65) and (66), the uncertainty
relation for the quadrature operators of cavity light
mode a has, at the steady-state, the form

Ye oY

K ((’Y +7e)? +ral(y + 270)) Nt
(124)

AdiAa_ >

Moreover, we consider the case where the atoms are
not bombarded from either the ground or bottom lev-
els to the top level. Thus, by setting r, = 0, wwe get
Eq. (124) in the form

AayAa_ > 1. (125)

Next, we proceed to calculate the quadrature vari-
ance of cavity light mode a. The quadrature variance
of cavity light mode a is defined by

(126)

With the aid of Eq. (120) and (121), the quadrature

variance can be expressed as

A&3 = (aa’) + (a'a) + (a?%) +

+(a") 7 (a)* F (a')* — 2(a)(a'). (127)

Now, recalling that the expectation value of a is
zero and substituting Egs. (80), (99), and (100) into

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 3

Eq. (127), the quadrature variance of light mode aq,
at the steady state, takes the form

Ta (7 + 2’70)

N+ 1.
(’Y + ’7c)2 + ra(’V + 270)

A Ve
Aad = -©
+ K

(128)

Furthermore, in the absence of spontaneous emission,
the quadrature variance can be put in the form

2raYe

N Ve
JAY, LA Ay P L
* Y2+ 2r47e

N +1. (129)
KR

This quadrature variance can also be expressed as

Ad% = 2n, + 1, (130)

which is the quadrature variance for chaotic light in
an arbitrary ordering. Moreover, we consider the case
where the atoms are not pumped from the ground
or bottom levels. Thus, by setting r, = 0 in either
Eq. (128) or (129), we readily get

dﬁ: vac = 17 (131)

where vac represents the vacuum state, and Eq. (131)
is an arbitrary ordered quadrature variance of light
mode ¢ in the vacuum state. We note that, for r, =
= 0, the uncertainties in the plus and minus quadra-
tures are equal and satisfy the minimum uncertainty
relation.

Similarly, the uncertainty relation for the quadra-
ture operators of cavity mode b has, at the steady-
state, the form

7 7 Ve TaYe
AbLAb_ > | —
" TR (v )+ ra(y + 27)
x[l—%}N—l. (132)
Ta +7

Moreover, we consider the case where the atoms are
not bombarded either from the ground or bottom
levels to the top level. Thus, upon setting r, = 0,
Eq. (132) reduces to

AbyAb_ > 1. (133)

In the absence of spontaneous emission, expression
(132) reads reduces to

Ab,Ab_ > 7{] [1_%]N_1
K [Ye+27a Ta

. (134)
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Fig. 6. Plot of the global quadrature squeezing of the two-
mode cavity light versus rq [Eq. (150)| for k = 0.8, N = 50,
v =0, and 7. = 0.4

Now, since 7./, = X, the above equation takes the

form
11—
%[X]N_l_

AbyAb_ > (135)

K 24X

For x > 1 well below the threshold, we immediately
observe that the product of uncertainties yields
Ab Ab_ > %N .y (136)

The quadrature variance of light mode b, at steady
state, can also take the form

ABZ — k [ TaVe
KLY +7e)? +ra(y +27)

x[1+ Je }N—kl (137)
Ta + 7y

Furthermore, in the case where the spontaneous emis-

sion is absent, v = 0, the quadrature variance can be

put in the form
x+1

Ab? —%[X]NJrl.

K| x T2 (138)

We easily see that, for x > 1, the above expression
simplifies to
72 Ye
AbL = —N + 1. (139)
K
We note that, in the absence of spontaneous emis-
sion and well below the threshold, the uncertainties
in the plus and minus quadrature are equal and sat-

isfy the minimum uncertainty relation as indicated in
Egs. (136) and (139).
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4.2. Quadrature squeezing

The squeezing properties of light mode ¢ are de-

scribed by two quadrature operators of the form [14]
ey =ct+¢é and el =i(eh —e). (140)

These operators are Hermitian and satisfy the com-

mutation relation
(6 ey] = 2022 (N, — M) = 2] (141)
K

The uncertainty relation for the quadrature operators
can be expressed as

AéLAé_ >

Ye (/% '
;(<Na> - <NC>) -2, (142)
so that, in view of Egs. (65) and (67), the uncertainty
relation for the quadrature operators of cavity mode
¢ has, at steady-state, the form

~ ~ Ye Ta
AcL A > | = X
* Tk [(7+%)2+7"a(7+2%)]
2
x [M} N—2|. (143)
T+ 7Y

Moreover, in the absence of spontaneous emission, ex-
pression, (143) reduces to

7 7 Ve 1- X
AbiAb_ > |—= | —=| N —2|. 144
+ Tk [2 —ﬁ-x} (144)
For x > 1, the product of uncertainties yields
Aé Ae- >N 42, (145)
K

Next, we proceed to calculate the quadrature vari-
ance of light mode c¢. The quadrature variance of light

mode ¢, with the aid of (ri.) = 1/ (Ng)(N.), is found,

at the steady state, to be

Aci _ k |:[ + Ta’yc

X
(v +7)2 + 7ol + 27e)

K

N +2.

7+%) (146)

x(l:tZ
Y+ Ta

Furthermore, in the absence of spontaneous emission,
this expression reduces to

1+2
24+ x

Ak = % [1 + (147)
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We note that, for x > 1, this expression further re-
duces to

A = %N +2. (148)
On the basis of Eqgs. (145) and (148), we note that
the Heisenberg uncertainties in the two-mode quadra-
ture are equal and satisfy the minimum uncertainty
relation [6]. Thus, the three-level laser under consid-
eration generates two-mode coherent light, when it
operates under the condition v =0 and x > 1.

We immediately notice that the two-mode cavity
light is in a squeezed state, and the squeezing occurs
in the minus quadrature. To this end, the quadrature
squeezing of the two-mode cavity light relative to the
quadrature variance of the two-mode coherent state
in the entire frequency interval is given by [3, 6]

(A2, - (Ae? (e
ST e, T e, M

By substituting the quadrature variance defined by
the minus parts of (146) and (148) into (149), the
steady-state global quadrature squeezing of the two-
mode cavity light is found to be

1+ X

S=1—[(L
("f (v + )% + raly + 27¢)

(T e (g
Y+ Ta K

The inspection of Fig. 6 indicates that, for cer-
tain values of r,, the degree of squeezing of the two-
mode cavity light increases with 7,. Then the degree
of squeezing decreases, as 7, increases. For example,
it is found from the plot that if r, = 0.101, the max-
imum quadrature squeezing of the two-mode cavity
light is found to be 46.3% below the coherent-state
level. This global quadrature squeezing is slightly less
than that of the global quadrature squeezing dis-
cussed in Ref. [12], in which the maximum global
quadrature squeezing is 50% below the coherent state
level. This difference is resulted from the arbitrary
ordering of the noise operators associated with the
vacuum reservoir.

Tae

(150)

5. Conclusion

We have studied the statistical and squeezing prop-
erties of the cavity light generated by the three-
level laser. In this optical system, IV three-level atoms
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available in a cavity coupled to a two-mode vacuum
reservoir are pumped to the top level from the ground
and bottom levels by means of the electron bom-
bardment. We consider the case where the three-level
atoms, as well as the cavity light, are interacting with
the two-mode vacuum reservoir.

Employing the master equation, we have obtained
the quantum Langevin equation for the cavity mode
and atomic operators. Applying the steady-state so-
lutions of the equations of evolution of the expecta-
tion values of the atomic operators and the quantum
Langevin equations, we obtained the global and lo-
cal photon statistics of the single-mode light beams,
as well as the two-mode light beam. In the absence
of spontaneous emission, we have noticed that the
global mean photon number of light mode a is just
equals to the global mean photon number of light
mode b. On the other hand, in the presence of spon-
taneous emission, we have noticed that the global
mean photon number of light mode a is just greater
than the global mean photon number of light mode
b. Moreover, it is also found that the global mean
photon number of the two-mode cavity light is just
the sum of the global mean photon numbers of the
separate single-mode cavity lights. Furthermore, we
have determined the global and local photon-number
variance for the single-mode cavity light beams and
the two-mode cavity light. From the results, we hav
obtained, we have observed that the global photon-
number variance of light mode a is greater than that
of light mode b, and the photon-number variance of
the two-mode cavity light does not happen to be the
sum of the photon-number variances of the separate
single-mode cavity light beams. In addition, we have
also observed that a large part of the local mean pho-
ton number and the local photon number variance are
confined in a relatively very small frequency interval.

Moreover, we have established the global quadra-
ture squeezing of the two-mode cavity light. Although
light modes a and b are separately in a chaotic state,
it turns out that the two-mode cavity light is in a
squeezed state under certain conditions with a maxi-
mum quadrature squeezing of 46% below the coherent
state-level.
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JTUHAMIKA JIBOMOJIOBOT'O
JIABEPA 3 EJIJEKTPUYHOIO HAKAYKOIO

JocniizKeHO CTaTUCTHUYHI BJIACTUBOCT]I Ta CTUCHEHHS CBiTJIA Yy
pe3oHaTopi TpupiBHEBOro jazepa. Y BiAKpUTOMYy pe3oHATOPL
nazepa N TpUPIBHEBHX ATOMIB B3a€MOJIIOTH 3 JIBOMOJIOBUM
BaKyyMHUM pPe3epPByapoOM i HAKadIyIOTbCs Ha BEPXHil piBeHb
3a JIOIIOMOIOIO €JIEKTPOHHOIO 60MGapayBaHHs. 3aCTOCOBYIOYH
CcTallioHApHI PO3B’SI3KM PIBHSIHb €BOJIIOLII JIJIsl CEPEJIHIX 3Ha-
“eHb ATOMHHX OIepaTopiB i kBaHTOBI piBuamms Jlamxkesena
JIJ1s1 OIIEPATOPIB MOJ PE30HATOPA, MU OTPUMAJIU 3arajbHy i JIo-
KaJIbHy CTaTUCTUKH (POTOHIB JJIsl CBITJIOBHX IIPOMEHIB 3 OIHO-
Ta JBOMOJOBUX pe30HATOpPiB. BcTaHOBIIEHO, 110 3arajbHe cepe-
nHE 1nucyio GOTOHIB i gucnepcis amcia GpOTOHIB, IO BHIPOMIi-
HIOIOTBCsI 3 BEPXHBOI'O PiBH#A, OLIbIIi, HIXK Ui CBiTJIa, 10 BU-
MIPOMIHIOETHCS 3 TPOMiXKHOro piBHA. CBiTJIO pe3oHaTOpa, IO
BHIIPOMIHIOETBCSI 3 BEPXHBOTO 1 IPOMIXKHOrO piBHIB, MOXKe Oy-
TH OKPEMO B XaOTHYHOMY CTaHi IPH IeBHUX yMoBax. OmHak
CBITJIO 3 ABOMOZOBOIO PE30HATOPA IIPU IIEBHUX YMOBaX MOXKE
OyTH B CTHCHEHOMY cTaHi. MU BCTaHOBMJIM, II[0O MaKCHMAaJbHE
KBaJIpaTypHe CTHCHEHHs CBITJIa JJBOMOIOBOIO Pe30HATOPA Oyae
npubsn3Ho Ha 46% HUXKYE NOPIBHAHO i3 KOTEPEHTHUM CTAHOM.
HasgaBHicTh 1mymy BakyyMHOI'O pe3epByapa 30iJIbIIIye JHcIiep-
cito wmcia GHOTOHIB i 3MeHIIye KBagpaTypHe CTHCHEHHS CBiTIIA
pe3oHaToOpa, ajie He 3MiHIOe cepelHe 4ucyo ¢oroni. Mu mo-
Kas3aJi¥, [0 JIOKAJIbHI 3HAYEHHS CEPEeSHBOro Yuciaa (POTOHIB i
mucnepcii gmcaa (oToHIB pe3oHaTOopa HAOIMKAIOTHCA 0 3a-
raJbHAX 3HA4Y€Hb IPU 30L/IBIIEHH] YaCTOTHOIO iHTEPBAJLY.

Karowosi caro6a: KOHCTAHTA PO3NALy CTUMYJIbOBaHOI eMicil ¢do-
TOHIB, cTaTUCTHKA (POTOHIB, CIHEKTP MOTY?KHOCTI, IyKTyaril
KisbKOCTi (DOTOHIB, KBaJApaTypHE CTUCHEHHSI.
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