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TWO-LEVEL ATOM WITH SQUEEZED LIGHT
FROM OPTICAL PARAMETRIC OSCILLATORS

The dynamics of a coherently driven two-level atom with parametric amplifier and coupled
to a vacuum reservoir is analyzed. The combination of the master equation and the quantum
Langevin equation is presented to study the quantum properties of light. By using these equa-
tions, we have determined the time evolution of the expectation values of the cavity mode and
atomic operators. Moreover, with the aid of these results, the correlation properties of noise
operators, and the large-time approximation scheme, we calculate the mean photon number,
power spectrum, second-order correlation function, and quadrature variances for the cavity-
mode light and fluorescence. It is found that the half-width of the power spectrum for the
fluorescent light in the presence of a parametric amplifier increases, while it decreases for the
cavity-mode light. Moreover, we have found the probability for the atom to be in the upper level

in the presence of a parametric amplifier.

Keywords: power spectrum, quadrature squeezing, second-order correlations.

1. Introduction

The interaction of radiation with atoms is one of
the central problems in quantum optics. This kind
of interaction is involved in various physical pro-
cesses of interest such as resonance fluorescence and
laser dynamics. In addition, the interaction of two-
level atoms with squeezed light has been extensively
studied, as it exhibits interesting nonclassical fea-
tures. Moreover, the effect of the squeezed light on
the properties of the fluorescent light emitted by the
two-level atom has attracted a great deal of interest
[1-11]. In this respect, a two-level atom embedded in
a broadband squeezed vacuum has studied by Gar-
diner [1], and it was found that the atomic polar-
ization quadratures are phase-dependent. Moreover,
in the case where the atom is immersed in a broad-
band squeezed vacuum and driven by coherent light,
the fluorescence spectrum was studied by Carmichael
et al. [2].

The properties of the fluorescent light emitted by
a two-level atom in a cavity driven by coherent light
and coupled to a squeezed vacuum have been stud-
ied by several authors [3—-12]. Some of these studies
have shown that the width of the incoherent spec-

© T. ABEBE, N. GEMECHU, 2018

600

trum of the fluorescent light has been modified by
the squeezed light. Furthermore, the composite sys-
tem consisting of a two-level atom and a parametric
amplifier has been considered by various authors. In
addition, Jin and Xiao [13]| showed that the presence
of two-level atoms increases considerably the degree
of squeezing of the light produced by a paramet-
ric oscillator. Moreover, Eyob [14] studied a coher-
ently driven two-level atom inside a parametric oscil-
lator operating below the threshold. He found that
the presence of a parametric amplifier leads to an
increase in the width of the power spectrum of the
fluorescent light in the weak and strong driving light
limits, and the effect of the presence of a parametric
amplifier on the second-order correlation function is
to enhance its decay rate.

In this paper, we will consider a degenerate para-
metric oscillator, whose cavity contains a two-level
atom coupled with a vacuum reservoir.

In an optical parametric amplifier, the high fre-
quency is called the pump, the lower frequency of pri-
mary interest is called the signal, and the remaining
frequency is called the idler [15]. The interaction of
the signal light, produced by a parametric amplifier,
with the two-level atom leads to a generation of the
fluorescent light. Thus, the cavity mode in this case
consists of the signal light and the fluorescent light
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emitted by the two-level atom. Conversely, an optical
parametric oscillator operating below the threshold is
a typical source of the squeezed light. It is then quite
interesting to study the effect of the squeezed light
from a parametric oscillator on the quantum proper-
ties of the fluorescent light emitted by the two-level
atom. We derive the equations of evolution for the
expectation values of atomic and cavity mode oper-
ators, by using the master and quantum Langevin
equations in the bad-cavity limit. Applying the re-
sulting equations, we calculate the power spectrum
and the second-order correlation function of the flu-
orescent light. Moreover, we determine the the mean
photon number and the quadrature variance for cav-
ity and fluorescence lights.

2. Equations of Evolution of Cavity
Mode and Atomic Expectation Values

A single two-level atom inside a degenerate paramet-
ric oscillator coupled to a vacuum reservoir is consid-
ered (see Fig. 1). As is clearly indicated, the upper
and lower levels of the atom are represented by |a)
and |b). The cavity mode and the atomic transition
are assumed to be at resonance. In a degenerate para-
metric oscillator, a pump photon of frequency 2w is
down converted into a pair of highly correlated signal
photons each of frequency w [16]. It turns out that
the signal light is in a squeezed state. With the pump
mode treated classically, the parametric interaction
and the interaction of the two-level atom with the
cavity mode can be described by the Hamiltonian

A GE . A . At

H= §<GT2 —a%) +igl6ra—ate_], (1)
in which €, assumed to be real and constant, is pro-
portional to the amplitude of the pump mode that
drives the NLC (nonlinear cavity), @ and a' are, re-
spectively, the creation and annihilation operators for
the cavity mode, g is the atom-cavity mode cou-
pling constant, and 64 = |a)(b| and 6_ = |b)(q]
are atomic operators satisfying the commutation re-
lations [6i,6¢] = +4,, [&i75'z] = F26+4, [&z;&i] =
= 4261 with 6, = |a){a| — |b){b].

In studying the nonclassical features and the quan-
tum properties of the generated radiation, it is es-
sential to derive various correlations from the mas-
ter equation. For the system under consideration, the
master equation is obtained by substituting Eq. (1)
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Fig. 1. Scheme of a single two-level atom inside a parametric

oscillator coupled with a vacuum reservoir (a). Degenerate

parametric oscillator (b)

into the relation [16]

d . T 5 Rroasat — atas — sata

() = [H,pl + 5 [2apa’ —alap— pa'a]. (2)

We get

d 5.8 — po.a —ate b4 pats

2P = glorap—pora—alé_p+pals-]+
Erat2a  an A2 A | An

+5la"p— pa? —a%p+ pa®) +

+ g [2apat — atap — pata) (3)

where k is a cavity damping constant. It is possible to
obtain the equation of evolution for the cavity mode
and atomic operators. To this end, applying Eq. (3)
and the fact that

d A dp A

410 =1r (%0), 0
we can readily obtain

96y = —glo-a) 5)
dt o—) = g 0z )
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@62y = 29((@5-) + (004, (6)
%@ — (@) + (") - g(6-), (7)
96 = —(a®) + 2e(ata)e + - _741/2’%2
N %@ b, (8)
%@Ta) = —n(ala) - — Z;Z/KQ (646_)+
(@) + (1) - 2S5, )

where 7. = 4¢%/k is the stimulated emission decay
constant. On the basis of Eq. (7), we can write
da K .
— =——a+eal —go_ +F,

dt 2 (10)

where F' is a noise operator associated with a vacuum
reservoir and having the following correlation proper-
ties:

(F(t)) =0, (11)
(FI(t)F(t)) =0, (12)
(FOFT()) = kot — '), (13)
(FI(OFT() = (F(L)F(t')) =0 (14)

Equations (11)—(14) represent the mean and correla-
tion properties of the noise operator.

It can be noted that Egs. (5)—(9) are nonlinear cou-
pled differential equations. Therefore, it is impossible
to obtain exact solutions. Then one can obtain the
approximate solutions of these equations in the bad-
cavity limit. In this limit, the cavity damping con-
stant is much greater than the cavity atomic decay
rate (k > 7.), and the cavity mode variables decay
faster than the atomic variables. It is possible to set
the time derivatives of the cavity mode variables equal
to zero, while keeping the zero-order atomic and cav-
ity mode variables at time ¢. In view of this, Eq. (10)
yields

) = o () - o)+
1_41{:2/# gﬁ(t) +5FT] (15)
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By substituting this result into (5) and (6) and taking
the expectation value of the resulting equations, one
can easily establish that

d € e . 4g/kK?

a(z,(f)) = —5(6-(0) + Fm(t» By

x [5(F(0)6.(0) + (- () (1) (16)

%@(t» = —26(6+(t)5- (1)) + % x
g(<FT(t)&_ (t)) + (G4 () F (1)) +

Fe((F)6— (1) + (a4 () ET ), (17)

where Ye

ST Iaee "

Equation (16) has a well-behaved solution provided
that & > 0, if e/k < 1/2. Then it is easily seen that
the threshold condition for the parametric oscillator
is ¢/k = 1/2. The correlation properties between a
noise operator and an atomic operator that appear in
Egs. (16) and (17) are found to be

(B()6_ (1) = (64 (VT (1)) = —295/00:0))

1—4e?2/k2 7’ (19)
~(OF (1) = (F(t)61(1) =

=

) dg/n 1—4e2 /K%’
G OF0) = 1575 50+ O)+ o)) 2)
FH(0)a_() = 3+ () F (1) = 0, 2

(
(
(
(6-(t)F(t)) = 0.

Using the relation (616_) = ({(6,)+1)/2 and in view

of the fact that (6_)* = (64) and (6,)* = (6,), it
can be verified that

Lo 1) = —5l6- () + (64 (1), (24)
L o) = —5 (64 0)+ = (6-(1), (25)
d, . R

S6.0) = ~T(G.(0) ~ €, (26)
in which

I — Ye(1 + 452/“52) (27)

(1 —4e2/K?)?

is the cavity atomic decay rate, and 7. = 492 /k is the
stimulated emission decay constant in the absence of
a nonlinear crystal, ¢ = 0. Moreover, the presence of
a nonlinear crystal enhances the cavity atomic decay
rate from . to I
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3. Power Spectrum

In this section, the analysis of the power spectrum
of the fluorescent light and the cavity light are
presented.

3.1. The power spectrum
of the fluorescent light

The power spectrum of the fluorescent light can be
expressed in terms of the atomic operators as

[e’s)
— Re/elw‘r
0

To obtain the value (64 (¢t)6_ (¢t + 7))ss expressed in
Eq. (28), it is necessary to introduce the new variables

G (t+7))ssdT. (28)

i = (G4 (1) £ (- (8). (29)
One can easily show that

d —-A (30)
dtr}/i - +7+

where Ay =T(3+

can be written as

£). The formal solution of Eq. (30)

vt +7) = Wi(t)e_AiT. (31)
It then follows that
Vo (E47)+74 (E47) = 74 (e M T+ (H)e 7. (32)

In view of Eq. (29), one can write Eq. (32) as

(o-(®) + (o ON[e™™ 7 +e7*-7].
(33)

©
(o (t47) = 5

Applying the quantum regression theorem to

Eq. (33), one obtains

(E)]e™™T +e T,
(34)

(o4 (B0 (1 +7) = 5o+ (B0

The two-time correlation function takes, at a steady
state, the form

(04 (Dot T)os = ST e T] (39)
in which
<0+ (t)(f, (t)>ss = (F - 5)/21_‘ (36)
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Fig. 2. Plots of the power spectrum of the fluorescent light
versus w/k for different values of ¢/k

Substituting Eq. (35) into (28) and performing the in-
tegration, the power spectrum of the fluorescent light
turns out to be

)\+/27T
)\3_ + w?

A_ /2w
A2 w2

S(w) = (37)

It is clearly indicated by Eq. (37) that the half-
widths of the two Lorentzians are Ay and A_. Thus,
Fig. 2 shows that the power spectrum of the fluores-
cent light has a single peak centered at w = 0. The
power spectrum in the absence and presence of a
parametric amplifier can be observed in Fig. 2. This
figure shows that the presence of a parametric am-
plifier leads to an increase in the width of the spec-
trum. For instance, in the absence of a parametric
amplifier, the half-width is found to be 0.005, and
it increases from 0.008 to 0.028, when &/k increases
from 0.20 to 0.40.

3.2. Power spectrum of the cavity mode

The power spectrum of the cavity mode can be ex-

pressed as
o0

*Re/ele

0

a(t + 7)) ssdT. (38)

Following a similar procedure that described for the
power spectrum of the fluorescent light, the steady-
state expectation value of the two-time correlation
function that appears in Eq. (38) is found to be

(@1 ()it + 7))es = 7 [

e V-7 + 6u+‘r:|

(39)
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Fig. 3. Plots of the power spectrum of the cavity light versus
w/k for different values of €/k

where vy = Ii(% + £). After performing the integra-

tion, it is possible to get

Plw) = { vy /2w v_/2m n (k/2e)(v-/2m)
vi+w? v +w? K202 + w?
(r/2¢)(vy /2m)
e } (10)

Since the expression for the spectrum does not con-
tain 7., the presence of a two-level atom does not af-
fect the width of this spectrum. In Fig. 3, the power
spectrum is shown in the absence and presence of a
parametric amplifier. In this figure, the plots present
the power spectrum of the cavity mode versus w/k for
different values of £/k. It is found that the presence
of a parametric amplifier decreases the width of the
power spectrum, as £/k increases. Moreover, compar-
ing the results shown in Figs. 2 and 3 indicates that
the half-width of the power spectrum of the fluores-
cent light in the presence of a parametric amplifier
increases, while it decreses for the cavity light.

4. Normalized Second-Order
Correlation Function of the Fluorescent Light

In this section, the effect of a parametric amplifier on
the intensity-intensity correlation function of the flu-
orescent light is determined. The normalized second-
order correlation function can be expressed in terms
of the atomic operators as

(0+(t)9+(t +7)6-(t +7)5-(2))

@ (r) =
7 EROERO) =
We recall that

(Gr(t+7)o_(t+ 7)) = ({(6.(t+ 7)) +1)/2. (42)
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Taking the formal solution of this expression and per-
forming the integration, one can readily show that

e €

(0=(t)) = (6:(0))e (1= e (43)

Hence, making use of Eq. (43), it is possible to express
(Or(t+m)o-(t+7)) = (64()a-()e "' —
(44)

Applying the quantum
Eq. (44), one can write

regression theorem to

(044t +7)o-(t+T)0-(1) =

_I'=¢
Toor

(G4()5- () (1 —eM). (45)
In view of this result and Eq. (36), the second-order
correlation function takes, in a steady state, the form
g (r)=1-e1". (46)

It is of interest to analyze the second-order corre-
lation function in the presence and absence of a para-
metric amplifier, as it exhibits different features in
each case. One can observe from the above equation
that ¢ (0) = 0 and, for 7 > 0, ¢®®(7) > 0. The-
refore, for 7 > 0, the second-order correlation func-
tion g (1) > ¢ (0). This shows that the fluores-
cent light exhibits the phenomenon of photon anti-
bunching. This is due to the fact that a two-level
atom cannot emit two or more photons simultane-
ously. After each emission, the atom returns to the
lower level and must absorb a photon before another
emission can take place. Moreover, the photons have
a tendency to arrive at a detector separately rather
than in pair. It can also be seen from Fig. 4 that, for
relatively small values of 7, the second-order corre-
lation function is less than unity, which reflects the
nonclassical feature of antibunching. One can also ob-
serve that, as £/k increases, g(?) (1) approaches unity
at a faster rate. It is also interesting to consider the
dynamics of the two-level atom. Moreover, it is not
difficult to realize that the second-order correlation
function approaches unity as the degree of squeezing
increases. The fact that ¢(®)(7) is less than unity re-
flects the nonclassical feature of antibunching.
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On the other hand, it is also interesting to study the
dynamics of the two-level atom. Thus, by replacing
t+7 by t and ¢ by 0 in Eq. (44), we get

(34(09-(0) = (G200 -
— T(l —e T,

Employing the relations
((62(0)) +1)/2 = (64(0)5-(0))
and

(04+(H)o- (1)) = (6=()) + 1)/2

together with Eq. (44), the probability for the two-
level atom to be on the upper level is found to be
I'-¢
2r
where pqq(t) = (64 (t)5-(t)) is the probability for the
atom to be on the upper level. If the atom is initially

on the upper level, then p,,(0) = 1. Hence, one can
write Eq. (48) in the form

Paa(t) = paa(0)e™"" + (1—e™), (48)

—Tt 27,2

e 4e? [k
Paa(t) = 27,2 2 /27 (49)

1+4e2/k 1+4e?2/k
which takes, in a steady state, the form
4e? [K?

)= ———. 50
paa( ) 1+4€2/:‘<&2 ( )

It can also be seen from Fig. 5 that the probability
for the atom to be on the upper level decays expo-
nentially in the absence of a parametric amplifier and
approaches to zero in a steady state. However, in
the presence of a parametric amplifier, the probabil-
ity for the atom to be on the upper level is different
from zero. This is because there are photons in the
cavity that can be absorbed by the atom.

5. Quadrature Variances
and Mean Photon Number

It is a well-established matter that the squeezing
properties of a single-mode cavity radiation can be
described in terms of the quadrature operators

iy =a' +a (51)
and
a_ =i(a’ —a). (52)
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Fig. 5. Plots of the probability for the two-level atom to be on
the upper level (Eq. (49)) versus 7.t for different values of €/k

These quadrature operators satisfy the commutation
relation [a4,a_] = 2i. On the basis of these defini-
tions, a single-mode light is said to be in a squeezed
state, if either Aaf_ < 1 or Aa? < 1. Furthermore,
one can show with the use of Eq. (10) along with the
results (64 (t)) = (6_(t)) = 0 that (af) = (a) = 0.
The variances of the quadrature operators can be put
in the normal order in the form
(Aas)? =1+ 2(a'a) £ [(@2) + (a?)). (53)
With the aid of Egs. (8) and (9), it is possible to see
that

o B e/k 276/ K>

(@7 (#))ss = 1—4e2/k2  (1—4e2/k2)2(1+4e2 /K2) +
e (54
e 2 4.2 /K3

(6T (©)a(t))ss = K2 — 422 (1—4e2/K2)2 (1442 /K2) *
e/ (55)

(1— 42 /r2)2

It is clear that the first term in Eq. (55) represents
the mean photon number of the signal light, when
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Fig. 6. Plot of the the quadrature variance of cavity radiation
(Eq. (59)) versus ¢/k for v./k = 0.01
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Fig. 7. Plot of the quadrature variance of the fluorescent light
(Eq. (60)) versus €/k for v./k = 0.01

Y. = 0, whereas the second term gives the mean num-
ber of absorbed signal photons, and the remaining
one represents the mean number of photons emitted
by the two-level atom (when 7. # 0). Adding the last
two terms, we see that

_ 2e2 2%52/1
n = — .
(K2 — 4¢2) (K2 + 4¢2)

K2 — 4e2 (56)

In this result, the second term is negative due to
a higher mean number of photons absorbed by the
two-level atom as compared with the mean number
of photons emitted by the atom. From whence, we
can find the mean number of of photons emitted by
the two-level atom (called fluorescent light). This is
described as

2v.€2 /K3

eyt o

ny =

Now in view of Eq. (54), the quadrature variance
takes the form

(Adg)> =1+ g (1 + 25) (ata). (58)

K
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Taking Eq. (55) into account, the quadrature variance
of the cavity radiation can be written as

2e/K(1 — ye/kK) + 83 /K3

(Ras)® =1 = Sy a2 )

(59)

We note that the cavity mode is in a squeezed state,
and the squeezing occurs in the minus quadrature. In
Fig. 6, the plot indicates that the cavity mode is in a
squeezed state, and the degree of squeezing increases
in the presence of a parametric amplifier. A highly
correlated pairs of photons of a signal light are re-
sponsible for the squeezing of this light. A decrease
in the degree of squeezing of the signal light is due to
the loss of correlations between signal photon pairs,
when the atom absorbs a single photon.

The quadrature variances of fluorescent light is
found to be ,
A~ \2 2’}/06/,‘4,
(Aae); =1+ o =)

(60)

From expression (60), we conclude that the fluores-
cent light is in a squeezed state, and the squeezing
occurs in the minus quadrature. Figure 7 indicates
that the degree of squeezing of the fluorescent light is
very small.

6. Conclusion

The quantum properties of a two-level atom inside a
degenerate parametric oscillator, when the cavity is
coupled to a vacuum reservoir, are thoroughly ana-
lyzed. Employing the master equation for the system
under consideration and the quantum Langevin equa-
tion, the time evolution of the expectation values of
the cavity mode and atomic operators in the bad-
cavity limit are obtained. Moreover, using these re-
sults, the power spectrum and the second-order corre-
lation function of the fluorescent light emitted by the
two-level atom are obtained. In addition, the mean
photon number and the quadrature squeezing for the
cavity mode and for fluorescent light are determined.

It is found that the presence of a parametric am-
plifier leads to an increase in the width of the power
spectrum of the fluorescent light. On the other hand,
the presence of a parametric amplifier decreases the
width of the power spectrum of the cavity mode. In
addition, the photons in the fluorescent light are an-
tibunched, as always the case. The effect of the pres-
ence of a parametric amplifier on the second-order
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correlation function is to enhance its decay rate. Fur-
thermore, the presence of a parametric amplifier en-
hances the probability for the atom to be on the up-
per level. It is observed that the cavity mode is in a
squeezed state, and the squeezing occurs in the minus
quadrature.
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JIBOPIBHEBUI ATOM
Y CTHUCJIOMY BUIIPOMIHIOBAHHI OIITUYHUX

ITAPAMETPUYHUX OCHUJIATOPIB
Pezmowme

Amnanizyerbcs nuHaMiKa KOT€PEHTHO 30Y/I2KEHOTO JBOPIBHEBO-
ro aToMma, IOB’S3aHOIO 3 MapaMEeTPUYHUM IIiICHIIOBaYeM 1 Ba-
KYYMHUM pe3epByapoM. BUKOPHCTOByIOYN Kepylode DiBHSHHS
i KBaHTOBe DiBHAHH# JlaHKeBeHa, BUBYAIOTHCs KBAHTOBI BJjla-
CTUBOCTI CBiTvIa i TMMYacoBa €BOJIIOIisSI OYiKyBaHb JJIsSI IIOPO-
KHUHHOI MO/IY CBiTJIa i OIlepaTopiB, 1[0 XapaKTEePUIYIOTh ATOM.
Ha ocHoBI 1iux pe3y/bTaTiB, KOPesIiifHIX BJIACTUBOCTEN OIle-
paTopiB 1rymiB i HaOJIMKEHHS BEJIMKHUX 4YaciB, po3paxoBaHi ce-
peaHe unucao POTOHIB, CIIEKTP MOTYXKHOCT1, KopeJsiiiiina ¢yH-
KIlisl JIPYyroro MOPsiIKY 1 KBaJpaTudHi aucnepcil ist diryope-
CIeHIIT 1 /I TOpOXKHUHHOT Mo cBiTiia. [TokazaHno, 110 HamiB-
MINPUHA CIEKTPA IIOTYKHOCTI (DJIyOpECIIeHIIil 3pOCTae 3a HasiB-
HOCTI ITapaMeTPUYHOIO Ii/ICHMJIIOBAYa I 3MEHIILYETHCS JJISI I10-
poXKHUHHOI MOoau cBiTyia. Po3paxoBaHa MMOBIpHICTB I aTo-
Ma OyTH Ha BEPXHBOMY DIiBHI 3a HAsfBHOCTI MapaMeTPUTIHOIO
miICcuIoBada.
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