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Interaction of a bichromatically driven two-level atom with a squeezed vacuum:
Photon statistics and squeezing
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We consider effects of a broadband squeezed reservoir on the second-order intensity correlation, and on
squeezing properties in the resonance fluorescence of a bichromatically driven two-level atom in a cavity of
moderateQ. Phase-dependent squeezed reservoir effects change the photon statistics, and lead to an amplifi-
cation of the degree of squeezing. Squeezed reservoir effects in the second-order correlation functiong(2)(t)
are determined by two-photon emission processes which can be enhanced or suppressed in dependence on the
squeezing phase.

PACS number~s!: 42.50.Ar, 42.50.Dv
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I. INTRODUCTION

Atoms in squeezed light fields are of fundamental inter
in atomic spectroscopy. This topic received a great stimu
tion when Gardiner@1# showed that the two dipole quadra
tures of a two-level atom in a squeezed vacuum field de
at different rates. Carmichaelet al. @2,3# examined the influ-
ence of squeezed light on the resonance fluorescence
single, monochromatically driven two-level atom, and
anomalous resonance fluorescence spectrum was pred
by Swain and co-workers@4–8#. Related problems in the
absorption spectrum of a single monochromatically driv
two-level atom have also been investigated@9–20#. A gen-
eral overview about this topic was given in Ref.@21#.

Squeezed reservoir effects in the resonance fluoresc
spectrum ofbichromaticallydriven two-level atoms were in
vestigated in Refs.@22,23#, and the Autler-Townes probe
field absorption spectrum was analyzed in Ref.@20#. How-
ever, effects of squeezed reservoirs on the photon correla
phenomenon as well as on squeezing properties in the r
nance fluorescence of abichromatically driven two-level
atom have not yet been examined. On the other hand, t
effects are well known in the photon statistics@24,25#, and in
the squeezing properties@25–28# of a monochromatically
driven two-level atom. In view of recent experiment
progresses in the detection of squeezing in resonance
rescence, theoretical investigations of squeezing prope
are still of interest@29–32#, although the experimental ver
fication of squeezing in the resonance fluorescence o
single atom has not yet been confirmed@29#. However, re-
cently, Lu and co-workers@30–32# verified squeezing in the
resonance fluorescence of a monochromatically dri
atomic beamwhich is equivalent to squeezing properties o
single atom for scatteringin the forward directionof the
many-atom phase-dependent fluorescence spectra@33#.

Most studies of squeezing properties in resonance fluo
cence light considered a single two-level atom which is
teracting with amonochromaticdriving field. Theoretical in-
vestigations were performed on total squeezing@34–37#, as
well as on spectral component squeezing@37,38# in homo-
1050-2947/2000/61~5!/053823~10!/$15.00 61 0538
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dyne detection schemes. In contrast, intensity correlati
and squeezing properties in the resonance fluorescence
bichromatically driven two-level atom are not as familia
although both already exhibit interesting features in an o
nary vacuum@39,40#. These properties differ distinctively
from that of a monochromatically driven two-level atom
The most remarkable feature are possible two-photon em
sion processes which crucially depend on the strength of
atom-bichromatic field interaction. These two-photon em
sions determine the unusual intensity correlations as we
the squeezing properties@39,40#.

In this paper we discuss various aspects of squeezed
ervoir effects in the bichromatically driven two-level atom
the second-order intensity correlationg(2)(t) and the spec-
trum of squeezing. In order to observe the squeezed rese
effects, we take a cavity environment into account. The c
ity environment is required, as it is impractical to squeeze
of the vacuum modes that interact with an atom. The s
plest situation to examine is thebad cavity limit, which al-
lows one to obtain an effective master equation. This eff
tive master equation is formally equivalent to the free-sp
situation, but with cavity renormalized parameters@41–44#.
Based on this model~also see Fig. 1!, we derive analytical
solutions for the second-order correlations as well as for
spectrum of squeezing. The assumptions which are neces
for an analytical treatment are symmetrically detuned fi
componentsv01d and v02d with respect to the atomic
transition frequencyv0 of equal amplitudes. This allows u
to introduce theFloquet statesof the combined ‘‘atom plus
bichromatic field system,’’ and to perform a secular appro
mation in the derivation of the master equation which
justified in the limit of resolved spectral linewidths. Th
squeezed reservoir may change the photon statistics f
super- to sub-Poissonian statistics in dependence on
squeezing phase. This is naturally manifested in the seco
order correlation function as well. In addition, the degree
squeezing in the resonance fluorescence can be enhanc
suppressed in dependence on the squeezing phase, sim
what occurs as in a monochromatic driving field case@27#.
However, the enhancement of squeezing is not as stron
©2000 The American Physical Society23-1
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in the monochromatic driving field case. All these featu
can be understood as the influence of a squeezed reservo
the two-photon emission processes in the resonance fluo
cence of a bichromatically driven two-level atom. In order
observe these squeezed reservoir effects, however, we
to point out that the bichromatic driving field as well as t
squeezed vacuum field and, if we are interested in
squeezing properties, the local oscillator field has to be g
erated from a common laser source in order to maintain
phase relations between them. This is surely an experime
challenge, but it should be possible to realize. In particu
the bichromatic driving field can easily be realized with t
help of an acousto-optical modulator, since it can be und
stood as a 100% amplitude-modulated field where the cen
component is suppressed.

This paper is organized as follows: In Sec. II we introdu
the Floquet states of the combined ‘‘two-level atom p
bichromatic field’’ system. We derive the master equation
the Floquet state representation and the secular approx
tion. In Sec. III we consider squeezed reservoir effects on
second-order intensity correlation function. Section IV de
with the effects of a squeezed reservoir on the photon st
tics based on the MandelQ parameter@45,46#. In Sec. V we
consider squeezed reservoir effects on total squeezing, a
Sec. VI on the spectrum of squeezing. We conclude
summarize in Sec. VII.

II. MASTER EQUATION IN FLOQUET-STATE
REPRESENTATION

It is well known that the interaction of a two-level ato
with a bichromatic driving field yields to Floquet states@47–
50# or analogous dressed states@51#. These Floquet state
have analytical expressions if the field consists of two co
ponents withequal amplitudes, and a relative phaseF at

FIG. 1. A schematic representation of the physical system un
consideration. A bichromatically driven two-level atom in a cav
is illuminated by a broadband squeezed vacuum through the~right!
input mirror. The atom is pumped by the bichromatic field from t
open sides of the cavity. The decay rate of the atom into differ
modes than the cavity modes is characterized byg, while the cavity
decay rate is denoted withk.
05382
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frequenciesv1L5v02d and v2L5v01d, which aresym-
metrically detuned from the atomic transition frequencyv0:

E~ t !5E0Re~eiv2Lt22iF1eiv1Lt!. ~1!

Under these circumstances the Floquet states are given i
rotating-wave approximation as@47–50#

uF1~ t !&5A1~ t !uw1&2 iA2~ t !e2 iv0tuw2&,

uF2~ t !&52 iA2* ~ t !uw1&1A1~ t !e2 iv0tuw2&, ~2!

A1~ t !5 cos@~j/2! sin~dt1F!#,

A2~ t !5 sin@~j/2!sin~dt1F!#e2 iF.

Here j52V0 /(\d) is the dimensionless interaction param
eter withV05udW •EW 0u, dW is the dipole moment of the atomi
transition, anduw1& and uw2& denote the atomic ground an
excited states, respectively.

Transitions between the Floquet states can be induce
the combined atom plus bichromatic field system intera
with an electromagnetic reservoir. The specific case we
interested in is the situation where the reservoir is in
squeezed vacuum state. In order to observe squeezed r
voir effects in free space, it is necessary to squeeze all of
vacuum modes that interact with an atom, a situation wh
is experimentally not feasible, although a few schemes w
recently suggested which allows one to mimic such
squeezed reservoir environment by means of more con
nient methods@52–54#. In contrast, the cavity environment
where only those modes centered around the privileged
ity mode need be squeezed, provides a much more rea
scenario for an experimental investigation of squeezed re
voir effects. The two-level atom within the cavity is drive
by the bichromatic field through the open sides of the cav
In addition it is illuminated by the broadband squeez
vacuum through one mirror, as shown in Fig. 1.

The broadband squeezed reservoir is characterized by
rametersN andM through relations between the creation a
annihilation operators of the vacuum reservoir:

^a~v1!a†~v2!&5@N~v1!11#d~v12v2!,
~3!

^a~v1!a~v2!&5M ~v1!d~2vS2v12v2!.

HereN(v1) is the number of photons with frequencyv1 in
the relevant mode of the reservoir,M (v1)5uM (v1)ueiu

characterizes the photon correlations in the squeezed re
voir, and vS is the carrier frequency of the broadban
squeezed field which is chosen to bevS5v0. The squeezing
phaseC is defined as

C5u22F, ~4!

whereF is the phase which appears in the bichromatic dr
ing field. The magnitudeuM u5uM (v0)u of photon correla-
tions in the squeezed reservoir is bounded above by its v
for a minimum uncertainty state and a given photon num

er

t

3-2
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INTERACTION OF A BICHROMATICALLY DRIVEN . . . PHYSICAL REVIEW A 61 053823
N(v0) in the squeezed reservoir. It is convenient to int
duce a parameterh where 0<h<1, which enables us to
write the relation

uM u5h@N~N11!#1/2. ~5!

The quantityh measures the degree of two-photon corre
tions in the squeezed reservoir, i.e., the caseh51 corre-
sponds to the reservoir being in an ideal squeezed state.
cavity damping is characterized with the cavity-damping
rameterk, and the atom decays spontaneously by the da
ing rateg to the vacuum modes through the open sides of
cavity ~see Fig. 1!.

In this paper we are interested in the simplest situation
examine squeezed reservoir effects, i.e., thebad cavity limit.
This allows us to obtain equations which are forma
equivalent to the free-space situation, but with cavi
renormalized parameters@41–44#. The bad cavity limit is
defined by the relations

k@g@g with C5g2/kg finite, ~6!

whereg denotes the coupling constant of the two-level at
with the cavity mode. In addition, we assume thatd!k, so
that all of the atomic dynamics~governed by the Floque
states! occur within the decay ratek. In the bad cavity limit
the cavity field decay dominates, and the cavity field
sponse to the continuum modes is much faster than that
duced by its interaction with the atom. Thus the atom alw
experiences the cavity mode in the state produced by
vacuum reservoir. The assumption of a broadband sque
input implies that the bandwidth of squeezing has to be la
compared to the cavity damping ratek. Although this as-
sumption is difficult to realize experimentally, we restri
ourselves to examining this situation, as we are intereste
analytical results. However, it seems to be worthwhile
investigate finite bandwidth effects in this system, since
characteristic two-photon emissions appear exclusively
the central peak component of the resonance fluoresc
spectrum.

The system can be described by the following mas
equation, as can be shown by adiabatically eliminating
cavity-mode variables@41–44#:

ṙA52 i @H~ t !,rA#1gc~N11!~2s2rAs12rAs1s2

2s1s2rA!1gcN~2s1rAs22rAs2s12s2s1rA!

2gcM ~2s1rAs12rAs1s12s1s1rA!

2gcM ~2s2rAs22rAs2s22s2s2rA!

1g~2s2rAs12rAs1s22s1s2rA!. ~7!

Here s1 and s2 are the usual Pauli spin-1
2 operators,gc

5g2/k, andH(t) is given by
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H~ t !5
v0

2
sz1

V0

2\
s1@ei (v01d)t22iF1ei (v02d)t#

1
V0

2\
s2@e2 i (v01d)t12iF1e2 i (v02d)t#, ~8!

which describes the coherent evolution of the bichrom
cally driven two-level atom. We solve the master equat
~7! in the interaction picture and in the Floquet-state ba
@see Eq.~2!#. In addition, we adopt the secular approxim
tion @d@g1gc5g̃c , for a reservoir with mean photon num
berN: d@(N11)gc1g], which leads to similar results as i
Ref. @23#, where the free-space squeezed reservoir situa
is treated. We rewrite the equations of motion for the
duced density matrix elements in the Floquet-state repre
tation in the formsab(t)5^%̂ab(t)&5^rA(t)ub&^au& where
ua& andub& are the Floquet states of the system att50 @see
Eq. ~2!#. We obtain for the population elements@saa(t)# and
the transition elements@sab(t), with aÞb]:

ṡ11~ t !52G11~s11~ t !2s11
S !, ~9!

ṡ12~ t !52G12s12~ t !. ~10!

Here s11
S is the steady-state population of the Floquet st

uF1&. The decay ratesG12 and G11, and the steady-stat
population inversionD obey

G125
g̃c

8
@52J0~2j!#1

g̃c

8 S C

C11D $2N@52J0~2j!#

12uM u@12J0~2j!#cosC%, ~11!

G115g̃cS C

C11D F2N2
12J0~2j!

2
3S N1

1

2
1UMUcosC D G

1g̃cF12
12J0~2j!

4 G , ~12!

D5s11
S 2s22

S 5g̃c

J0~j!

G11
. ~13!

We recall that the squeezing phaseC was defined in Eq.~4!.
In comparison to the free-space situation the master equa
contains a cavity-modified decay rategc . The factorC/(1
1C), with C5gc /g, which appears in the above expre
sions, is the ratio of the spontaneous emission into the ca
mode to the total spontaneous decay rateg̃c5g(11C). This
quantity is sometimes referred to as theb value b5C/(1
1C) of the cavity system@41–44#.

We may introduce the following cavity-modified quant
ties Nc andMc aseffectivesqueezing parameters:

Nc5
C

11C
N, ~14!

Mc5
C

11C
M , ~15!
3-3
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which are experienced by the atom in the bad cavity lim
@41–44#: An important consequence of these expression
the fact that we cannot have a perfectly correlated~minimum
uncertainty! squeezing in the bad cavity limit@41–44#

uMcu5FNcS Nc1
C

C11D G1/2

,@Nc~Nc11!#1/2. ~16!

When we define a cavity-modified squeezing parameterhc
5Mc /@Nc(Nc11)#1/2, we have

0<hc,1. ~17!

Thus the squeezed reservoir in the bad cavity limit canno
a perfectly correlated squeezed reservoir field, even when
input field into the cavity is in a perfectly correlated one. T
effective degree of correlations are necessarily reduced f
its value in the input-squeezed field as an effect of the
maining unsqueezed reservoir modes which the atom e
riences through the open sides of the cavity.

III. TWO-TIME INTENSITY CORRELATION FUNCTION

We express expectation values of the radiation field
terms of the positive- and negative-frequency parts of
Heisenberg-dipole moment operatorsD (1)(t) and D (2)(t)
in the Floquet-state representation:

D (2)~ t !5(
ab

%̂ab~ t !dab
(2)~ t !5

d

2
l~ t !e2 iv0t, ~18!

l~ t !5@11C~ t !#%̂12~ t !1e22iF@12C~ t !#%̂21~ t !1B~ t !

3@%̂11~ t !2%̂22~ t !#. ~19!

Here the coefficients are given by

C~ t !52A1
2~ t !215 cos@j sin~dt1F!#, ~20!

B~ t !522iA1~ t !A2~ t !52 ie2 iF sin@j sin~dt1F!#.
~21!

The matrix elementsdab
(6)(t)5^Fa(t)ud̂uFb(t)& describe the

positive- and negative-frequency parts of the dipole-mom
in the Floquet-state representation.

The normalized second-order intensity correlation fu
tion g(2)(t) can be expressed as

g(2)~ t;t1t!5
^l1~ t !l1~ t1t!l~ t1t!l~ t !&

^l1~ t !l~ t !&^l1~ t1t!l~ t1t!&
, ~22!

by taking into account the proportionality of the field oper
tor in the far zone of the radiation field to the Heisenbe
dipole-moment operator as well as Eqs.~18!–~21!. The cor-
relation function~22! can be investigated by applying th
quantum regression theorem, and Eqs.~9! and ~10!. In the
steady-state regimet@g̃c , for g(2)(t) we obtain, in a similar
way as in Refs.@39,40#
05382
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g(2)~t!511
1

F~t!
~F1~t!e2G11t1F2~t!e2G12t!, ~23!

F~t!5122DJ0~j!1
D2

2 FJ0S 2j cos
dt

2 D1J0S 2j sin
dt

2 D G ,
~24!

F1~t!5
D

4
@J0~jA514 cosdt!1J0~jA524 cosdt!#

2
1

2
~11D2!FJ0S 2j cos

dt

2 D1J0S 2j sin
dt

2 D G
1

3

2
J0~j!D, ~25!

F2~t!5
1

2 FJ0S 2j cos
dt

2 D2J0S 2j sin
dt

2 D G
2

D

4
@J0~jA514 cosdt!2J0~jA524 cosdt!#.

~26!

We may already expect that this result is formally equival
to the result of the free-space situation in Refs.@39,40#.
However, the decay ratesG11 andG12, as well as the steady
state population inversionD, which contain cavity modified
decay rates, differ from the free-space situation. It is cl
that the effects of the squeezed reservoir are manifeste
these expressions.

The photon correlations in the resonance fluorescence
bichromatically driven two-level atom were investigated
Refs. @39,40# for cases of the interaction with an usu
vacuum and a thermal reservoir. Most remarkable are p
sible two-photon emission processes which may occur
particular interaction parametersj, leading to a strong super
bunching effect@g(2)(t).2# at characteristic delay timest.
This superbunching is a pure nonclassical effect which c
not be described within a classical theory as the condit
ug(2)(0)21u.ug(2)(t)21u, which must be valid for all de-
lay times t within a classical theory, is violated@55#. The
super bunching determines the unusual photon statistics
squeezing properties, and becomes strongly suppresse
the presence of a thermal bath in cases of very small in
action parametersj. We have shown@39,40# that the two-
photon processes depend strongly on the steady-state p
lation inversionD, which is a comparatively complicate
function of the interaction parameterj in comparison to
monochromatic driving field cases. In particular, unus
photon correlation effects appear whenever the absolut
the steady-state population inversion displays a local m
mum (uDu5max). Therefore, we expect strong squeezed r
ervoir effects in the photon correlation phenomena if th
exists a squeezing-induced local maximum in the absolut
the steady-state population inversionuDu. Another main ef-
fect of the squeezed reservoir is reflected in the decay r
G11 andG12, which differ significantly from their values in a
typical reservoir as well as a thermal reservoir.
3-4
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FIG. 2. Second-order correlation function in dependence on
ferent reservoirs:~a! a squeezed reservoir with squeezing phaseC
50, ~b! a typical vacuum,~c! a thermal reservoir, and~d! a
squeezed reservoir with squeezing phaseC5p. The mean photon
numberN and the interaction parameterj are given asN50.015
and j51 in ~A!, N50.035 andj51.2 in ~B!, N50.15 andj
51.2 in ~C!, andN50.25 andj51.4 in ~D!, and the photon cor-
relations in the squeezed reservoir obeyuM u5@N(N1b)#1/2, with
the b value b5C/(C11)510/11. The detuningd is given asd

510g̃c .

FIG. 3. Second-order correlation function in dependence on
interaction parameterj and on different reservoirs atgt50.18: ~a!
a squeezed reservoir with squeezing phaseC50, ~b! a typical
vacuum,~c! a thermal reservoir, and~d! a squeezed reservoir wit
squeezing phaseC5p. The mean photon number for the squeez
and thermal reservoirs areN50.01 in~A!, N50.1 in ~B! N50.3 in
~C!, andN51 in ~D!, and the photon correlations in the squeez
reservoir obeyuM u5@N(N1b)#1/2, with the b value b5C/(C

11)510/11. The detuning is given asd510g̃c .
05382
We display the second-order correlation functiong(2)(t)
in dependence on different reservoirs and interaction par
etersj in Figs. 2–4. The strongest squeezed reservoir effe
appear at small interaction parametersj and small photon
numbersN. It is remarkable that the squeezed reservoir c
enhance or suppress the superbunching behavior in de
dence on the squeezing phaseC, as shown in Figs. 2 and 3
In particular, a squeezing phase ofC50 allows one to en-
hance the superbunching in the photon correlations, i.e.,
two-photon emissions, while a squeezing phase ofC5p
allows one to suppress these two-photon emissions. The
fects are, however, restricted to a particular range of inte
tion parametersj, and vanishes for larger numbers of ph
tons in the reservoirs. This is shown in Fig. 3, where
display the first maximum of the second-order correlation
dependence on different reservoirs and interaction par
etersj. The most obvious features of squeezed reservoir
fects on the photon correlations can be summarized as
lows: First, the squeezed reservoir effects are m
pronounced for interaction parametersj approximately be-
tween 1<j/d<2. In this interaction range the differences
the steady-state population inversionD become largest and
in particular,uDu displays a local maximum induced by th
squeezed reservoir with squeezing phaseC50, as shown in
Fig. 5. This explains the enhancement of two-photon em
sions in the resonance fluorescence. Second, the absolu
the steady-state population inversionuDu becomes reduced in
the squeezed reservoir with squeezing phaseC5p ~again
see Fig. 5!, explaining the suppression of two-photon em
sions in the photon correlations. In addition, the range
interaction parametersj where squeezed reservoir effects o
cur depends on the photon number, i.e., for a larger num

f-

e

FIG. 4. Second-order correlation function in dependence on
ferent reservoirs with interaction parameterj51.9 and detuningd

510g̃c : ~a! a squeezed reservoir with squeezing phaseC50, ~b! a
typical vacuum,~c! a thermal reservoir, and~d! a squeezed reservoi
with squeezing phaseC5p. The mean photon numbersN obey
N50.1 in ~A!, N50.25 in~B!, N50.5 in ~C!, andN51 in ~D!, and
the photon correlations in the squeezed reservoir areuM u5@N(N
1b)#1/2, with theb valueb5C/(C11)510/11.
3-5
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of photons in the squeezed reservoir the squeezed rese
effects become less and less important, and more inte
ingly are shifted into ranges of stronger interaction para
eters.

In Fig. 4 we display the second-order correlation functi
at interaction parametersj, where squeezed reservoir effec
in the decay ratesG11 andG12 become most pronounced. W
realize that the fast oscillations in the second-order corr
tion function can be dramatically damped in dependence
the squeezing phaseC, especially forC5p. On the other
hand, these oscillations can be enhanced in the presence
squeezed reservoir with squeezing phaseC50. In this inter-
action range and at comparatively large photon numbers
differences between thermal and squeezed reservoirs are
obvious. Nevertheless the dependence on the squee
phaseC of the second-order correlation function persi
even for a large number of reservoir photons, as shown
Fig. 4. In this context, we remark that usually effects o
squeezed reservoir becomes negligible for a large squee
phaseC5p, with an exception discussed in Ref.@56#.

IV. PHOTON STATISTICS

The second-order correlation function exhibits interest
properties in dependence on the field strength and on re
voir properties, as we have shown already. Thus we ex
squeezed reservoir effects on the photon-counting stati
as well. The second-order correlation function allows one
analyze the mean-squared fluctuations in the photon num
and, consequently, to determine whether the photon stati
are sub- or super-Poissonian. This decision can be made
the help of the MandelQ factor @45,46# which describes the

FIG. 5. Steady-state population inversionD in dependence on
the interaction parameterj and on different reservoirs with detun

ing d510g̃c : ~a! a squeezed reservoir with squeezing phaseC
50, ~b! a typical vacuum,~c! a thermal reservoir, and~d! a
squeezed reservoir with squeezing phaseC5p. The mean photon
numberN is N50.01 in ~A!, N50.03 in ~B!, N50.05 in ~C!, and
N50.1 in ~D!, and the photon correlations in the squeezed reser
are uM u5@N(N1b)#1/2, with the beta value b5C/(C11)
510/11.
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deviation of the variance of the photon numberV(N)
5^N2&2^N&2 from a Poissonian variance. The MandelQ
factor is defined as@45,46#

Q5
V~N!2^N&

^N&
5

^N&
gT

Q~gT!, ~27!

where

Q~T!5E
2T

T

dtS 12
utu
T D @g(2)~t!21#. ~28!

Here T is the counting time interval during which photon
are collected. The MandelQ factor Q(T) is larger than zero
if the photon statistics are super-Poissonian, zero, if the
tistics are Poissonian, and smaller than zero if the statis
are sub-Poissonian.

It is quite obvious to connect super-Poissonian pho
statistics with two-photon emissions into the resonance fl
rescence@39,40#. The contribution of these two-photon pro
cesses is dominant ing(2)(t) if the absolute of the steady
state population inversionuDu displays a maximum in
dependence onj @39,40#. Thus squeezed reservoir effects
the photon-counting statistics are manifested in the stea
state population inversionD, which can be strongly manipu
lated in the presence of a squeezed reservoir, as show
Figs. 5. Interestingly, there are ranges of interaction para
etersj where it is possible to change the photon statist
from super- to sub-Poissonian in dependence on the squ
ing phaseC. In particular, the photon statistics become su
Poissonian due to the presence of a squeezed reservoir w
squeezing phaseC5p, while the photon statistics are supe
Poissonian in squeezed reservoirs with a squeezing p
C50, as well as in thermal reservoirs and a usual vacu
This is displayed in Table I.

ir

TABLE I. The normalized MandelQ parameterQ(T) in depen-
dence on different reservoirs, a usual vacuum~UV!, a thermal res-
ervoir ~TR!, a squeezed reservoir with squeezing phaseC50 ~SR-
C50), and a squeezed reservoir with squeezing phaseC5p ~SR-
C5p). We recognize parameters in which phase-depend
squeezed reservoir effects completely change the photon statis

Parameters UV TR SR-C50 SR-C5p

j51.0, N50.01 1.77 1.50 2.23 1.04
j51.9, N50.01 0.22 0.12 0.34 0.04
j51.0, N50.1 1.77 0.33 1.20 20.02
j51.2, N50.1 1.37 0.43 1.45 0.07
j51.9, N50.1 0.22 0.12 0.34 0.04
j51.0, N50.25 1.77 20.19 0.20 20.32
j51.4, N50.25 0.97 0.07 0.78 20.10
j51.9, N50.25 0.22 0.04 0.28 20.02
j51.0, N50.5 1.77 20.36 20.26 20.37
j51.4, N50.5 0.97 20.11 0.25 20.16
j51.5, N50.5 0.79 20.08 0.78 20.10
j51.9, N50.5 0.22 20.02 0.16 20.04
3-6
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It is clear that for larger photon numbers squeezed re
voir effects become negligible in comparison to thermal r
ervoir effects. For large photon numbers the photon statis
in the resonance fluorescence are sub-Poissonian, inde
dent of the reservoirs. This, again, is a result of the beha
of the steady-state population inversionuDu, which is com-
paratively small in reservoirs with large photon numbers
gardless what kind of reservoir is present. Consequen
two-photon emissions into the resonance fluorescence
suppressed. The change from super- to sub-Poissonian s
tics is again an effect of a large squeezing phaseC5p,
which is generally unusual in squeezed reservoirs@56#.

V. TOTAL SQUEEZING IN THE RESONANCE LIGHT

In this section we are interested in the situation wh
squeezing is detected in terms of normally ordered varian
of the phase quadratures, which requires a direct homod
ing of the total radiation field as a local oscillator witho
frequency filtering@57#. We denote this type of squeezing
total squeezing. An alternative detection scheme which m
sures the squeezing spectrum requires the fluorescent fie
be first frequency filtered and then homodyned with a stro
local oscillator field @30–32#. This situation is generally
known as spectral component squeezing, and will be the
ject of Sec. III.

Squeezing in the signal beam is conveniently connec
with the normalized intensity correlation functionQ(t,Q),
which can be expressed as@37,46#

Q~t,Q!5@^DE(2)~ t !DE(1)~ t1t!&eiv0t

1^DE(2)~ t !DE(2)~ t1t!&

3e2 i [v0(2t1t)22Q]1c.c.#, ~29!

FIG. 6. Total squeezing in dependence on the interaction par

eter j and on different reservoirs with detuningd/g̃c510: ~a! a
squeezed reservoir with squeezing phaseC50, ~b! a typical
vacuum,~c! a thermal reservoir, and~d! a squeezed reservoir wit
squeezing phaseC5p. The mean photon numbers areN50.003 in
~A!, N50.01 in ~B!, N50.05 in ~C!, and N50.1 in ~D!, and the
photon correlations in the squeezed reservoir obeyuM u5@N(N
1b)#1/2, with theb valueb5C/(11C)510/11.
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whereDE5E2^E&. Total squeezing occurs wheneverQ(t
50,Q) is smaller than zero@36#. The time evolution of
Q(t,Q) describes the progressive loss of negative corre
tions with increasing delay time. Thus a knowledge of t
functional form ofQ(t,Q) allows one to calculate effects o
finite detection times on measurable squeezing@36#. More
interesting, the Fourier transformation ofQ(t,Q) determines
the spectral component squeezing of the signal field@37#,

C~v,Q!5E
2`

`

Q~t,Q!eivtdt, ~30!

in dependence on the relative angleQ. Spectral componen
squeezing is obtained ifC(v,Q),0 for appropriate values
of v and the phaseQ of the local oscillator@37#, and will be
the subject of Sec. VI.

We express Eq.~29! in terms of the Heisenberg dipole
moment operators~18! and ~19!, and under the assumptio
of the secular approximation derive, forQ(t,Q),

Q~t,Q!5
g̃c

2
„@11C~ t !C~ t1t!22DJ0~j!#e2G12t

1B* ~ t !B~ t1t!~12D2!e2G11t1 cos~2Q!

3$@12C~ t !C~ t1t!#e2G12t2B* ~ t !B~ t1t!

3~12D2!e2G11t%…, ~31!

whereQ(t,Q) is renormalized to the total outgoing fluxg̃c
of the resonance fluorescence light, as usually@25,27,38,58#.
The overline denotes averaging over the fast oscillations p
portional tod or multiplies ofd with respect tot, and

C~ t !C~ t1t!5
1

2 H J0F2j cosS d
t

2D G1J0F2j sinS d
t

2D G J ,

B* ~ t !B~ t1t!5
1

2 H J0F2j sinS d
t

2D G2J0F2j cosS d
t

2D G J .

We consider the two quadrature components of the sig
field in phase (Q50) or out of phase (Q5p/2) to the strong
local oscillator, and, forQ(t50,Q5p/2), i.e., the out-of-
phase component, we obtain

QS t50,Q5
p

2 D5
g̃c

2
$222DJ0~j!2D2@12J0~2j!#%.

~32!

Similarly, for the in-phase quadrature element of the sig
field, we derive

Q~t50,Q50!5g̃c@12DJ0~j!#. ~33!

The in-phase quadrature component of the signal field~33!
cannot be squeezed regardless of what kind of reservo
present. However, the out-of-phase component~32! displays
squeezing.

We have plotted the normalized total squeezing in dep
dence onj and different reservoirs in Figs. 6. Total squee

-
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ing occurs in a range of small dimensionless interaction
rameterj/g. Interestingly, in the presence of a squeez
reservoir withC50, total squeezing can be enhanced, a
the range of interaction parametersj in which total squeez-
ing occurs can also be enlarged. This is possible for sm
photon numbersN, and is vanishing for larger photon num
bers. In comparison, total squeezing can be greatly s
pressed in the presence of a squeezed reservoir wi
squeezing phaseC5p. The differences in total squeezin
occur due to the influences of the different reservoirs on
steady-state population inversionD ~see Fig. 5!. The steady-
state population inversionD is responsible for two-photon
emission processes which determine the squeezing prope
in the resonance fluorescence. The presence of a the
reservoir, and especially of a squeezed reservoir with squ
ing phaseC5p, strongly suppresses the probability of tw
photon emissions, leading to a decrease of total squeezin
shown in Figs. 6. In contrast, these two-photon emissi
can become more pronounced in a squeezed reservoir
C50, and this is responsible for the enhancement of
squeezing effects.

Another important feature in connection of measura
total squeezing is the temporal behavior of the relevant n
malized correlation functionQ(t,Q), which allows one to
consider questions of influences of finite detection times
squeezing@36#. The temporal correlation function out o
phase to the strong local oscillator is given as

QS t,Q5
p

2 D5g̃c@~C~ t !C~ t1t!2DJ0~j!!e2G12t

1B* ~ t !B~ t1t!~12D2!e2G11t#. ~34!

We recognize fast oscillations of the order ofd/2 in the
correlation function in dependence ont ~see Fig. 7!. In par-
ticular, the correlation function becomes much more ne
tive for t'2/d in comparison tot50. Such a behavior has
positive consequence on the observation of squeezin
resonance fluorescence if we take finite detection times
account. These oscillations can be greatly enhanced or
pressed in the presence of a squeezed reservoir in de
dence on the squeezing phaseC. Here again, the effects o
the squeezed reservoir are most pronounced for small ph
numbers as well as in a range of small interaction para
eters, as shown in Fig. 7. The oscillations are manifestat
of two-photon emission processes which can be amplified
suppressed in dependence on the squeezing phaseC of the
squeezed reservoir. It is important that this behavior of
correlation function is absent in the resonance fluoresce
of a monochromatically driven atom. Here the temporal
havior of the correlation function is determined by the Ra
frequency, which has to be smaller than the decay rateg in
order to observe squeezing. Consequently no oscillations
cur during a time interval 1/g @37#.

VI. SPECTRAL COMPONENT SQUEEZING

In this section we investigate squeezed reservoir effe
on the spectrum of squeezing, and if the degree of squee
05382
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can be enhanced~or suppressed! in the presence of a
squeezed reservoir. The normalized, dimensionless spe
component squeezing forQ5p/2 out of phase to the stron
local oscillator, which we denote asF22(v) and which is
given as the Fourier transform ofQ(t,Q5p/2), provides for
a measure of the degree of squeezing:

F22~v!5E dteivtQS t,Q5
p

2 D
5 (

q52`

1`

@J2q
2 ~j!2dq,0DJ0~j!#

3
2G12g̃c

~v22qd!21G12
2

1 (
q52`

1`

J2q11
2 ~j!

3~12D2!
2G11g̃c

@v2~2q11!d#21G11
2

. ~35!

We recognize that spectral component squeezing occurs
clusively in the central componentv50 of the resonance
fluorescence spectrum. When we take into account the s
lar approximation conditiond@g̃c we may reduce Eq.~35!,
around the frequencyv50, into

F22~0!'2@J0
2~j!2DJ0~j!#~ g̃c /G12!. ~36!

We displayF22(0) in dependence ofj and on different res-
ervoirs in Fig. 8. The spectral component squeezing disp
a similar dependence on the interaction parameterj as the
probability of two-photon emission processes does, i.e.,

FIG. 7. Temporal behavior ofQ(t,Q5p/2)/g̃c in dependence

on different reservoirs with detuningd/g̃c510: ~a! a squeezed res
ervoir with squeezing phaseC50, ~b! a typical vacuum,~c! a
thermal bath, and~d! a squeezed reservoir with squeezing pha
C5p. The mean photon numbers in the reservoirs and the inte
tion parameterj are given asj50.85 andN50.003 in ~A!, j
50.9 and N50.01 in ~B!, j50.95 andN50.02 in ~C!, and j
51.1 and N50.05 in ~D!, and the photon correlations in th
squeezed reservoir obeyuM u5@N(N1b)#1/2, with the b value b
5C/(C11)510/11.
3-8
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steady-state population inversionD shows the same depen
dence on the interaction parameterj @39,40#. This is the
strongest evidence to connect the squeezing properties
the two-photon emission processes into the central com
nent of the resonance fluorescence. In this context it is c
that spectral component squeezing can only be observe
the central peak of the spectrum. Thus it seems to be
particular interest to consider finite bandwidth effects of
squeezed reservoir on squeezing properties of the reson
fluorescence, however, this is not the subject of this pa
We recall that this behavior is in contrast to squeezing pr
erties in the resonance fluorescence of a monochromatic
driven atom, where the frequency range of the spectral c
ponent squeezing depends strongly on the interaction pa
eterj, i.e., the Rabi frequency@37#.

We are interested in the effects of different reservoirs
spectral component squeezing of the out-of-phase quadra
component. Again, phase-dependent squeezed reservo
fects allow one to enhance or suppress the magnitud
squeezing in dependence on the squeezing phaseC, espe-
cially in the range of small photon numbers. This is simi
to squeezed reservoir effects on squeezing properties
monochromatically driven two-level atom@27#. However,
the squeezed reservoir cannot enhance the degree of sq
ing as strongly as in the monochromatic driving field ca
The effects of squeezed and thermal reservoirs are show
Fig. 8. Because thermal and squeezed reservoir effects
to a dropping of the strong superbunching behavior for v
small interaction parametersj, and, therefore, to a termina
tion of the two-photon emissions, we expect no squeez
This is demonstrated in Fig. 8 where the spectral compon
squeezing is plotted in thermal and squeezed reservoirs
different photon numbers as a function ofj. Further, for

FIG. 8. Spectral component squeezingF22(v50) in depen-
dence on the interaction parameterj and on different reservoirs:~a!
a squeezed reservoir with squeezing phaseC50, ~b! a typical
vacuum,~c! a thermal reservoir, and~d! a squeezed reservoir wit
squeezing phaseC5p. The photon number in the squeezed
thermal reservoirs obey~A! N50.003,~B! N50.01, ~C! N50.02,
and ~D! N50.05, and the photon correlations in the squeezed
ervoir are uM u5@N(N1b)#1/2, with the b value b5C(C11)
510/11.
05382
ith
o-
ar
in

of
e
nce
r.
-
lly
-

m-

n
ure
ef-
of

r
a

ez-
.
in
ad
y

g.
nt
or

stronger interaction parametersj.2.5 the effects of therma
and squeezed reservoirs on spectral component squee
become negligible. More interestingly, we can enhance
degree of squeezing in the presence of a squeezed rese
with a squeezing phaseC50 for certain interaction param
eters and small photon numbers, as shown in Figs. 8
contrast the degree of squeezing can be strongly suppre
in the case of a squeezing phase ofC5p. These properties
again, can be understood as effects of the squeezed rese
on the steady-state population inversionD which determines
the probability of two-photon emission into the resonan
fluorescence which are responsible for the squeezing pro
ties.

We finally note that the normalized spectral compon
squeezingF11(v) of the quadrature component in pha
with the strong, local oscillator,

F11~v!52@12DJ0~j!#@~G12g̃c!/~v21G12
2 !#, ~37!

cannot be squeezed in the whole frequency range regard
of what kind of reservoir is present, and regardless of
interaction parameterj. The effects of the squeezed reservo
on this component are therefore not of particular interest

VII. SUMMARY AND CONCLUSIONS

We have studied squeezed reservoir effects on quan
statistical and squeezing properties of the resonance fluo
cence of a single, bichromatically driven two-level atom. W
have shown significant influences of a squeezed reservoi
the photon correlation phenomena, on photon-counting
tistics, and on squeezing properties which depend on
mean number of photons in the cavity and on the interac
parameterj of the bichromatic atom-field interaction. W
further demonstrated the influence of a squeezed reservo
the degree of squeezing, and showed that a squeezed r
voir allows one to enhance or suppress the degree of squ
ing in the resonance fluorescence in dependence on
squeezing phaseC. Manipulations of the steady-state pop
lation inversion by different reservoirs are responsible for
these effects. The steady-state population inversion de
mines the probability of two-photon emissions in the res
nance fluorescence and these two-photon emissions sp
all nonclassical effects in the resonance light emitted by
bichromatically driven two-level atom. Further effects a
manifested by the influences of different reservoirs on
decay rates of the Floquet states. Interestingly, these eff
remain even for a large squeezing phaseC5p, which is
generally unusual in squeezed reservoirs.

With respect to the recent experiment of Turchetteet al.
@59#, who realized the atom-squeezed-vacuum interaction
the bad cavity limit, the proposed squeezed reservoir effe
on photon correlations as well as on squeezing proper
should be realizable. There it was also shown that m
squeezed reservoir effects in the free-space situation ca
carried over to the cavity situation in the bad cavity lim
Thus they verified in some sense the formally identical m
ter equation of the free-space squeezed reservoir and

s-
3-9
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cavity-modified squeezed reservoir situation in the bad c
ity limit. However, we have to stress again that the drivi
fields as well as the squeezed vacuum field have to be
erated from a common laser source in order to maintain
phase relations between them necessary for the observ
of the squeezed reservoir effects.
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