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We study the two-photon excitation rate and the spectrum of a three-level atom in theJ configuration
interacting with a resonant cavity mode which is coupled to a broadband squeezed vacuum through its input-
output mirror. We show that the optical Bloch equations in the cavity environment are formally identical to
these in free space but, in the bad-cavity limit, with cavity-modified parameters describing the injected
squeezed vacuum. It is shown that the two-photon excitation rate~which is proportional to the upper-level
population! has two components, one depending linearly and the other quadratically on the squeezed photon
numberN, in excellent agreement with experiment@Georgiadeset al., Phys. Rev. Lett.75, 3426~1995!#. The
presence of the term quadratic inN is entirely due to the effectively imperfect correlation of the squeezed
photon pairs in the bad cavity. We also find that the two-photon excitation spectrum~as measured by the
fluorescent emission from the upper level to the intermediate level! exhibits an extremely narrow peak at line
center, under appropriate choices of the bad-cavity parameters. All these results are independent of the
squeezed phase.@S1050-2947~96!10909-4#

PACS number~s!: 42.50.Dv, 32.80.Rm, 42.50.Lc

I. INTRODUCTION

The interaction of quadrature squeezed light with atoms
has been a topic of considerable theoretical and experimental
interest since the first successful generation of squeezed light
about a decade ago@1#. This field of research was initiated by
Gardiner @2#, who showed that broadband quadrature
squeezed light can in principle inhibit the phase decay of a
two-level atom, thus resulting in a subnatural linewidth in
the atomic fluorescence spectrum. The modifications of the
resonance fluorescence spectrum of such a system were ex-
amined by Carmichael, Lane, and Walls@3#, who found that,
for strong driving fields, the relative heights and widths of
the peaks in the spectrum are very sensitive to the squeezed
phase. A number of other investigations of the effect of
quadrature squeezing on resonance fluorescence and probe
absorption of a coherently driven two-level atom have been
also reported@4–10#, with particularly distinctive spectral
features, for example, hole burning and dispersive profiles at
line center@4#, suppression of the fluorescence radiation@5#,
Fano-like profiles@6#, and gain without population inversion
@7#, being found. These departures from the usual spectral
features of a driven atom in an ordinary vacuum are due to
the fundamental alteration of atomic radiative processes by
the nonclassical field.

Because of the strong two-photon correlations present in
squeezed light, it is quite natural to extend the studies of
atom–squeezed-light interactions to three-level schemes
where the behavior of atomic two-photon transitions will be
influenced in a significant way by squeezed light. Recently,
great attention has been paid to the effect of a squeezed
vacuum on the two-photon transition rate in a three-level
J system@11,12#, where the dependence of the two-photon
transition rate on excitation intensity in the weak field limit
is predicted to be linear, instead of the quadratic dependence
observed when coherent or thermal light is employed as the
excitation field @13#. Buzek et al. @14# showed that pure
states can be achieved when a three-level atom~in theJ, V,

or L configuration! is damped by a single, squeezed vacuum
reservoir. Other related problems, such as population trap-
ping @15# of V- and L-type atoms in the presence of an
additional coherent driving field, the optical double-
resonance spectrum@16# in aJ -type atomic system, and the
resonance fluorescence spectra@17# of a three-level atom~in
all possible configurations! which interacts with two conven-
tional laser sources and two independent squeezed vacua,
have been also investigated extensively. A variety of inter-
esting phenomena have been predicted.

All the effects described above take place in free space.
However, as emphasized by Gardiner@2# and Carmichael
et al. @3#, such experiments would be difficult to perform
since they requireall the modes with which the atom inter-
acts to be squeezed. That is, the squeezed modes must oc-
cupy the whole 4p solid angle of space. In order to avoid
this difficulty, the cavity situation is a natural alternative to
consider, since the atom interacts strongly only with the
privileged cavity mode. Only the modes within a small solid
angle about this cavity mode need be squeezed. Parkins and
Gardiner@18# have considered a single atom inside a micro-
cavity which has squeezed light incident upon the output
mirror, and demonstrated that the inhibition of atomic phase
decays should still be observable under appropriate condi-
tions. The resonance fluorescence and absorption spectra of a
two-level atom in an optical cavity with injected squeezed
vacuum have been also reported in the bad cavity limit@19#,
where unusual spectral features, for instance, hole-burning
and dispersion profiles at line center, have been shown to
persist, although they are less pronounced than in free space
due to a reduction of the degree of two-photon correlation of
the squeezing in the bad optical cavity. However, they re-
main detectable within the cavity environment. The two-
photon population inversion of a three-level atom in the
J-type structure excited by a squeezed vacuum in a Fabry-
Pérot microcavity has recently been reported@20#. Gardiner
and Parkins@21# have also evaluated the two-photon absorp-
tion rate of aJ-type atom by squeezed light in an alternative
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cavity configuration where the nonlinear optical parametric
oscillator medium generating the squeezed vacuum is put
inside a cavity together with the atom, and the cavity mode
and atom are damped by ordinary vacua. They have shown
via a numerical solution of the master equation of the system
that the linear dependence of the absorption rate on the ex-
citation intensity for weak excitation still holds.

Recently, Georgiadeset al. @22#, have carried out the first
experimental investigation of the modification of the funda-
mental atomic radiative processes brought about by illumi-
nation with nonclassical light. More specifically, they ob-
served the rate of the two-photon transition 6S1/2→6D5/2 for
trapped atomic cesium excited by a squeezed vacuum light
generated via nondegenerate parametric down conversion.
The rate observed shows both linear and quadratic growths
with the light intensity for weak excitation, in contrast with
the purely quadratic dependence produced by classical light
sources@13#, in qualitative agreement with theoretical stud-
ies of a three-levelJ-type atom interacting with a single
squeezed vacuum@11,12,21#.

In this paper we study the two-photon transitions of a
J-type atom excited by a squeezed vacuum injected through
the input-output cavity mirror inside an optical cavity. This
system is somewhat in accordance with the experimental
configuration set up by Georgiadeset al. @22# . We present a
simple and physically appealing theory of this situation using
the cavity renormalized squeezing parameters that we have
recently introduced@19#. We also point out that interesting
features can be seen in the resonance fluorescence spectrum
of this system.

The current paper is organized as follows: the physical
system under consideration is described in Sec. II, where we
also derive the optical Bloch equations in the bad-cavity
limit. We show that these are formally identical to those in
free space, the only difference being a redefinition of the
parameters describing spontaneous decay and the squeezing.
In Sec. III we investigate the two-photon transition rate by
determining the upper-level population as a function of the
squeezed photon number~excitation intensity!. We find that
the rate of two-photon excitation consists of a linear and a
quadratic dependence on the squeezed photon number,
which is in excellent agreement with the experimental obser-
vation@22#. We calculate the fluorescence emission spectrum
of such an atomic system under the two-photon excitation by
squeezed light inside a cavity in Sec. IV, where a distinctive
narrow spectral feature is found in the bad-cavity limit. This
spectral feature does not occur in free space@11#, nor in a
cavity with an injected black-body radiation field. A sum-
mary is contained in Sec. V.

II. OPTICAL BLOCH EQUATIONS
IN THE BAD-CAVITY LIMIT

We consider the two-photon interaction of a single
J-type atom with a cavity mode that is assumed to be
coupled to an injected broadband squeezed vacuum via the
lossy mirror of a single-ended cavity. The atom is damped by
a single, standard vacuum environment. The configuration
considered is shown in Fig. 1. For simplicity, the cavity reso-
nance frequencyvc and the center frequencyvs of the
squeezed vacuum are taken to be identical, and the atom is

also assumed to be on two-photon resonance with the cavity
mode, i.e.,E32E152vc . In a frame rotating at the reso-
nance cavity frequencyvc , the master equation is of the
form

ṙ52 i @H,r#1Lcr1Lar, ~1!

with

H5
D

2
A221 ig2~a

†A122A21a!1 ig3~a
†A232A32a!, ~2!

Lcr5k~N11!~2ara†2a†ar2ra†a!1kN~2a†ra2aa†r

2raa†!2kMe2 if~2ara2a2r2ra2!

2kMeif~2a†ra†2a†2r2ra†2!, ~3!

and

Lar5
1

2
g3~2A23rA322A33r2rA33!1

1

2
g2~2A12rA21

2A22r2rA22!1g23A23rA211g23A12rA32, ~4!

whereH describes the two-photon interaction of the atom
with the cavity mode,D5vc2(E22E1)5(E32E2)2vc is
the detuning of the intermediate stateu2& from the exact
one-photon resonance, andAlk[u l &^ku represents a popula-
tion operator forl5k and a dipole transition operator forl
Þk. The cavity mode has annihilation and creation operators
a anda†. g2 andg3 are the coupling constants of the respec-
tive atomic transitionsu1&↔u2& and u2&↔u3& to the cavity
mode. Here transitions between the excited levelu3& and the
ground levelu1& are dipole forbidden.Lcr andLar, respec-
tively describe damping of the cavity field by the injected
squeezed reservoir, and atomic damping to background
modes other than the privileged cavity mode.k is the cavity
decay constant,g2 and g3 are the decay constants of the
levelsu2& andu3& respectively, andg23 is associated with the
quantum correlation between theu1&↔u2& and u2&↔u3&
transition pathways, which is strongly dependent upon the
orientations of the atomic dipole polarizations. In what fol-
lows we takeg235Ag2g3 to make the quantum interference
effects maximal.

FIG. 1. Cavity configuration of the two-photon excitation of a
J-type atom by an injected squeezed vacuum, wherea is the an-
nihilation operator of the cavity mode,D is the one-photon detuning
andk,g3, andg2 are the decay constants of the cavity mode, the
upper atomic level, and the intermediate atomic level, respectively.
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The real parametersN andM characterize the broadband
squeezed reservoir through the relations

^a†~v!a~v8!&5Nd~v2v8!,

^a~v!a†~v8!&5~N11!d~v2v8!,

^a~v!a~v8!&5Meifd~2vs2v2v8!, ~5!

where a(v) is the photon annihilation operator for the
squeezed vacuum,vs is the center frequency of the squeezed
vacuum~which is tuned close to the cavity frequencyvc),
N is the squeezing photon number,M measures the strength
of the two-photon correlations, andf is the phase of the
squeezed vacuum. The squeezing is assumed to be broad-
band so thatN andM are independent of the frequencyv.
They obey the relation

M5hAN~N11!, ~0<h<1!. ~6!

The quantityh measures the degree of two-photon corre-
lations in the squeezed vacuum. Its interpretation is simple:
h50 implies no squeezing and our cavity field is then
equivalently damped by a chaotic field.h51, however, cor-
responds to the reservoir being in an ideal or minimum un-
certainty squeezed state. We refer to this as perfect correla-
tion, since in this instance the photon twins, characteristic of
a squeezed vacuum, are maximally correlated for the particu-
lar value ofN. In this paper we assume that the squeezed
vacuum is injected into the cavity with perfect two-photon
correlation (h51). Theory predicts that the squeezed output
of an ideal parametric oscillator is characterized byh51
@23#.

If one performs the squeeze transformation on the master
equation~1! by

r̃5SrS†, ~7!

whereS is the usual squeeze operator@1# that transforms the
annihilation and creation operators as

SaS†5ma1na†,

Sa†S†5n* a1ma†, ~8!

with m5AN11 andn5ANeif, in the squeezed picture the
master equation~1! takes the form

ṙ̃52 i @H̃,r̃ #1Lar̃1Lvr̃, ~9!

where

H̃5
D

2
A221 ig2@~ma†1n* a!A122A21~na†1ma!#

1 ig3@~ma†1n* a!A232A32~na†1ma!#,

Lvr̃5k~2ar̃a†2 r̃a†a2a†ar̃ !. ~10!

The transformed cavity mode is damped by a standard
vacuum, and the effect of the squeezed reservoir is trans-

ferred to the atom-cavity interaction. The alternative view-
point is that the atom couples to the transformed cavity
mode.

Accordingly, the time evolution of the expectation values
of the atom is governed by

^Ȧ33&52g3^A33&2g3~n^a†A32&1m^a†A23&1m^A32a&

1n* ^A23a&!,

^Ȧ22&52g2^A22&1g3^A33&2g2~n^a†A21&1m^a†A12&

1m^A21a&1n* ^A12a&!1g3~n^a†A32&1m^a†A23&

1m^A32a&1n* ^A23a&!,

^Ȧ32&52
1

2
~g21g31 iD!^A32&2g2~n^a†A31&1m^A31a&!

1g3~m^a†A33&2m^a†A22&1n* ^A33a&

2n* ^A22a&!,

^Ȧ21&52
1

2
~g22 iD!^A21&1g23̂ A32&1g3~n^a†A31&

1m^A31a&!2g2~m^a†A22&2m^a†A11&1n* ^A22a&

2n* ^A11a&!,

^Ȧ31&52
1

2
g3^A31&1g2~m^a†A32&1n* ^A32a&!

2g3~m^a†A21&1n* ^A21a&!, ~11!

where^ & denotes the averages in the squeezed picture.
These equations contain expectation values of higher-

order operators, which lead to a series of coupled equations
for the atomic and cavity mode variables. In what follows,
we are interested in the bad-cavity limit@19,24#; that is,

k@g l , gl , with gl@g l , ~ l52, 3!, ~12!

but with C5gl
2/kg l , (l52, 3) @25# finite, whereC is the

effective cooperativity parameter of a single atom familiar
from optical bistability. Also, to ensure the validity of the
broadband squeezing assumption, the bandwidth of squeez-
ing would need to be large compared tok. These conditions
imply that the cavity-mode response to the squeezed vacuum
reservoir is much faster than that produced by its interaction
with the atom. Then the atom always experiences the cavity
mode in the state induced by the squeezed reservoir, which
permits one to adiabatically eliminate the cavity-mode vari-
ables. This gives rise to a set of equations for the atomic
variables only, which can be exactly solved. To do this we
consider the Heisenberg-Langevin equation of the trans-
formed cavity mode, which is expressed as

ȧ52ka1g2~mA122nA21!1g3~mA232nA32!1L~ t !,
~13!

whose formal solution is given by
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a~ t !5a~0!e2kt1g2E
0

t

@mA12~ t2t!2nA21~ t2t!#e2ktdt

1g3E
0

t

@mA23~ t2t!2nA32~ t2t!#e2ktdt

1E
0

t

L~ t2t!e2ktdt, ~14!

whereL(t) indicates the Langevin operator associated with
the standard vacuum@24#. In the bad-cavity limit~12!, the
transformed cavity modea(t) is reduced to

a~ t !5
g2
k

@mA12~ t !2nA21~ t !#1
g3
k

@mA23~ t !2nA32~ t !#

1
1

k
L~ t !. ~15!

Substituting a(t) into ~11! and utilizing the property
^L(t)&50, we obtain the following cavity modified Bloch
equations:

^Ȧ33&52g3CN^A22&2g3~112C12CN!^A33&

1g23CMeif^A31&1g23CMe2 if^A13&,

^Ȧ22&52g2CN^A11&2@g2~112C12CN!12g3CN#^A22&

1g3~112C12CN!^A33&22g23CMeif^A31&

22g23CMe2 if^A13&,

^Ȧ32&52
1

2
@g2~112C12CN!

1g3~112C14CN!1 iD#^A32&

22g3CMe2 if^A23&12g23CN^A21&

1g23CMe2 if^A12&,

^Ȧ21&52
1

2
@g2~112C14CN!12g3CN2 iD#^A21&

22g2CMe2 if^A12&1g23~112C12CN!^A32&

1g23CMe2 if^A23&,

^Ȧ31&52
1

2
@g3~112C12CN!12g2CN#^A31&

1g23CMe2 if~^A11&22^A22&1^A33&!. ~16!

If we define the following scaled parameters,

b5
2C

112C
, Nc5bN, Mc5bM , ~17!

G l5g l~112C!, j l5G lMce
if, ~ l52, 3, 23!, ~18!

then the modified Bloch equations in the bad-cavity limit can
be expressed as

^Ȧ33&5G3Nc^A22&2G3~11Nc!^A33&1
1

2
j23̂ A31&

1
1

2
j23* ^A13&,

^Ȧ22&5G2Nc^A11&2@G2~11Nc!1G3Nc#^A22&

1G3~11Nc!^A33&2j23̂ A31&2j23* ^A13&,

^Ȧ32&52
1

2
@G2~11Nc!1G3~112Nc!1 iD#^A32&

2j3* ^A23&1G23Nc^A21&1
1

2
j23* ^A12&,

^Ȧ21&52
1

2
@G2~112Nc!1G3Nc2 iD#^A21&

2j2* ^A12&1G23~11Nc!^A32&1
1

2
j23* ^A23&,

^Ȧ31&52
1

2
@G2Nc1G3~11Nc!#^A31&1

1

2
j23* ~^A11&

22^A22&1^A33&!. ~19!

The quantityG l is the cavity enhanced spontaneous decay
rate of the levelu l &, andNc andMc are the effective values
of the squeezing parameters for the atom in the cavity envi-
ronment. Equations~ 19! are formally identical to the optical
Bloch equations in free space@12,14#. It is as though we
were considering a free atom damped by a broadband
squeezed vacuum but that the squeezing in the reservoir was
now described byNc andMc . The only difference between
the equations in the bad cavity and free space lies in the
values of the parameters.

From the definitions of the parametersNc andMc ~17!, in
the bad cavity we have

Mc5bM5bAN~N11!5ANc~Nc1b!

,ANc~Nc11!,AN~N11! ~20!

so that the effect of the cavity is to degrade the strength of
the two-photon correlations of the squeezed vacuum. Even if
the squeezed field has perfect two-photon correlations in free
space as we assume (h51), within the cavity it necessarily
behaves like a squeezed field with imperfect two-photon cor-
relations,hc[Mc /Nc,1. Only in the limit C→`, ~i.e.,
b→1) are the correlations the same strength in free space
and in the bad cavity. Therefore, we must now interpretNc
andMc as theeffectivesqueezing parameters experienced by
the atom in the bad-cavity limit.

The renormalization of the parameters has very important
consequences. We shall see that the two-photon absorption
rate has not only a term linearly dependent on the excitation
intensity, but also a quadratically dependent term, as ob-
served experimentally@22#. The latter is due to the reduction
of the two-photon correlation strength in the injected
squeezed vacuum inside the bad cavity. The extremely nar-
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row spectral features in the two-photon fluorescence spec-
trum are also due to this reduction: they do not arise in the
corresponding free space situation withh51.

III. TWO-PHOTON EXCITATION RATE

Experimentally, the two-photon excitation probability is
usually measured by recording the atomic fluorescence inten-
sity from the levelsu3& to u2&, that is, by measuring the
upper-level population̂A33& @22#. For our model the steady-
state populations of the excited and intermediate levels and
the steady-state two-photon coherence are

^A33&5
Nc
2~G2Nc1G3Nc1G3!2Mc

2~G2Nc1G3Nc2G2!

~3Nc
213Nc1123Mc

2!~G2Nc1G3Nc1G3!
,

^A22&5
Nc~11Nc!2Mc

2

3Nc
213Nc1123Mc

2 ,

^A13&5
G23Mce

if

~3Nc
213Nc1123Mc

2!~G2Nc1G3Nc1G3!
. ~21!

The steady-state, single-photon coherences are zero:
^A12&5^A23&50. The nonzero two-photon coherence
^A13&, proportional to the two-photon correlation strength of
the injected squeezed vacuum inside the bad cavity, reflects
the fact that the correlations in the excitation field induce a
stationary correlation between levelsu1& and u3&. Note that
^A13& is also proportional toG23.

In free space,b51, we see that the population in the
intermediate level is zero:̂A22&50, and the population
transfers from the ground level to the upper level via a
single-step, two-photon process. That is, one photon of the
pairs promotes the atom from the ground level to the virtual
intermediate level, while its twin immediately~in a time less
than the virtual level lifetime! completes the two-photon
transition, due to the highly correlated photon pairs in the
squeezed vacuum. The resulting two-photon absorption rate
~proportional to the upper level population^A33&) is linearly
dependent on the excitation intensityN @11,12# when
M5AN(N11).

However, in the bad-cavity situation,b,1 so that
Mc,ANc(Nc11), ^A22&Þ0 even in the case when a per-
fectly correlated squeezed vacuum is injected into the cavity.
The effective degree of correlationhc is now less than 1,
which means that some of the photon pairs in the squeezed
field are not correlated, due to the cavity effect. The corre-
sponding two-photon excitation is a mixed, two-photon pro-
cess of one-step transitions and two-step transitions. There-
fore, the two-step transition process makes a quadratic
intensity-dependent contribution to the two-photon absorp-
tion rate~for low excitation strengths!, as shown by Mollow
@27#.

We may rewrite the expression for^A33& in Eq. ~21! in the
abbreviated form

^A33&5
bNc1~12b!~a11!Nc

2

~a1aNc1Nc!@3Nc~12b!11#
, ~22!

with a5g3 /g25G3 /G2. The population consists of not only
a linear dependence term on the squeezed photon number
Nc inside the cavity, but also a quadratic dependence term on
Nc , which is in excellent agreement with the experimental
result @22#. The former is always associated with the factor
b, the latter with (12b). This result may be alternatively
understood as follows. As shown above, the two-photon cor-
relation strength of the injected squeezed vacuum is reduced
due to the cavity effect. We may imagine separating the
squeezed vacuum inside the cavity into a squeezed
~nonclassical-field! part, indicated by the factorb, and a non-
squeezed~classical-field! part, presented by (12b). The
nonclassical-field excitation~consisting of perfectly corre-
lated photon pairs! contributes a linear component to the
rate, whilst the classical-field excitation~consisting of uncor-
related photons! contributes a quadratic component. The
presence of the term quadratic inNc in Eq. ~22! is entirely
due to the effectively imperfect correlation of the squeezed
photon pairs in the bad cavity.

We display the upper-level population^A33& in free space
and in the bad-cavity configuration (C510) for weak exci-
tation in Fig. 2, where the valuea50.64 is set according to
the linewidths of the intermediate level (6P3/2,F855) and
the upper level (6D5/2,F956) of the cesium atom employed
in recent experiments@22,26#. One finds that for thermal
~classical-! field excitation (M50), the two-photon transi-
tion rates in free space and in a cavity are almost identical,
whilst for squeezed~nonclassical! light excitation, the rates
are significantly different, with the rate in free space being
greater than that in a cavity~in the bad-cavity limit!. How-
ever, the rate of nonclassical excitation is larger than that of
classical excitation.

In general, the upper-level population^A33& is also deter-
mined by the ratioa of the upper- and intermediate-level
linewidths and the effective atomic cooperativity parameter
C. In the limit a!1 ~i.e., g3!g2), the upper-state popula-
tion ~22! reduces approximately to

FIG. 2. Two-photon transition rate~proportional to the popula-
tion in the upper level! as a function ofN in regions of weak
excitation, for a50.64, and in the bad-cavity limit with
C510, M50 ~dashed line! and C510, M25N(N11) ~dash-
dotted line!, and in the free space withM50 ~solid line! and
M25N(N11) ~dotted line!.
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^A33&.
b1b~12b!~a11!N

3Nb~12b!11
. ~23!

In free spacêA33&.1, i.e., the atom is highly populated in
the excited levelu3& due to nonclassical two-photon excita-
tion by a squeezed light. However, in the cavity configura-
tion, b,1, the two-photon population inversion is reduced
depending upon the atomic cooperativity parameterC. When
the parameterC is very small, which corresponds to the
field’s inside cavity being more chaotic, the population~23!
in the upper level is approximately reduced to1

3. This is the
value found in two-photon excitation by black-body radia-
tion @14#.

IV. TWO-PHOTON EXCITATION SPECTRUM

When the atom experiences a two-photon excitation, it
will be excited to the upper level. The two-photon excitation
spectrum is represented by the fluorescence emission spec-
trum from the upper level to the intermediate level, which
can, in principle, be measured experimentally by monitoring
the fluorescence from the decay of the excited levelu3& to
the intermediate levelu2& at frequencyv32 as a function of a
reference frequency scanning nearvc @22,26#. The spectrum
is proportional to the Fourier transform of the stationary av-
erage value of the two-time average of the atomic polariza-
tion operators involved@27#:

L~n!5ReE
0

`

dte2 int^A32~t!A23~0!&5ReFE~z!

D~z!G
z5 in

,

~24!

where n5v2vc is the frequency measured by the cavity
frequencyvc . E(z)/D(z) is the Laplace transform of the
two-time correlation function̂A32(t)A23(0)&, which can be

evaluated by invoking the quantum regression theorem@28#
together with the optical Bloch equations~19!, as

E~z!5@z1L2*2G23~11Nc!B11j2B2#^A33&

2Fj3*B12G23NcB22
1

2
j23* G^A13&,

D~z!5@z1L2*2G23~11Nc!B11j2B2#@z1L31j3*A1

2G23NcA2#2Fj2A22G23~11Nc!A12
1

2
j23G

3Fj3*B12G23NcB22
1

2
j23* G , ~25!

where

A15

2j3~z1L2!1
1

2
j23G23~11Nc!

~z1L2!~z1L3* !2
1

4
uj23u2

,

A25

G23~11Nc!~z1L3* !2
1

2
j3j23*

~z1L2!~z1L3* !2
1

4
uj23u2

,

B15

G23Nc~z1L2!2
1

2
j2* j23

~z1L2!~z1L3* !2
1

4
uj23u2

,

B25

2j2* ~z1L3* !1
1

2
j23* G23Nc

~z1L2!~z1L3* !2
1

4
uj23u2

,

L25
1

2
@G2~112Nc!1G3Nc2 iD#,

L35
1

2
@G2~11Nc!1G3~112Nc!1 iD#. ~26!

The fluorescence spectrum takes a complicated form. How-
ever, it is easy to see that it is independent of the squeezed
phase.

We show the numerical results of the fluorescence emis-
sion spectrumL(n) for D50, a50.64, N52 and various
cooperativity parametersC in Fig. 3. It is clearly seen that a
significant narrow peak is superimposed on the broad reso-
nance forC510 in Fig. 3~a!, while, as the cooperativity
parameter increases, for instance,C5100 in Fig. 3~b!, the
height of the narrow peak is reduced. For large values ofC
the narrow peak disappears and only a broad component is
exhibited; see, for example,C51000 in the frame 3~c!. The
latter is almost identical to Fig. 3~d!, the fluorescence spec-
trum in free space.

FIG. 3. Fluorescence emission spectrum from the upper level to
the intermediate one, withD50, a50.64, N52 and various val-
ues ofC: ~a! C510, ~b! C5100, ~c! C51000, and~d! in the free
space. We assume that a perfect squeezed vacuum is injected into
the cavity in the following graphs.
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The additional narrow spectral feature is also dependent
on the squeezed photon numberN. In Fig. 4, where we set
N55 and keep the other parameters as in Fig. 3, we find that
the narrow spectral feature is more pronounced than those in
the previous figure. In the present case the narrow peak even
can occur atC51000. However, the background peak is
wider than those forN52. The sensitivity of the narrow
spectral structure in the two-photon excitation spectrum to
the squeezed photon number is shown more transparently in
Fig. 5~a!, where one sees that the larger the squeezed photon
number, the more significant is the narrow peak profile for a
given cooperativity parameterC. However, Fig. 5~b! exhibits
that the narrow peak does not occur in the free space situa-
tion, no matter how large the squeezed photon number is
taken.

All the above results are obtained assuming that a perfect
squeezed vacuum is injected into the cavity. The distinctive
narrow spectral feature in the two-photon excitation spec-
trum occurs in the bad-cavity limit, where the field inside the
cavity consists of the nonclassical squeezed-field part and the
classical thermal-field component. As shown above, the nar-
row spectral line does not occur in free space where the atom
experiences only nonclassical two-photon excitation by the
perfect squeezed vacuum. If we relax the condition that the
injected squeezed vacuum is perfect, i.e., if we assume that
h defined in Eq.~6! is less than 1, then the sharp peak can
reappear even in the free space situation. For example, if we
plot the spectra for same parameters as taken in the free
space plot Fig. 5~b!, but now assumeh50.99, we obtain a
spectrum qualitatively similar to the bad-cavity result in Fig.
5~a! ~whereh51). This is shown in Fig. 5~c!. In the remain-
der of our plots we revert to the assumption thath51.

In Fig. 6 we have plotted the fluorescence spectrum for
different values ofa. In the limits of a!1 (g3!g2) or
a@1 (g3@g2) the narrow effects of the spectrum are not
very evident: the extremely narrow spectral features can arise
for a;1. Also, the fluorescence intensity~the area under the
spectral curve! decreases asa increases. This is because the
excited-state population is greater whena!1, and there are
consequently more fluorescent photons emitted.

The effect of the one-photon detuning on the two-photon
excitation spectrum is displayed in Fig. 7, where one finds
that when the squeezed photon numberN!1, the fluores-
cence spectrum is centered around the Bohr frequency be-
tween the levelsu3& and u2& of the fluorescent transition
involved, whilst the spectrum is shifted toward line center
~the cavity frequency! and broadened asN increases. For the
larger values ofN a remarkable narrow peak at the cavity
frequency is superimposed on the wide background peak. In
general, the spectrum is asymmetric. Comparing it with Fig.
5~a! we see that the detuning tends to broaden the narrow
spectral feature.

FIG. 4. Same as Fig. 3, but withN55.

FIG. 5. Three-dimensional fluorescence spectrum for
D50, a51, ~a! in the bad cavity withC510, and~b! in free space.
In ~c!, we assume the same parameters as in Fig. 5~b!, except that
we takeh50.99 instead ofh51.
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Neither does the narrow spectral profile result from exci-
tation with completely uncorrelated photons. In fact, if the
atom undergoes two-photon excitation by an injected thermal
field, then the fluorescence emission spectrum can be simpli-
fied to

L~n!5
^A33&

G12G2
F2

G1~G11L2!

n21G1
2 1

G2~G21L2!

n21G2
2 G ,

~27!

where

^A33&5
Nc
2

3Nc~11Nc!11
,

G652
1

2
~L21L3!6

1

2
A~L22L3!

214G23
2 Nc~11Nc!.

~28!

The fluorescence emission spectrum is composed of two
Lorentzians located at line center with linewidths 2G6 . The
spectrum is always very broad: no narrow spectral features
are exhibited in either the free space or cavity situations.

We should emphasize that while some two-photon corre-
lations are necessary, they do not have to be of nonclassical
magnitude. Thus if we assumeM5N, the maximum value
permitted for a field that has a classical analog, it is still
possible under appropriate conditions to observe the narrow
line at the center of the spectrum, although it is much re-
duced in magnitude.

The significant spectral narrowing that occurs in the bad-
cavity limit may be qualitatively understood in terms of
quantum interference. Due to the mixing of the nonclassical
two-photon correlated field and the black-body radiation
field inside the cavity, the atom experiences two kinds of
two-photon excitations: one is by the nonclassical, two-
photon correlated field, which is a single-step excitation pro-
cess involving the simultaneous absorption of two correlated
photons, whilst the other is by the black-body radiation field,
which is a two-step excitation requiring the separate absorp-

tion of two single photons. The quantum interference be-
tween these distinct excitation processes may give rise to the
narrow spectral feature in the two-photon fluorescence spec-
trum under certain conditions. It is more significant for large
squeezed photon numbers.

V. SUMMARY

We have studied the nonclassical two-photon excitation
of a J-type atom inside an optical cavity by an injected
squeezed vacuum through the input-output cavity mirror. In
the bad-cavity limit, the atomic excitation is composed of a
one-step, two-photon absorption process and a two-step pro-
cess involving the absorption of a single photon at each step.
As a result, the steady-state two-photon transition rate~pro-
portional to the upper-level population! consists of a linear
and a quadratic dependence on the squeezed photon number,
which is in agreement with experimental observation@22#.
The rate is also sensitive to the ratio of the decay constants of
the two excited levels. In the circumstance whereg3!g2,
the upper atomic level is almost fully populated in the free
space situation, while the two-photon population inversion is
reduced inside the cavity to a degree that depends on the
cooperativity parameter. For very small values ofC, the
population is reduced to13, reminiscent of thermal-field exci-
tation.

We have also calculated the fluorescence emission spec-
trum of such an atomic system under two-photon excitation
by squeezed light inside a cavity. We have found that a dis-
tinctive narrow spectral feature occurs in the bad-cavity limit
for certain values of the parameters. The larger the squeezed
photon number, the more pronounced is the narrow spectral
feature. The remarkable spectral narrowing is a result of the
quantum interference between the single-step, two-photon
excitation by the nonclassical squeezed light and the two-
step absorption of two single photons by the classical black-
body radiation field. No spectral narrowing effect takes place
in the cases ofb!1 orb.1. The former reduces to a cavity
configuration with injected black-body radiation where the
two-step excitation process is dominant, whilst the latter cor-
responds to the free space case where the single-step, two-
photon excitation process is dominant.

It is worth pointing out that the system considered here is
somewhat in accordance with the experimental configuration

FIG. 7. Same as Fig. 5~a!, but with the detuningD55.

FIG. 6. Same as Fig. 3, but withC510 and different values of
a: ~a! a50.1, ~b! a50.64, ~c! a51, and~d! a510.
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set up by Georgiadeset al. @22#. We have chosen the
squeezed photon number injected to be a little larger than
those that they have used in the experiment, in order to make
the extremely spectral narrow feature more pronounced.
However, these features should be experimentally accessible.
Whilst we have assumed a broadband squeezed vacuum in
these calculations, it would not be surprising if the effects we
have considered persist, or are even enhanced, in the narrow-
band case, since they depend upon the two-photon correla-

tions which characterize the squeezed vacuum being less
than perfect.
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