https://doi.org/10.32388/KEU2F8

Dynamics of Three-Level Laser Pumped by Electron
Bombardment

Menisha Alemu
Department of Physics, Wolkite University
P. 0. Box 07, Wolkite, Ethiopia minisha.alemu@gmail.com

November 21, 2022

Abstract

In this paper we have studied the statistical and squeezing properties of the cavity light generated
by a three-level laser. In this quantum optical system, N three-level atoms available in an open cavity,
coupled to a two-mode vacuum reservoir, are pumped to the top level by means of electron
bombardment at constant rate. We have considered the case in which the three-level atoms and the
cavity modes interact with the two-mode vacuum reservoir. Applying the solutions of the equations of
evolution for the expectation values of the atomic operators and the quantum Langevin equations for
the cavity mode operators, we have calculated the mean and variance of the photon number as well as
the quadrature squeezing for the cavity light. In addition, we have shown that the presence of the
spontaneous emission process leads to a decrease in the mean and variance of the photon number. We
have observed that the two-mode cavity light is in a squeezed state and the squeezing occurs in the
minus quadrature. In addition, we have found that the effect of the vacuum reservoir noise is to increase
the photon-number variance and to decrease the quadrature squeezing of the cavity light. However, the
vacuum reservoir noise does not have any effect on the mean photon number. Moreover, the maximum
quadrature squeezing of the light generated by the laser, operating far below threshold, is found to be
37.5% below the vacuum-state level. In addition, our result indicates that the quadrature squeezing is
greater for y = 0 than that for y = 0.4 for 0.01 < ra < 0.35 and is smaller for y = 0 than that for y = 0.4 for
0.35<ra< 1.
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1 Introduction

A three-level laser is a quantum optical system in which light is generated by three-level atoms inside a
cavity usually coupled to a vacuum reservoir. In one mode of such a laser, three-level atoms initially
prepared in a coherent superposition of the top and bottom levels are injected into a cavity and then
removed after they decayed due to spontaneous emission [1-4]. In another model, the top and bottom
levels of the three-level atoms injected into a cavity are coupled by coherent light [5,6]. The statistical and
squeezing properties of the light generated by such three-level lasers have been investigated by several
authors [7-12]. It is found that a three-level laser in either model generates squeezed light under certain
conditions. It appears to be quit difficult to prepare the atom in a coherent superposition of the top and
bottom levels before they are injected into the laser cavity. In addition, it should certainly be hard to find
out that the atoms have decayed spontaneously before they are removed from the cavity.

Moreover, Fesseha [9,10] has studied the squeezing and the statistical properties of the light produced
by a three-level laser with the atoms placed in a closed cavity and pumped by electron bombardment. He
has shown that the maximum quadrature squeezing of the light generated by the laser, operating below
threshold, is found to be 50% below the vacuum-state level. Moreover, he has also found 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. He has also
found that alarge part of the total mean photon number is confined in a relatively small frequency interval.
In addition, Fesseha [10] has studied the squeezing and the statistical properties of the light produced by
a three-level laser with the atoms placed in a closed cavity and pumped by coherent light. He has shown
that the maximum quadrature squeezing is 43% below the vacuum-state level, which is slightly less than
the result found with electron bombardment.
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Figure 1: Schematic representation of a three-level laser coupled to a two-mode vacuum reservoir.

In this paper, we seek to analyze the quantum properties of light emitted by three-level atoms
available in an open cavity and pumped to the top level by electron bombardment. Thus taking into
account the interaction of the three-level atoms with a resonant cavity light and the damping of the
cavity light by a vacuum reservoir, we obtain the photon statistics and the quadrature squeezing of the
cavity light. We carry out our calculation by considering the interaction of the three-level atoms with
the vacuum reservoir out side the cavity light.

2 Master Equation

We consider here the case in which N three-level atoms in a cascade configuration and available in an
open cavity. We denote the top, intermediate, and bottom levels of these atoms by |a)g, |b)x, and |c)g,
respectively. We prefer to call the light emitted from the top level light mode a and the one emitted
from the intermediate level light mode b. We carry out our analysis with light modes a and b having
the same or different frequencies. In addition, we assume that light modes a and b to be at resonance
with the two transitions |a)r — |b)r and |b)r — |c)k, with direct transition between |a), and |c); to
be electric-dipole forbidden. The interaction of a three-level atoms with cavity modes a and b can be
described at resonance by the Hamiltonian [10]

H=ig (&jﬁa— AT&§+5—2’“B—8T&§), (1)
where
&% = b) i al, (2)
and
&y = [ (0] (3)

are lowering atomic operators, a and b are the annihilation operators for the cavity modes, g is the
coupling constant between the atom and the cavity modes. We assume that the cavity modes are
coupled to a two-mode vacuum reservoir via a single-port mirror.

The quantum Langevin equations for the operators @ and b are given by [9,10]

da K. .5 ~
= = 5 —ila, H] + F(t), (4)
% = b~ ilb, A1)+ (o), (5)

where k is the cavity damping constant and F,(t) and Ey(t) are noise operators associated with the
vacuum reservoir and having the following correlation properties:



With the aid of Egs. , , and , one can easily establish that
da

K . ~k ~
= — F 1
W Ka okt Fule), (10)
db K A ik p

Furthermore, the master equation for a three-level atom interacting with a vacuum reservoir is given

by [10]
dp .
CT? = =il 0] + 5 [20’6,3&““ Rokp— potkak 426k pelt — oikalp — p&g’“a{:} (12)

where 7, considered to be the same for levels |a)and |b), is the spontaneous emission decay constant.
We can rewrite Eq. (12]) as

dp vt a0 Y Toak an . kA aa
o = —iH. P+ 5 [205/)0 — i p— pik + 26F pel* — ik p— pm’f] : (13)
where
0k = la)k{al, (14)
5 = 0) e (bl. (15)

Using Eq. 7 we can put Eq. in the form

db R . R .
(75 =g { tkap — potka + 6]%bp — pol*b — atekp — blalp+ pate® + pblaf "
+ 3 [26hpolt — ik — ik + 208 p5]" — il — pi
Now applying the relation
D&y =12 4) a7
a7 dt
along with Eq. , we can easily establish that
d Ak N kA Ak
Z(ok) = —(6%) + g [(ha) — (ika) + (BTek)] (18)
d, i YAk N k7 At Ak
2 (ok) = —20k) + g (kD) — 0FD) + (a'oh)] (19)
d . v, . o s
(68 = =16k +g [(oha) — (5D)] (20)
d . . il it
(i) = —(g) + g [(61"a) + (a'a2)] (21)
@<n§> =y [(0%) — ()] + 9 [<b*01’f> +(6]"b) — (6]Fa) — <aTo§>} ; (22)
d, K Bt sk ~Tky
k) =) — g | B15F) + (6]'D)] (23)
where
e = le)unlal, (24)
and
e = bk (cl- (25)

We see that Eqgs. — are nonlinear differential equations and hence it is not possible to find exact
time-dependent solutions of these equations. We intend to over come this problem by applying the
large-time approximation [13]. Then using this approximation scheme, we get from Egs. and
the approximately valid relations
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Evidently, these would turn out to be exact relations at steady state. Now combining Eqs. and

with Egs. —, we get

L68) = ~ Iy (65) + 22 [ Fue)) — (i Fult) + (B (965)] (28)
Lok = [L+ 2] 65 + 22 [t ute) — GERO) — (L 05%)], (29)
Lok = [L+ 2] 65 + 2 [tok bty — (65R0)] (30)
S0y = b+ () + 22 {61 Fule) + (B 0)68)] (31)

D 00k) = — [y el 0) + by -+ ) ()
dt 5 ) ) ) (32)

+ L [(E 0ah) + 6 Bue) — (61 Eae) = (Fah)]
S0 = by (i) = 22 [(Ef o) + (6" By (38)
where )

Ye = 4i (34)

is the stimulated emission decay constant.

We next proceed to find the expectation value of the product involving a noise operator and an
atomic operator that appears in Egs. - . To this end, after removing the angular brackets,
Eq. can be rewritten as

d 2 . . .
ik ==y + v il + L (61 Fut) + Flak] + ful@), (35)

where fa (t) is the noise operator associated with 7j,. A formal solution of this equation can be written
as

A ~ — ¢ _ 4 29 R ~ . A
g (t) = 75 (0)e~ )" + / et L EAGIAGESMALAG] +fa<t')} di'. (36)
0

Multiplying Eq. on the right by F, (t) and taking the expectation value of the resulting equation,
we have

G OR0) = GO Fa)e 0 + i)
0 (37)

[2,5 (IR Eult) Fult)) + (B ()55 Fal®)] + ¢ fa(t’)Fa(t»} dt'.

Ignoring the noncommutativity of the atomic and noise operators and neglecting the correlation between
F,(t) and 6%(¢'), assumed to be considerably small [6], one can write the approximately valid relations

(@) EL(t)Fa(t)) = (65F () (Fa(t) Fu(t)) = 0, (38)
(FI(#)6EE) Fu(t)) = (65 (@) (EI () Fa(t)) =0, (39)
(40
Fa

(fa(t)Fa(t)) = (fa())(Fa(t)) = 0. )
Now on account of these approximately valid relations along with the fact that a noise operator t
a certain time should not affect the atomic variable at earlier time, Eq. takes the form

(A () Fu(t)) = 0. (41)
Following a similar procedure, one can also check that

(5 (1) Fa(t)) = 0, (42)

(AE () Fy(1)) = 0, (43)



We also take . .
(Fi)ek (1) = (Bl (t)6k (1) = 0.

With the aid of Egs. (41)-(47), we rewrite Egs. (28), (29), (31), (32), and as

L5 =~ b+l (68),
Sty = [1+%] o
D 0aky = by -+ (28,

Sty =~ T+ () + by -+ el 48,

D08y = b+ el ).

(48)
(49)
(50)
(51)

(52)

We note that Egs. - represent the equation of evolution for the atomic operators in the absence
of the pumping process. The pumping process must surely affect the dynamics of (7¥) and (7). We
seek here to pump the atoms by electron bombardment. If r, represents the rate at which a single
atom is pumped from the bottom to the top level, then (¥) increases at the rate of r,(n¥) and (3*)

decreases at the same rate. In view of this, we rewrite Egs. and as

d,, . .
) = = [y + ] () + ra (i),
d . ok A
21 4e) = [y + el () = ra{ic)-
We next sum Eqgs. , , , , and over the N three-level atoms, so that
d, . N
%<ma> = —[v + 7] (Ma),
d, T el s
@<mb> =- {5 + 5] (1),
d, - " N
a<Na> = — [y + 7] (Na) + ra(Ne),
d | - "
SR = — b+ 3 (B + by + ] (),
d - . .
%< ) = [v+ e (Vo) — ra(Ne),
in which
N
e =Y _6F,
k=1
N
iy =Y 6f,
k=1
N
No = Zﬁ{:a
k=1
N
Ny = Zﬁ{fa

(1

(53)

(54)

(61)

(62)



(64)

with the operators Na, Nb, and N, representing the number of atoms in the top, intermediate, and

bottom levels. In addition, employing the completeness relation
e + 1y ik =1,

we easily arrive at R . .
<Na> + <Nb> + <Nc> = N.

Furthermore, applying the definition given by Eq. and setting for any k

o = [b){al,

we have
Mg = N|b){al.

Following the same procedure, one can also check that

)
N, = Nla){al,
Ny = Nb) (b,
Ne = Nle)(el,

where

Moreover, using the definition

and taking into account Egs. —, it can be readily established that
mim = N(Ny + Ny),
i’ = N(Ny + N,),
m? = Nin,.
With the aid of Eq. (66)), one can put Eq. in the form

d N
dt

Applying the large-time approximation scheme to Eq. , we get
(Np) = (Na).
Thus on taking into account this result, Eq. can be written as

d - .
£<Na> = —[v+ e +2ra] (Na) + N7g.

The steady-state solution of Eq. is expressible as

N N
<Na>:7"a7.
’V+'7c+271a

Using the steady-state solution of Eq. along with Eq. , we have

*<Na> =—[v+7 +7d <Na> + 7ra[N — (Np)].

(65)

(66)



On account of Eq. , Eq. takes the form

(’7 + 'YC)N

(No) = ———.
Y+ Ve + 2,

(84)
For r, = 0, we see that (N,) = (N,) = 0 and (N,) = N. This result holds whether the atoms are
initially in the top or bottom level.
In the presence of N three-level atoms, we rewrite Eq. as [10]
da

I{IA R A
% = 7§a+>\ma+ﬂFa(t), (85)

in which A and 8 are constants whose values remain to be fixed. Applying Eq. , we get

. 4¢° | . 4
4,1k = G — i) + 5 [Fa, Fi] (56)
and on summing over all atoms, we have
4% . 4N
(a,a') = =5 (N = No) + =5 [Fu, Fl, (87)
where
N
la,a"] =) [a,a'], (88)
k=1

stands for the commutator of @ and a' when light mode a is interecting with all the N three-level atoms.
On the other hand, applying the large-time approximation to Eq. (85)), one can easily find

4N - 432
.al] = N (% - K0+ 2, ) (59)
Thus on account of Egs. and , we see that
g
A=+—, 90
Vi (50)
B==+VN. (91)
In view of Egs. and , Eq. can be written as
da K g .
— = ——=a+ —=1 NF,(t). 2
dt 2a+ \/Nma“v‘\/» a(t) (9 )
Following a similar procedure, one can also readily establish that
R 4% - N 4N
b.51) = - (N = Ny) + = [Fy, F), (93)
db K- g R
— =—=b+ —=n NFy(t). 94
yr 2+mmb+fb() (94)
Furthermore, in order to include the effect of pumping process, we rewrite Eqgs. and as
d . [T A
7, Ma = — 75 Mg alt ’
Tl 5 + Go(t) (95)
d . . A
— = —— t
i 5 + Gy(t) (96)

in which G,(t) and Gj(t) are noise operators with vanishing mean and y is a parameter whose value
remains to be determined. Employing the relation

d din} din
A/t \ = [P 1 i
dt<m“m“> < dt m“>+<ma dt > 67)




along with Eq. , we easily find

L ki) = —plinkiing) + (i Ca(0) + (L)), (98)
from which follows i A ) A )
(V) = —p(Na) + - [l Ga(0) + (Gl (Bma)] - (99)
Now comparison of Egs. and shows that
p="++2r, (100)
and
<m;éa(t)> n <é,§(t)ma> — 1o N2, (101)
We observe that Eq. is equivalent to
<G§(t)éa(t’)> = roN26(t — t'). (102)
One can also easily verify that
(GoOGTE)) = (v + ) N2t~ ), (103)
Furthermore, adding Eqgs. and , we have
D) = —2 by+ 7 0m) — 2 [y 7] G, (104)
where m is given by Eq. . Upon casting Eq. into the form
%m - —gm - gma + G, (105)
one can also easily verify that p has the value given by Eq. and
<éf(t)é:(t')> = roN25(t — t'). (106)

On the other hand, assuming the atoms to be initial in the bottom level, the expectation value of the
solution of Eq. happens to be

(mq(t)) = 0. (107)
Hence the expectation value of the solution of Eq. turns out to be
{(a(t)) = 0. (108)

In view of Eqgs. and (|108)), we claim that a(¢) is a Gaussian variable with zero mean. One can also
easily verify that .
(b(t)) = 0. (109)
Then on account of Egs. (94) and (T09), we realize that b(t) is a Gaussian variable with zero mean.
Furthermore adding Egs. (108) and (109]), we obtain

(¢) =0, (110)
where .
é=a+b. (111)
In addition, adding Eqs.((92)) and (94), we get
L Loy ot VNEL() (112)
where R . X
Fult) = Fult) + () (113)
and m is given by Eq. . One can also easily check that
<Fc(t)> =0, (114)
(FIOF.(t) =0, (115)
(FIOFNE) = (Fe(t) Fu(t)) = 0, (116)
(EL()FI(t")) = 2k6(t — ). (117)

In view of Egs. (110) and (112), we see that ¢ is a Gaussian variable with zero mean.

co



3 Photon statistics

In this section we wish to calculate the mean and variance of the photon number for the two-mode
cavity light at steady state. To this end, using the relation

(erwen) = (Clw) + (92 (1)

along with Eq. (112)), we readily find

d R R ~ A~
{ene(t) = —r(@ (B)e(t) +

LN [(éT(t)Th(t» + <mT(t)é(t)>]
FVN [(El©c0) + (6 (0F.0)]

(119)

Next we seek to evaluate (¢7(¢)7(t)). Applying the large-time approximation, one gets from Eq. (112)
the approximately valid relation

, 29 . 2VN.

c(t) = m+ ——F.(t). 120

0= (" (120)
Multiplying the adjoint of Eq. (120) on the right by (t) and taking the expectation value of the
resulting expression, we get

U 2gV'N o . 2VN
(e (@)m(t)) = =——[(Na(t)) + (No(t))] + = —(FL ()n(t))- (121)
We now proceed to evaluate (Ff (¢)rn(t)). To this end, a formal solution of Eq. can be written as
t
m(t) = m(0)e 2" +/ e—%(t—t’)[_%ma(t/) + G(t)dt'. (122)
0

Multiplying Eq. (122]) on the left by E () and taking the expectation value of the resulting expression,
we have

(EX (1)) = <Fj(t)m(0)>e*%t+/0 6*%“’“)[*%(Fi(t)ma(t’» +(EI Gt (123)

Taking into account the fact that a noise operator F at a certain time should not affect the atomic vari-
able at earlier time and assuming that the cavity mode and atomic mode operators are not correlated,
we get

(El(tym(t)) = 0. (124)
On account of this result, Eq. takes the form
@ o) = 2N (8,0 + () (125)

We next seek to evaluate (FJf(t)é(t)). To this end, a formal solution of Eq. (T12) can be written as

0

é(t) = é(0)e 2t tefg(tft’) Lﬁl/ (¢ .
(t) = ¢(0) +/ [m (t)Jr\/NFC(t)} dt (126)

Multiplying Eq. (126]) on the left by E T(t) and taking the expectation value of the resulting expression,
we get

(EL0ete) = (F@eone 5+ [ a0 [j’ﬁ<ﬁi<t>m<t'>>+mFJ(t)Fz(t'»] ar. (127)

In view of Eqgs. (115) and (124]) along with the fact that a noise operator F at a certain time should
not affect the atomic variable at earlier time, Eq. (127) becomes

(Fl(t)e) =o. (128)
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Figure 2: Plots of the mean photon number for the two-mode cavity light at steady state [Eq. (133)]
for k = 0.8, 7. = 0.4, v = 0.2 (dashed curve), v = 0 (solid curve), and N = 100.

Now on account of Egs. (125) and (128)) along with their complex conjugates, we can rewrite Eq. (119)
as

L 0e(n)) = — (@ (0e(0) + [ (Ra0) + (Fu(0) | (129)

The steady-state solution of this equation is expressible as

(efe) = % (V) + (N3)]. (130)

Following a similar procedure, one can establish that

(ecty = % [(V.) + ()] + 2N, (131)
(&%) = L (rine). (132)
K
In view of Eqgs. , , and , Egs. (130) and (131) can be rewritten as
c 2N a
<éTé> _Je|__2V7Ta ; (133)
K |7+ Y+ 2r,
(eet)y = Je | A Vet Ta N +2N. (134)
KLY+ +2rq
In the absence of spontaneous emission (v = 0), the mean photon number for the two-mode cavity light
has the form N
A= r“) . (135)
K \ Vet 2ra

It can be seen from the plots in Fig. 2 that the presence of spontaneous emission leads to a decrease in
the mean photon number for the two-mode cavity light.
Furthermore, the variance of the photon number for the two-mode cavity light is expressible as

(An)? = ((&Te)?) — (¢Té)2 (136)
Using the fact that ¢ is a Gaussian variable with zero mean, we readily get

(An)? = (&Té)(eely 4 (&) (e?). (137)
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We now proceed to calculate the expectation value of the atomic operator 7, following the approach
presented in [10]. To this end, applying the identity given by Eq. , the state vector of a three-level
atom can be put in the form

k) = calar) + colbr) + ccler), (138)
in which
ca = (ak|¥r), (139)
b = (bk|vn), (140)
e = {ck|Yr)- (141)

The state vector described by Eq. (138]) can be used to determine the expectation value of an atomic
operator formed by a pair of identical energy levels or by two distinct energy levels between which
transition with the emission of a photon is dipole forbidden. One can thus readily establish that

(7la) = CaCa, (142)
(i) = cect, (143)
and
(6%) = cqcr. (144)
We then see that
(G = (A6) (Ae), (145)
and on taking |(6¥)| to be real, we see that
[(oe) = \/ () nE) (146)

(re) = \/ (Na){(Ne)- (147)

On account of this, Eq. (132) takes the form

() = 2\ (R (Re). (148)

@) = I\ [, (149)

K
In view of Egs. (130)), , and (149), Eq. (137)) becomes

e =2 (0 + 9y ) (2 () o) (26 5}

Finally, on account of Egs. , , , and along with Eq. (150]), we arrive at

Now using Eq. , we have

1
(An)?* = Zﬁz (3n+2) + 2Nn, (151)
where L
Y F e
= (152)

Now inspection of Eq. indicates that (An)? > i and hence the photon statistics of the two-mode
cavity light is super-Poissonian. Our result shows that the photon number variance of the two-mode
cavity light is greater than the one obtained by Fesseha [10]. This must be due to the reservoir noise
operators. The plots in Fig. 3. indicate that the effect of spontaneous emission is to decrease the
variance of the photon number.

11
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Figure 3: Plots of the photon number variance of two-mode cavity light at steady state, [Eq. (151))] for
k= 0.8, 7. = 0.4, v = 0(solid curve), v = 0.2(dashed curve), and N = 100.

4 Quadrature squeezing

We now proceed to calculate the quadrature squeezing of the two-mode cavity light in the entire
frequency interval. To this end, the squeezing properties of the two-mode cavity light are described by
two quadrature operators defined by

ey =élye (153)
and
é_=i(eh —é). (154)
It can be readily established that [14]
[, ] = 2028 ((N,) — () — 4Ni. (155)
K
It then follows that[15]
AciAc_ > %(G\D — (N,)) + 2N. (156)
Upon setting r, = 0, we see that
AciAc_ > EN 42N, (157)
K

This represents the quadrature variance for two-mode vacuum state. The variance of the quadrature
operator is expressible as

(Acy)® = £((@" £ ¢)%) F [(e" + &), (158)
so that on account of Eq. 7 we have
(Acy)? = (eté) + (¢ £ (&1?) £ (). (159)

Now employing Egs. (66), (130), (131)), and (149), we arrive at

(Acy)? = % (N +(N,) +2 727‘3@&)) + 2N, (160)
(Ac_)? = % (N (N, —2 W(N@) +2N. (161)

Moreover, on setting r, = 0 in Eqgs. (160) and (161]), we get

(Acy)? = (Ac)? = %N+2N. (162)

12
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Figure 4: Plots of the quadrature squeezing at steady state@ [Eq. (165)] versus rq for K = 0.2, v, = 1.2, v = 0 (dashed
curve), and for v = 0.4 (solid curve).

This represents the quadrature variance of a two-mode cavity vacuum state. From Egs. (157) and
, we see that the two-mode cavity light is in a minimum uncertainty state. We seek to calculate
the quadrature squeezing of the two-mode cavity light relative to the quadrature variance of the two-
mode cavity vacuum state. We then define the quadrature squeezing of the two-mode cavity light
by

(Ac )2 = (Ac_)?
(Ae )z

Now employing Egs. (161]) and (162)), one can put Eq. (163) in the form
2 (22505 () — (W)
= ‘ . 164
5 %N 12N (164)

On account of Eq. , Eq. (164]) takes the form

S = (163)

Y+Ye 1
Ta

Ve
5=t on e 4 9 (165)
We note that, unlike the mean photon number, the quadrature squeezing does not depend on the
number of atoms. This implies that the quadrature squeezing of the cavity light is independent of the
number of photons. The plots in Fig. 4 indicate that the quadrature squeezing is greater for v = 0
than that for v = 0.4 for 0.01 < r, < 0.35 and is smaller for v = 0 than that for v = 0.4 for 0.35 <
rq < 1. In addition, from the plots we see that the maximum quadrature squeezing is 37.5% both for
v = 0 and v = 0.4. This occurs when the three-level laser is operating at r, = 0.30 and r, = 0.40,
respectively. This result is less than the one obtained by Fesseha [10].

5 Conclusion

In this paper we have studied the statistical and squeezing properties of the light generated by three-level
atoms available in an open cavity and pumped to the top level by electron bombardment at constant
rate. Applying the large-time approximation scheme, we have obtained the steady-state solutions of the
equations of evolution for the expectation values of the atomic operators and the quantum Langevin
equations for the cavity mode operators.

Using the resulting steady-state solutions, we have calculated the mean photon number, the variance
of the photon number, and the quadrature variance for the two-mode cavity light. We have seen that
the light generated by the three-level laser is in a squeezed state and the squeezing occurs in the minus
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quadrature. It so turns out that the maximum quadrature squeezing of the two-mode cavity light is
37.5% for v = 0 and v = 0.4 below the vacuum-state level. Our result shows that the maximum
quadrature squeezing is less than the one obtained by Fesseha [10]. This is due to the vacuum reservoir
noise. In addition, we have shown that the presence of the spontaneous emission process leads to a
decrease in the mean and variance of the photon number.
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