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INTERACTION OF TWO-LEVEL ATOMS
WITH A SINGLE-MODE QUANTIZED RADIATION FIELD

We have studied the statistical and squeezing properties of the cavity light generated by a two-
level laser. This optical system contains N two-level atoms available in a cavity coupled to a
single-mode vacuum reservoir. They are pumped to the top level from the bottom 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 equation, we
obtained the global and local photon statistics of the single-mode light beam. We have found
that, for the two-level laser operating well above the threshold, the uncertainties in the plus
and minus quadratures are equal and satisfy the minimum uncertainty relation. In view of
this, we have identified the light generated by the laser operating well above threshold to be
coherent. On the other hand, the light generated by the laser operating at threshold is found
to be chaotic. From the obtained results, we have also observed that a large part of the local
mean photon number, the local photon number variance, and the local quadrature variance are

confined in a relatively narrow frequency interval.
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1. Introduction

The interactions of electromagnetic radiation with
matter are the pillar for this work. It is then imper-
ative to go through the fundamentals of the light-
matter interactions. Although the semiclassical ap-
proximation, where the field is assumed to be strong
and treated classically, while the atoms are consid-
ered quantum-mechanical objects, gives remarkably
good results in some systems, it is inadequate to pro-
vide information about the quantum-statistical prop-
erties of radiation. To this end, we start with a fully
quantum- mechanical description of the interaction of
single-mode electromagnetic radiation with an atom
having two-energy levels.

The simplest quantum-mechanical model dealing
with the atom-field interaction is the Jaynes—Cum-
mings model, which describes an isolated two-level
atom coupled to a single-mode quantized electro-
magnetic field resonant with the atomic transition
[1, 2]. The Jaynes—Cummings model has been stud-
ied extensively because of its relatively realistic de-
scription of the actual dipole coupling of an atom to
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a quantized radiation field [3]. Certain novel features
of the system dynamics, such as the collapse and re-
vival of the atomic coherence, were predicted. Some
of these interesting effects have been observed experi-
mentally. The interaction of a single-mode quantized
radiation field with N two-level atoms has been stud-
ied by many authors [3-5]. It has been shown that
the fully quantum-mechanical model produces an in-
complete set of linear evolution equations, the form
of which depends on the number of atoms, as well as
on the cavity light.

Fesseha [4] analyzed the quantum properties of the
light generated by a two-level laser in which the two-
level atoms available in a closed cavity are pumped
to the upper level by means of the electron bombard-
ment. He carry out his analysis by putting the noise
operators associated with a vacuum reservoir in the
normal order. The normal ordering of the noise oper-
ators leads to the normally ordered quadrature and
photon-number variance. According to his findings,
the light generated by a two-level laser operating well
above the threshold is coherent and the light gener-
ated by the same laser operating at the threshold is
chaotic. But the quantum theory of a dissipative sys-
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tem has been a fascinating subject for theoreticians
since the early day of quantum mechanics. The main
reason for this interest is, of course, that any theory of
quantum dissipation must necessarily be more com-
plex than a classical theory. A consistent quantum
theory of a damped system becomes possible, only
when the model involves the fluctuating forces exer-
ted on the system by the dissipation mechanism itself.

There are two general approaches to the sub-
ject. One deals with the dynamical equations for the
density operators for the system. Whereas the other
deals with the equation of motion for the dynami-
cal operators of the system. Although the former ap-
proach is by far more common in the literature, the
latter approach, however, offers the advantage that
the Heisenberg equation of motion for the operators
of the system has the same form as those for a classi-
cal damped system subject to the fluctuating forces,
the Langevin equations, and, therefore, provide an
easily visualizable picture of the damping process. It
is the approach we will subject to use here.

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 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-
ture squeezing. However, the vacuum reservoir noise
has no any effect on the mean photon number.

More recently, Mekonnen [7] (to be published very
soon) has also studied a three-level laser in which
three-level atoms available in an open cavity are
pumped from the bottom and the ground levels to the
top level by means of the electron bombardment. 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. In ad-
dition, he has established that 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 a certain condition, with a maximum quadra-
ture squeezing of 46% below the coherent state level.
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In this paper, we consider electrically pumped N
two-level atoms interacting with a single-mode quan-
tized electromagnetic field at the resonance.

2. Equations of Evolution

Light is both radiated and absorbed by atoms, and
the interaction between the quantized electromag-
netic field and an atom represents one of the most
fundamental problems in quantum optics. However,
real atoms are complicated systems, and even the sim-
plest real atom, the hydrogen atom, has a non-trivial
energy level structure. It is therefore often necessary
to approximate the behavior of a real atom by that
of a much simpler quantum system. For many pur-
poses, only two atomic energy levels play a significant
role in the interaction with the electromagnetic field,
so that it has become customary in many theoreti-
cal treatments to represent the atom by a quantum
system with only two energy eigenstates. This is the
most basic of all quantum systems, and it generally
simplifies the treatment substantially.

In a real atom, the selection rules limit the allowed
transitions between states, so that, in some cases, a
certain state may couple to only a single one. Mo-
reover, the optical pumping and electrical pumping
techniques have been developed, which allows such
preferred states to be prepared in the laboratory, and
they have been successfully used in experiments. The
two-level atom approximation is therefore close to the
truth and not merely a mathematical convenience in
some experimental situations |[8].

2.1. Single-Mode Cavity
Light Damped by Reservoir

We now turn to the formulation of the damping of
a single radiation mode in a cavity by the aggre-
gate of other modes in the reservoir. We now con-
centrate on the time development of the operators in
the Heisenberg representation that characterize the
dynamical system. The total Hamiltonian that de-
scribes the system-reservoir is given by [9]

IA{:FISJFI‘A[RJrf{SR. (1)

This Hamiltonian can also be equally rewritten as

H = hobTo+)  hwgalas+ny | [Mbaf+Apblar). (2)
k k
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Consistently with the general formalism, it is assumed
that the reservoir oscillators are in thermal equilib-
rium, and the system operators b and b’ commute
with all reservoir operators ay, dL. However, b and

I;T, as well as ay, and d%, satisfy the bosonic commu-
tation rules. The equations of motion of the operators
must satisfy the Heisenberg relation

b= ——[b, A). (3)
In view of (2), the above equation takes the form

b=—iwb—i3 Adn. (4)
k

Similarly,

&k = —iwk.dk - i)\kl;. (5)

To solve these equations for the time-development of
the system operators, we begin by integrating Eq. (5):

t
an(t) = g (tg)e— 1) _ / At Ape— =) (1),
to

(6)

One then may insert Eq. (6) into Eq. (4), with tg = 0,
to obtain the integro-differential equation

t
8+in+2|Ak|2/dt'e*imt*t')z}(t') —
k 0

= =iy Aar(0)e ™, (7)
k

At optical frequencies, the modes in a macroscopic
cavity are densely packed, i.e., the number of modes
per unit energy interval is very large. It is possible
then to treat the term containing the integral by con-
verting the sum over k into an integral in which the
discrete frequencies wy, are replaced by a continuous
frequency variable v [9]:

D7 et / dv N2 (v)e~ (1), (8)
k -0

The major contribution to the interaction between
the radiation mode and reservoir modes will arises
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from those modes whose frequencies are close to that
of the radiation mode. In this narrow frequency in-
terval, \2(v) remains essentially constant. Then

/du)\Q(V)e_“’(t_tl)z)\Q(u) / dve= (=t (9)

This equation can also be rewritten as the sharp peak
at t ~ t’ that allows us to extend the upper limit to
infinity. We may also set

t
Z |)\k\2/dt'efi“”“(tft/)l;(t') ~
k 0
¢

~ 21 \2(v) / dt'b ()6 (t — ). (10)
0

Analogously, we set

r / / / ]‘

[ st~ oy i’ = S f(a), (11)

0

Hence, expression (10) reduces to
t

St farccti -

k 0

= A2 (V)b(t) = gz;, (12)

where the cavity damping constant x is equal to
22 (V).
Equation (7) can be now simplified to

b+ iwb +

| =

b=—iy Mar(0)e ™ =F(t), (13)
k

and the Hermitian conjugate yields the corresponding
equation for the creation operator

bt — iwb' + géf =i nal () = Fi(r).  (14)
k

Since the reservoir operators are assumed to fluctu-
ate, F'(t) and F'f(t), which are solely dependent on the
reservoir operators ax(0) and &,TC(O), must also fluctu-
ate. The structure of these equations suggests there-
fore that they are of the Langevin type analogously
to the equation for Brownian motion, and that « is to
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be interpreted as a damping constant; () and F'f(¢)
are also called Langevin noise sources.

The oscillator modes have been assumed to be in
thermal equilibrium. Since

(nilaglng) =0,  (nglaf|ng) =0, (15)

where |ny) is an eigenstate of the oscillator number
operator Ny = dl&k, we get

(F(#) =0 and (ET(t)) = 0. (16)

On the other hand,
(afar) = (Ni)op and  (axaf) = (N + 1), (17)

Furthermore,

(FTOF()) =D PefPer = (Ny) =
k

= X)) [ et

=27 X2 () (n)o(t —t') = r{n)S(t —t'), (18)
where (n) is the average number of (reservoir) pho-
tons at the temperature T’ that are nearly resonant
with the radiation mode. In the same manner, it is
found that

(FOFN(E) = I (N + 1) =
k

~ )\2(1/)<n+ 1> / eiy(t*t/) _

=2rN2(W)(n+ 1)6(t —t') = k(n + 1)5(t —t').  (19)

Following the same line of reasoning, we can arrive at

(FOE()) = (F()F(t) = 0. (20)
Remark. When the single mode cavity light is damped
with the vacuum reservoir, we must substitute zero
in place of the mean photon number of the thermal
TeSETVOLT.

2.2. Interaction Hamiltonian

The Hamiltonian describing the interaction of one of
the two-level atoms with the single-mode cavity light
in the rotating frame of reference and involing the
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rotating wave and electric dipole approximations is
given by [10]

H = ig(65h — bie%), (21)
where
&l = |br){axl, (22)

is the atomic lowering operator, b is the photonic an-
nihilation operator, and g is the coupling constant
between the atom and the light. We assume that the
radiation inside the cavity is coupled with the vacuum
reservoir outside the cavity via single-port mirror. In
addition, we carry out our calculation by putting the
noise operators associated with the vacuum reser-
voir in arbitrary order. Thus, the noise operator will
have some effect on the dynamics of the cavity mode
operators.

2.3. Quantum Langevin Equations

We recall that the laser cavity is coupled to a single-
mode vacuum reservoir via a single-port mirror. We
can therefore write the quantum Langevin equation
for the operator b as
db K+

b

dt 2 (23)

where « is the cavity damping constant. Then, with
the aid of Eq. (21), we easily find

(24)

This is the quantum Langevin equation for the cavity
mode operator b. We use of the Heisenberg equation
of motion given by

d o

SUA) = ~ilA, 7)), (25)

D68y = ottt i), (26)

L0k) = 961D+ %), (27)

L 0ik) = ~ol(61b + blak)), (28)

where

i = |ax) (axl, (29)

Ay = [bx) (bl (30)
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We see that Eqgs. (26), (27), and (28), are incom-
plete linear coupled differential equations whose time-
dependent solutions are not known explicitly. Thus,
to circumvent such a challenge, we apply the adia-
batic elimination scheme [11]. To this end, expression
(24) in this elimination scheme can be rewritten as

. 296k 2F
b(t) = — 222 (1) + = ().

By substituting (31) back into (26), (27), and (28),
we get

(31)

46k = ~22408) + 21 F @) — EP@), (32)
CE) = —etil) + 22K E ) + EEN )], (39
Gty = el — 22K @) + GEEL)). (30

Following the same procedure presented in [6], we ob-
tain

Lok =20, (3)
D 0aky = —etal), (36)
& taky = el (37)
where

Ve = %. (38)

We prefer to call the parameter defined by Eq. (38)
the stimulated emission decay constant [12]. Based
on the definition of this decay constant, we infer that
the atom in the upper level and inside a closed cavity
emits a photon due to its interaction with the cav-
ity light. We certainly identify this process to be a
stimulated photon emission.

Now, we are in a position to include the contribu-
tion of all the N atoms to the dynamics of the system
of interest. We have

d, . Ye .
%<ma> = _5< a)s (39)
d - A
£<Na> = _’Yc<Na>7 (40)
%<Nb> = ’YC<N(I>7 (41)

where the operators N, and N, represent the number
of atoms on the upper and lower levels. Furthermore,
employing the completeness relation

iy iy =1, (42)
we easily arrive at
<Na> + <Nb> = N. (43)

In addition, using the definition given by Eq. (22), we
get, for any k,

(Mfria) = N(Ny) (44)
and
(o) = N(N). (45)

When the cavity light interacts with all N two-level
atoms available in the cavity, the quantum Langevin
equation is expressible as [13]
db k- -
i f§b+ % ng + F(t).
The two-level atoms available in the cavity are
pumped from the lower level to the upper level by
means of the electron bombardment. The pumping
process must certainly affect the equation of evolu-
tion of the atomic operators [7]. Hence, we will con-
sider the effect of the pumping process on the equa-
tion of evolution of the operators (N,) and (N). To
this end, we present Eqs. (40) and (41) in the form

(46)

= —"/C<Na> +7‘a<Nb>7 (47)

(48)

where r, is the rate at which a single atom is pumped
to the upper level. Now, on the basis of expression
(43), we can rewrite the above expressions as

SN =~ + 1) (V) + 7N,

d ,
7 (V) = = +7a) (Ny) + 7.
The steady-state solutions of these equations finally

take the form

(49)

(50)

- reN

N,) = 51
(Vo) = e G51)
and

; FYCN

(Np) = P (52)
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3. Photon Statistics

The statistical properties of a light beam is described
in terms of the mean photon number and the vari-
ance of the photon number. Here, we wish to calculate
the mean photon number and the variance of photon
number of the light generated by a two-level laser em-
ploying the steady-state solutions of the equations of
evolution of the expectation values of the atomic op-
erators and the quantum Langevin equation for the
cavity mode operator.

3.1. Global Mean Photon Number

The photon number of the cavity light at any time is
given by b'b and the mean of the photon number is
represented by (b7b). Here, we need to determine the
global mean photon number of the cavity light. The
equation of evolution of the mean photon number of
the cavity light is as follows:

d ope db . db

Making use of Eq. (46) and its adjoint, we have

d i g
2E<Nb>:-—k@Wﬁ%——;GRn@b>+<bUnJ]+

+ (FT(0)b(1)) + (B (8) F(2)). (54)

Now, we are interested to evaluate the above expres-
sions one by one. Using the fact that the vacuum
reservoir noise operator associated with the cavity
mode operator at a certain time does not affect the
atomic or the cavity mode operator at earlier times
along with <FT (t)ﬁ(t’)> = 0, one can arrive at

(FH()b(t)) = (55)
and 5
(L (OB(8) = =~ (md (t)rina (1)) (56)

Substituting (55), (56), and their complex conjugates
in expression (54), we get

o A 2
%@%) = —r(b'b) + égﬁ(mifna) (57)

K

With regard for Eqgs. (38) and (44), the above equa-
tion finally takes the following form for a steady-state:
(818 = L4, (58)
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Fig. 1. Mean photon number [Eq. (59)] versus rq for v, = 0.4,
k =10.8, and N =50

Now, with the aid of (51), the mean photon number
of light mode b is found to be

- N
bioy = Jo (Ler ).
< > k (70 + Ta)

For the single-mode radiation operating well above
threshold 7. < 74, Eq. (59) is reduced to

(59)

by = L N.

3 (60)

For the same radiation field operating at the thresh-
old 7. = r4, Eq. (59) can be rewritten as

(bh) = 2N

EAL (61)

3.2. Local Mean Photon Number

In this subsection, we are going to study the local
mean photon number of the cavity light represented
by light mode b. In order to determine the mean pho-
ton number of the cavity light in the given frequency
interval, we must first consider the power spectrum
of the cavity light. The power spectrum of the cavity
light with central frequency wy is expressible as [14]

P@):%Re/dfaw*wﬁ@uwwt+7»“. (62)
0

Integrating both sides of Eq. (62) over w, we readily
get



M. Molla Gessesse

0.8

0.2

| J
00 1 2 3 4 5

A

Fig. 2. Plot of the characteristic function z(\) [Eq. (70)] ver-
sus A for 7. = 0.4, and kK = 0.8

in which 7 is the steady-state mean photon number
of light mode b [12]. From this result, we observe that
P(w)dw is the steady-state mean photon number of
light mode b in the frequency interval between w and
w+ dw [12].

The two-time correlation function that appears in
expression (62) is found at a steady-state to be

O+ ))ew = | e e

Now on substituting Eq. (64) into (62), the power
spectrum of light mode b takes the form

L) = 7 Ye/2m B
P(w) K— e [(W_WO)2+§
_en K/2T
2 o) o)

We recall that the mean photon number of light
mode b in the interval between w’ = —\ and w’ = \

Values of the z(\) and the corresponding
local mean photon number

A z(X) g+
0.5 0.788 0.788n
1.0 0.946 0.9467n
2.0 0.991 0.991n
3.0 0.997 0.997n
4.0 0.999 0.999n

576

is expressible as [12]
A
Ny = /P(w/)dw',

-

(66)

where w’ = w — wy. Therefore, substituting (65) into
(66), carrying out the integration, and making use of

the relation
(A
a )

A
/L _24an
24+a2  a &
n~! (/\> — 72%/7T tan™! (Aﬂ
c K*’)/c K

(68)

(67)

we arrive at

_ [ 2k/m

Ny =n |——ta
K —"%c

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

Ny = nz(A), (69)
where the function z()\) is given by
z(A) = 2[ " tan! (A> -
T LR = Ve
~Je tan=t <)\>} (70)
K=Y K

We see from Eq. (69) along with the plot of z(A) that
N4y increases with A until it reaches the maximum
value given by Eq. (59). From the plot of Fig. 2, some
of the values of z(\) and the corresponding local mean
photon number n4) are shown below.

3.3. Global Photon-Number Variance

Now, we will study the photon-number variance of
light mode b in the entire frequency interval. The
photon-number variance of light mode b at any sup-
pressed time t is given by
An® = ((b1h)%) — (b1H)*. (71)
Applying the fact that b is a Gaussian variable, we
get [14]

An? = (BBY(BDT) + (B2)(52). (72)

The equation of evolution for the operator (b?) can
be expressed as

d - .
£<b2(t)> = —r(b?(t)).
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Finally, the steady-state solution of the above equa-
tion is

(1) =o0. (74)

Next, the equation of evolution for (b(¢)b(¢)) takes
the form

%(Biﬂ) = —r(bb') + 1 + %mam;). (75)

With the help of the relation indicated in (45), we
find the steady-state solution of this equation to be

(Bb1)ss = (N + 1. (76)

Finally, in view of Eq. (58) along with (74) and
(76), the photon-number variance of light mode b in
the steady state turns out to be

An? = %(N@ {%(z\m + 1]. (77)

At the threshold r, = 7., this can be rewritten as

An? =a? +n. (78)
From (61) and (78), we conclude that the photon
statistics of light mode b is supper-Poissonian. We
also note that light mode b is in a chaotic state. It
can also be verified that, well above the threshold,
light mode b is in a coherent state. In view of (51)
and (52), the photon-number variance of light mode
b has, in the steady state, the form

c N 12 [ raveN?
a2 2 [ 1N ] e [N
Ta + Ve K (Ta + 70)2

79
: (79)
The plot in Fig. 3 indicates that fluctuations are in-
creasing up to r, = 0.4 with the maximum value
about 169 and then decreasing, accordingly.

3.4. Local Photon-Number Variance

In this subsection, we wish to calculate the photon-
number variance for light mode b in a given frequency
interval. To determine the photon-number variance
for light mode b, we consider the spectrum of photon-
number fluctuations for light mode b. The spectrum
of photon-number fluctuations for light mode b with
the central frequency wy is expressible as [4]

S(w) = = [dretm e+ D), (60
0
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Fig. 3. Plot of the photon number variance [Eq. (79)] versus
rq for 7. = 0.4, Kk = 0.8, and N = 50

where

a(t) = bt (H)b(t) (81)
and

At +7) = b (t + 7)b(t + 7). (82)

Integrating both sides of Eq. (80) over w, we easily
find

oo

/ S(w)dw = An?,

— 00

(83)

where An? is the photon-number variance of light
mode b in the steady state. We can then assert that
S(w)dw is the photon-number variance for light mode
b in the interval between w and w + dw in the steady
state [12].

With regard for Eqs. (81) and (82), two-time cor-
relation function is found to be

(), n(t+ 7)) = (BT (£)b(t + 7)) (b(t)bT (¢ + 7)) +

+ {b()b(t + 7)) (BT ()bT (¢ + 7)), (84)
where
(BB (t+7)) = (b()bT (1)) x
K -7 Ve e—%m— _
8 |:H — Ve ‘ K —"7c :|
R [B_TT - 6_57]’ (85)
(O()b(t + 7)) = (b(t)b(t)) x
k —degT _ Ye e_%m—
. |:K_70 K=" :|7 (86)
577
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(BT (B! (¢ + 7)) = (BT (1) (1)) x

~ |: K 67“’707' e eél{T:|.
K=" K="

(87)

Substituting Eqs. (64), (85), (86), and (87) into
(84), we get, in the steady state,

(0, A+ 7)), = [ + () ()]

(
(=) o
(et
K="

K= 7@)2
2,= T

x[ke — (K2 + Fye)e 2H7)T ey e ). (88)

oebvo)r

+

Therefore, in view of this expression, the spectrum
of photon-number fluctuations takes the form

- (2]

o0
_ ek / dre~ B (rHre)—i(w—wo)lr |
™

2 o0
iRe/dTe*[%fi(wfwo)]T _

(oo}
2
+ % Re / dre—lRitw—wo)lr | _
o
0
__ ™ 15 Re [ dre-e—itw—wo)r _
(H - 70)2 ™
0
2
<’f+m> Re / dre— 3t —ilw-wo)lr
™

0

erRe/dTe[”i(‘”‘”O)]T].
T

0

Performing the integration, we get

(s e

267 i
(k= e)? {(’”%) +(w—w0)2}+

s Hed -
nl{ﬁ_%} {% + <w - wo>2} :

578

S(w) = An?

e e

Al +7e) e
(K —7.)2 (%)2+(w—w0)2 .

We recall that the local photon-number variance of
the single-mode cavity light in the interval between
w' = —X and w’ = X is expressible as [15]

(90)

A
An?, = /S(w')dw/ (91)
A

in which w’ = w—wy.; Therefore, substituting Eq. (90)
into (91) and carrying out the integration, we arrive
at

2 PN A
An%, = An?| = tan™! () —
A " |fT (H_’YC> o Ve
1( 2 >
an +
K=+ Ye

2 k(K +7ve)
SRR T ey
T (K —)?

an .
K+ Ye

From the plot in Fig. 4, we notice that the lo-
cal photon-number variance approaches the global
photon-number variance, as A increases.

(92)

4. Quadrature Variance

Here, we study the quadrature variance of the cav-
ity light produced by electrically bombarded two-
level atoms in a closed cavity and coupled to a vac-
uum reservoir via a single-port mirror. Applying the
steady-state solutions of the equations of evolution of
the expectation values of the atomic operators and
the quantum Langevin equation for the cavity mode
operator, we obtain the global and local quadrature
variances of the single-mode cavity light.

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 7



Interaction of Two-Level Atoms

4.1. Global Quadrature Variance

We now calculate the global quadrature variances of
light mode b, produced by the system under consid-
eration. The squeezing properties of light mode b is
described by two quadrature operators [6]

by =b' +b (93)
and
b =i(bt —b) (94)

These operators are Hermitian and satisfy the com-
mutation relation

b, by =2i [%(Na - Ny) — 1]. (95)
K

The operators 13+ and b_ represent physical quanti-

ties called the plus and minus quadratures, respec-

tively. The uncertainty relation for the quadrature

operators can be expressed as [16]

AbyAb_ >

22 (W) = (M) — 1),

(96)

so that, in view of Egs. (51) and (52), we find the
uncertainty relation for the quadrature operators of
cavity light mode b in the steady-state:

e (fa =)y
K \Tq + ¢

Moreover, we consider the case where the rate at
which the bombarded atoms transit from the bottom
level to the top one is much less than the stimulated

emission decay constant. Hence, for r, < 7., Eq. (97)
reduces to

AbyAb_ >

(97)

Ab,Ab_ > N+ 1. (98)
K
Next, we proceed to calculate the quadrature vari-
ance of light mode b. The variance of the quadrature
operators is expressible as

AbY = (b3) — (be)®. (99)

The explicit form of the quadrature variance of the
plus and minus quadratures can be expressed as
AR = (2) — (b)? (100)
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Fig. 4. Plot of (An)iA versus A for v = 0.4, Kk = 0.8, rq = 2,
and N =50

(AD_)? = (b2) — (b_)2. (101)
With the aid of Egs. (93) and (94), the above expres-
sions take the form

AB2 = (bbT) + (bTh) + (b)) + (b1?)

F (O F (1) =20 (b). (102)
Since b is a Gaussian variable with zero mean, we
readily get

AB2 = (bb") + (bTh) + (b?) + (b?). (103)
In view of Eqs. (58), (74), and (76), the quadrature
variance of light mode b takes, in the steady-state,
the form

ARz = e [(Na) + <Nb>} +1.

- (104)

Thus, the substitution of Egs. (51) and (58) into
Eq. (104) results in
AR = AR =N 41, (105)
K

At the threshold, the above expression is just equal
to

ADL = AV =27+ 1. (106)
This represents the quadrature variance of cavity
light mode b. This indicates that light mode b is in
a chaotic state. In view of (98) and (105), we see that
the uncertainties in the plus and minus quadratures

are equal to each other and satisfy the minimum un-
certainty relation.
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4.2. Local Quadrature Variance

We finally seek to obtain the quadrature variance of
the cavity light in a given frequency interval. To this
end, we firstly determine the spectrum of quadrature
fluctuations of the single-mode cavity light. We define
this spectrum with central frequency wq by [4]

(oo}

Si(w) = %Re /@i (t),ba (t + 7)) 55’ @707 dr. (107)
0

Integrating both sides of Eq. (107) over w, we get

/ S (w)dw = AR, (108)
where
AbY = <l;:i: (t), I;:I:(t»ss (109)

is the quadrature variance of the light mode in the
steady state. On the basis of the result given by (109),
we assert that Sy(w)dw is the quadrature variance
of the light mode in the steady state in the interval
between w and w + dw.

Now, the two-time correlation function involved in
(107) is found to be

(b (1), ba(t+17)) =

K=" K="
R _Jdc K
— [e 2T —¢ 2T}N (110)
K="
120
100" S — o
80|
Ncﬁ 60 |
< ’/
40}/
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o .
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Fig. 5. Plot of the local quadrature variance of the two-mode
cavity light versus A [Eq. (113)] for k = 0.8, N = 50, and
Ye = 0.4
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Substituting this equation into (107) and carrying out
the integration, the spectrum of quadrature fluctua-
tions for the single-mode cavity light is as follows:

Si(w) = AbL

e (e

K XC% {(w - wo2i + (5)2}] -
e

T {<w i <;>2H'

We realize that the quadrature variance in the fre-
quency interval between w’ = —\ and W’ = X is ex-
pressible as

NE]

(111)

A

AV, = /Si(w’)dw/,
oY

(112)

in which w’ = w —wp. Now, taking (111) into account
and carrying out the integration, we easily obtain

2K 1 (2)\>
————tan iy
(K = e) Ve
e g (»)] .
(K —7e) K

(113)

AbL, = AbL

From Fig. 5, we can clearly observe that the local
quadrature variance approaches the global quadra-
ture variance, as the frequency difference increases.

5. Conclusion

We have studied the statistical and squeezing prop-
erties of the cavity light generated by a two-level
laser. In this optical system, N two-level atoms avail-
able in a cavity coupled to a single-mode vacuum
reservoir are pumped to the top level from the bot-
tom one by means of the electron bombardment. Al-
though we consider the case where the cavity light
is interacting with the single-mode vacuum reservoir,
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we omit the case where the atoms inside the cavity are
interacting with the single-mode vacuum reservoir.

Employing the interaction Hamiltonian, we have
obtained the quantum Langevin equation for the cav-
ity mode operator and the equation of evolution for
the atomic operators. Based on the definition of the
stimulated emission decay constant, we infer that an
atom at the upper level and inside a closed cavity
emits a photon due to its interaction with the cav-
ity light. We certainly identify this process to be the
stimulated emission.

Applying the steady-state solutions of the equa-
tions of evolution of the expectation values of the
atomic operators and the quantum Langevin equa-
tion, we obtained the global and local photon statis-
tics of the single-mode light beam. We have found
that, for the two-level laser operating well above
threshold, the uncertainties in the plus and minus
quadratures are the same and satisfy the minimum
uncertainty relation. In view of this, we have identi-
fied the light generated by the laser operating well
above the threshold to be coherent. On the other
hand, the light generated by the laser operating at
the threshold is found to be chaotic. From the results
we have obtained, we have also observed that a large
part of the local mean photon number, as well as the
local photon number variance along with the local
quadrature variance, are confined in a relatively very
small frequency interval.
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M. Moana I'eccecce

B3A€EMO/IA IBOPIBHEBUX
ATOMIB 3 OJHOMOAJOBUM KBAHTOBAHNM
ITOJIEM BHUITPOMIHIOBAHHZ{I

JloCTiIzKyIOThCSI CTATUCTUYHI BJIACTUBOCTI i CTHCIUBICTH CBi-
TJIa B IIOPOXKHUHI, BUIIPOMIHEHOI'O IBOPiBHEBUM Jia3epoM. Lls
OITHYHA cuCTeMa MicTUTh [N JBOPIBHEBUX ATOMIB y IOPOXKHHU-
Hi, 3’eHaHIN 13 OAHOMOIOBUM BakKyyMHHM pe3epByapom. Ile-
pexisi aToMiB 3 HMKHBOT'O Ha BEPXHIiil piBeHb 31ACHIOETHCS TIi/T,
niero GoMbap/lyBaHHsI €JIEKTPOHAMU. BUKOPUCTOBYIOYH CTaIlio-
HapHi PO3B’I3KM PIBHSHDb €BOJIIOLI] JJIsl CEPEIHIX 3HAYEHDb OIle-
paTopiB i KBaHTOBe piBHsIHHA JlaHXKeBeHa, MU 3HAXOIUMO JIO-
KaJIbHY 1 IVI00aJIbHY CTATUCTHUKY OJIHOMOIOBOI'O CBITJIOBOIO IIy-
4gka. [lokasaHo, 110 JUIst IBOPIBHEBOrO Jia3epa, SKHUH IIPAIfO€
B PEXKHMMi 3HAYHO BHUIIE [IOPOra, HEBU3HAYUEHOCTI JOMATHUX i
BiJI’€MHUX KBaJpaTyp PiBHIi i 33/I0BOJILHSIOTH MiHIMyMy CIiB-
BigHOIIEHHS HeBu3Ha4veHocTi. ToMy cBiTsIO Bif s1a3epa, 1o mpa-
IIO€ BUIIE MTOPOra, BBAXKAETHCA KOTEPEHTHUM. AJie AKIIO J1a3ep
paIgoe GJIU3BKO JO IOPOra, CBITJIO € XAOTUYHUM. 3 OTPUMAaHUX
Pe3y/IbTaTiB MU TAKOXK 0aYUMO, IO BEJIMKA YACTUHA CEPEIHBOT
JIOKAJIbHOT KiJIbKOCTi (DOTOHIB, JuUCIIepCis 1X Yucia i aucnepcis
JIOKaJIbHOI KBaJpaTypu OOMEeXKeHI BiJIHOCHO BY3bKUM iHTEpBa-
JIOM 9aCTOT.

Katrwwoei caoesa: cepente 1aucio GpOTOHIB, AuUCIEPCist KBa-
JpaTypH, BAaKyyMHUIl pe3epByap, IILyM.
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