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Ringing in the resonance fluorescence spectrum of a driven two-level atom
under bichromatic excitation in a broadband squeezed vacuum
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We present analytical results for the steady-state resonance fluorescence spectrum produced by a driven
two-level atom excited under two strong coherent fields in the presence of a broadband squeezed vacuum. Here
the central frequency of the squeezed vacuum is considered to be resonant as well as off-resonant with the
average driving field frequency while maintaining resonance between the atomic transition frequency and the
average driving field frequency. We observe a ringing phenomenon in the fluorescence spectrum due to the
small frequency difference in the bichromatic field and this phenomenon is found to be sensitive to the
detuning of the carrier frequency of squeezed vacuum with respect to the central frequency of the bichromatic
field. @S1050-2947~98!00810-5#

PACS number~s!: 42.50.Ct
an
ez
tu
t

er
hi
-
so
dr
t

he

w

m
ce
-
an
n

th
to

tte
v

s
th

-
n

ns
n

de
p
ec

ze
in

n
he
m.
the
as
b-

he

tom

s

ition
-
is
of

ency
e
nce

tered
an
ent
ed
as
In the recent past, certain radiative properties of one
many two-level atoms embedded in a broadband sque
bath have been the topic of keen investigation in quan
optics. Among them the most interesting prediction is tha
two-level atom strongly driven by a coherent field and int
acting with a broadband squeezed vacuum bath may ex
a narrowing~subnatural linewidth! or broadening of the cen
tral peak of the usual three-peaked Mollow spectrum of re
nance fluorescence, depending on the relative phase of
ing field and squeezed vacuum@1#. In the studies carried ou
in Refs. @1–6# it is assumed that the frequencyvL of the
driving field is exactly equal to the carrier frequency of t
squeezed vacuum. When the central~carrier! frequency of
the broadband squeezed vacuum is not in resonance
both the driving field frequencyvL and the atomic transition
frequencyva , the analysis of first harmonic quadrature co
ponents of both the absorption spectrum and the fluores
intensity is presented in@7#. Specifically, the absorption pro
file has a hole burning structure in the weak field case,
two unequal absorption or amplification peaks in the stro
field case@7#. Recently, some results were reported on
resonance fluorescence spectrum of a driven two-level a
in an off-resonant squeezed vacuum@8,9#. In order to explore
further new features in the spectral properties of the emi
fluorescence field we consider here a system of two-le
atom ~transition frequencyva! coherently driven by a
bichromatic laser field~frequency componentsv15va2d
and v25va1d! in a broadband squeezed vacuum who
central frequency may not be at resonance with either
average driving field frequency@vs5(v11v2)/2# or the
atomic transition frequency@10#. Because of the nonzero de
tuning of the squeezed vacuum field as well as the prese
of the bichromatic driving field the model Bloch equatio
have time-dependent periodic coefficients, so they do
have an analytic solution in general@7–10#. Here we show
that the analytic solution of the model Bloch equations un
bichromatic excitation is possible in the intense field a
proximation@3#. However, the steady-state fluorescent sp
trum so obtained is quite sensitive to the value ofd as well as
on the detuning of the central frequency of the squee
vacuum with respect to the central frequency of the driv
PRA 581050-2947/98/58~5!/4239~5!/$15.00
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field. The small frequency differenced in the bichromatic
fields gives rise to the phenomenon of ‘‘ringing,’’ i.e., a
oscillatory behavior or a train of pulselike features in t
fluorescence spectrum of a strongly driven two-level ato
This spectrum is also sensitive to the relative phase of
squeezed vacuum field. It is both qualitatively as well
quantitatively different from the fluorescent spectrum o
tained atd50 and at the exact resonance@1–3# condition of
the central driving field frequency with the frequency of t
squeezed vacuum field.

In an ordinary vacuum~without squeezing! the observed
resonance fluorescent spectrum of a two-level-like Ba a
under intense bichromatic field excitation consists@11# of
many sidebands separated byd and the number of sideband
increases with increase in Rabi frequency (V0) ~the dressed-
state analysis of this spectrum is given in@12#!. Here we
show that, in the squeezed vacuum case, under the cond
of strong driving field (V0@g,d) we observe ringing behav
ior in the usual Mollow triplet for the above system. Th
ringing is sensitive to the detuning of the carrier frequency
the squeezed vacuum with respect to the average frequ
(vs) of the driving fields. To quantify this phenomenon w
give an analytic expression for the steady-state fluoresce
spectrum.

We assume a broadband squeezed vacuum cen
aroundvsv . The squeezing bandwidth is much broader th
the spectral width of fluorescence so that the fluoresc
spectrum falls well within the bandwidth of the squeez
vacuum modes. Then the squeezed vacuum appearsd-
correlated squeezed white noise to the atom@1#. The master
equation for this system can readily be obtained@1–3# in a
frame rotating at the driving field frequencyvL :

ṙ5 i @H,r#2
g

2
~N11!~S1S2r1rS1S222S2rS1!

2
g

2
N~S2S1r1rS2S122S1rS2!

2guM ueifse22i ~vsv2vs!tS1rS1

2guM ue2 ifse2i ~vsv2vs!tS2rS2 , ~1!
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with

H5 1
2 DSz1V0@S1eifLcos~dt !1H.c.#, ~2!

whereg is Einstein’sA coefficient, andV0 andfL are, re-
spectively, the Rabi frequency and the phase of the driv
field ~whose two amplitudes are equal!. N and M are the
squeezed vacuum parameters withuM u<AN(N11), D
5vs2va , va is the atomic Bohr frequency,vSV is the cen-
tral frequency of the broadband squeezed vacuum, andfs is
the phase of the squeezed vacuum.

With the help of the master equation~1! we can readily
obtain the model Bloch equation in the following form:

^Ṡ1&52S g

2
~2N11!1 iD D ^S1&2gM

3exp~2ikdt !^S2&22iV0cos~dt !^Sz&,

^Ṡ2&5^Ṡ1&* , ~3!

^Ṡz&52
g

2
2g~2N11!^Sz&1~ iV0^S2&

2 iV0^S1&!cos~dt !.

Here the parameterk5(vSV2vs)/d is the measure of de
tuning of the squeezed vacuum carrier frequencyvSV from
the central frequencyvs of the driving field. Sok50 implies
that the squeezed vacuum is centered on the central
quency,k51 means the squeezed vacuum centered on
first odd harmonic,k52 means that it is centered on the fir
even harmonic ofd, and so on@10#.

Note that within the same model Eq.~1! and for exact
atomic detuning (D50), the authors of Ref.@10# have in-
vestigated the nonoscillatory component of the steady-s
fluorescent~scattered! spectrum numerically in the case
wherevSV is close tuned to the central spectral line as w
as to the first odd and the first even sideband, respectiv
Their main interesting result is the occurrence of an ano
lous spectral feature such as hole burning and dispersive
files in the central peak which can easily be observed
cause of the absence of coherent scattering at line ce
under bichromatic excitations. What we are going to pres
here is the analytic expression of the complete fluoresc
spectrum~including all harmonics! from the model Bloch
equation ~3! for the exact atomic detuning condition (D
50). To simplify our model equations to a great deal w
restrict ourselves to the case of strong field (V0@g,d) @3,9#
so that we can study the underlying features analytically.
this purpose we transform@3,9# the atomic operators as fo
lows:

Rx5Sy ,

Ry52~D/2V!Sx1~V0 /V!Sz , ~4!

Rz5~V0 /V!Sx1~D/2V!Sz ,

whereV25V0
21D2/4. Next we go to the interaction pictur

defined by
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c̄5e2iVtRzc,

c̄5Col@^R̄1&,^R̄2&,^R̄z&#, ~5!

c5Col@^R1&,^R2&,^Rz&#.

With this transformation, the resulting equations split in
two parts: one containing non-rapidly-oscillating terms a
the other involving factors like exp(62iVt), exp(64iVt), etc.
If we make the secular approximation at this stage~e.g.,V
@g,d! and neglect the rapidly oscillating terms and th
revert back to the Schro¨dinger picture, we obtain

^Ṙ1&5$2iV@r 1~12r !cos~dt !#2g1%^R1~ t !&,
~6!

^Ṙz&52g0^Rz&2Arg/2,

where

g15~g/2!@~2N11!~32r !/22uM u~12r !cos~2kdt1F!#,

g05g@~2N11!~11r !/21uM u~12r !cos~2kdt1F!#,
~7!

r 5D2/4V2

in which F52fL2fs (fL is the phase of the external driv
ing field, andfs is the phase of the squeezed vacuum fiel!.

The solution of Eqs.~6! can be obtained very easily. Th
fluorescent spectrum is given as the Fourier transform of
two-time correlation function of the atomic dipole operato

S~D !5
2

T
ReS E

0

T

dtE
0

T2t

dt e2 iD t^S1~ t1t!S2~ t !& D ,

~8!

FIG. 1. Steady-state fluorescent spectrumS ~in arbitrary units!
of a two-level atom under monochromatic excitation in therm
~curveA! and squeezed~curvesB andC! baths with driving field in
resonance with the atomic transition (D50). Here 2V0 /g530 and
D5(v2va)/g. Curve A (S11.0) is for N51, uM u50; curveB
(S10.5) is forN51, uM u5A@N(N11)#, F50, and curveC(S) is
for N51, uM u5A@N(N11)#, F5p.
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where D5v2va is the frequency offset of the~Fabry-
Pérot! detector line center with respect to the atomic f
quencyva , and the timeT is the integrating time of the
detector. We have to setT→` in the above expression~8! to
get the steady-state fluorescent spectrum. In Eq.~8! we need
th
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to calculate the two-time averages^S1(t1t)S2(t)& which
in fact can easily be obtained using quantum regression th
rem. The correlation function appearing in Eq.~8! can then
be expanded inR operators and making use of Eq.~6! we get
the steady-state spectrum
S~D !5
1

4 (
n52`

`

I nS b

4kd De2~b/4kd!sin~F!

3 (
m52`

`

JmS 2V0

d D ~3a/4!cos@n~F2p/2!#1@D1~m22kn!d#sin@n~F2p/2!#

~3a/4!21@D1~m22kn!d#2 1
1

4 (
n52`

`

I nS b

4kd De2~b/4kd!sin~F!

3 (
m52`

`

JmS 2V0

d D ~3a/4!cos@n~F2p/2!#1@D2~m12kn!d#sin@n~F2p/2!#

~3a/4!21@D2~m12kn!d#2

1
1

2 (
n52`

`

I nS 2b

2kd De~b/2kd!sin~F!
~a/2!cos@n~F2p/2!#1~D22knd!sin@n~F2p/2!#

~a/2!21~D22knd!2 ~9!
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in which a5g(112N), b5guM u and for simplicity we
have kept atomic detuningD50 ~or r 50!. Also, in Eq.~9!
there appears the Bessel functionJm(x) and the modified
Bessel function of first kindI n(x). The limiting case ofd
→0 has to be taken properly to recover the results of
monochromatic excitation case.

The expression ofS(D) @in Eq. ~9!# contains two types of
terms. For the first category of terms in whichm50, n50
~the part around the central peak of the Mollow triplet!, only
the magnitude of the spectral features is a function ofd but
the positioning of the spectral feature is independent od.
Also, the spectral shape for this category of terms is in
pendent of the relative phaseF between the driving field and
the squeezed vacuum field. It is not surprising to have s
terms as these terms represent the zero order~nonoscillatory
component! of the fluorescent spectrum. The complete h
monics of the fluorescent spectrum are contained in the
ond category of terms for whichnÞ0, mÞ0 in general. For
these terms both the magnitude as well as the position o
spectral features are dependent on the parameterd. Also,
there appears the relative phaseF in these terms. It implies
that under the strong driving field condition with bichroma
excitation (dÞ0) the fluorescent spectrum is sensitive to t
relative phase between the driving field and the squee
vacuum field. The authors of Ref.@10# have also presente
similar results numerically for larged values. Our analytic
result, Eq.~9!, contains information about all the harmoni
present~under intense field limit! in the fluorescence spec
trum and thus reveals certain spectral features not mentio
in earlier studies under the secular approximation. We w
now elaborate our results with the help of figures.

We will first demonstrate how good our secular appro
mation is under the strong driving field with monochroma
excitation (d50). For this purpose, in Fig. 1, we have plo
ted the steady-state fluorescent spectrum for a broadb
squeezed bath with the driving field 2V0 /g530, atomic de-
tuning D/g50, and monochromatic excitation conditio
e
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d/g50. Here we have keptuM u50, N51, i.e., only a ther-
mal bath for curveA, but a broadband squeezed bath„N
51, uM u5A@N(N11)#… for both curvesB andC, along with
F50, for curveB andF5p, for curveC. Clearly, the spec-
tral features are in a very good agreement with previou
reported results@1–3#, e.g., whenF50 the central peak
broadens and equality of heights of the three peaks occ
but whenF5p the central peak narrowed down conside
ably and its height increases enormously. After establish
these well-known results obtained with our method, we n
proceed for thedÞ0 ~bichromatic excitation! case. How-
ever, we selectd very small in order to maintain the validity
of our secular approximation and thus obtain some differ
spectral features. In Fig. 2 we have depicted the steady-s
fluorescence spectrum for a broadband squeezed vac
„N51, uM u5A@N(N11)#, F50… with 2V0 /g530, D/g
50, d/g50.3. CurveA is for k50, i.e., the squeezed vacu
um’s carrier frequency is in resonance with the central f
quency of the driving field. Comparing Fig. 2~curveA! with
Fig. 1 ~curve B! essentially brings out the effect of bichro
matic excitation~in which the difference in frequencies o
the two excitation fields is kept very small! over the mono-
chromatic excitation. What we observe is a kind of ringi
phenomenon in between the central peak and the side
region of the resonance fluorescence spectrum. For inte
driving fields we can observe such ringing only at very lo
d’s. ~At higher values ofd, this phenomenon gets degenera
perhaps because the secular approximation starts deter
ing.! Here we have selectedd/g!2V0 /g so the secular ap
proximation must be maintained. This ringing could be
tributed essentially due to the oscillatory intens
distribution pattern of the new sidebands generated al
with a kind of Mollow triplet as a result of bichromatic ex
citation by intense fields. The new sidebands generated in
process are located atv5vL6nd. We can quantify our
statement by diagonalizing the Hamiltonian~2! with D50.
The eigenvalues of this Hamiltonian are6nd and the popu-
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lation of the dressed states in manifoldN is associated with
the Bessel function of argument 2V0 /d consistent with Ref.
@12#. Also, in the high Rabi frequency limit, higher dresse
state manifolds get populated, leading to transition to low
dressed-state manifolds and finally to the ground state@10#.
The Bessel functionJm(2V0 /d) oscillates with its indexm
and hence the population distribution of the dressed st
also oscillates, meaning for certain values ofm ~keeping
2V0 /d unchanged!, the amplitude of Bessel functions goe
down to zero, resulting in zero population of that dress
state and hence that particular spectral feature is comple
disappearing. So, it is the oscillatory Bessel functions giv
rise to oscillating population distribution in the dressed sta
and that along with the proximity of the6nd sidebands are
responsible for the apparant oscillatory intensity pattern
the resonance fluorescence spectrum. Because of the
value ofd, the side peaks atvL6nd are very close to each
other and thus their individual spectral envelopes of differ
heights are overlapping with the neighboring peaks con
erably for the selected squeezed vacuum parameters
hence the overall enveloping pattern looks like a ‘‘ringing
with usual side peaks. This physical explanation is jus
guideline toward an understanding of this phenomenon, b
more appropriate physical picture is certainly required
caused!V0 ,g.

In curve B of Fig. 2 we have centered the squeez
vacuum on the first odd harmonic (k51) of d. The effect of
this change is visible in the sense that the ringing phen
enon starts diffusing or damping out. This effect becom
more pronounced if we center the squeezed vacuum on
first even harmonic (k52, curveC of Fig. 1!. Comparison of
curvesA, B, andC in Fig. 2 gives us the inference that th
phenomenon of ringing reduces if we start centering
squeezed vacuum away from the central frequency withF
50. Other effects of centering the squeezed vacuum on

FIG. 2. Steady-state fluorescent spectrumS ~in arbitrary units!
of a two-level atom under bichromatic (d/g50.3) excitation in a
squeezed bath with driving field in resonance with the atomic tr
sition (D50). Here 2V0 /g530, D5(v2va)/g, N51, uM u
5A@N(N11)#, F50. Curve A (S10.4): carrier frequency of
squeezed bath is in resonance with central frequency of the dri
field (k50); curveB (S10.2): carrier frequency of squeezed ba
is centered on the first odd harmonic ofd (k51); curve C ~S!:
carrier frequency of squeezed bath is centered on the first e
harmonic ofd (k52).
-
r

es

d
ly

g
s

n
all

t
-
nd

a
a
-

d

-
s
he

e

he

first even harmonic are the appearance of structures aro
the central peak that are symmetrically located about theD
50 line, and the change in the width of the central pe
However, the sensitivity of the ringing phenomenon on t
off centering of the squeezed vacuum critically depends
the phaseF. We have setF52p/2 in Fig. 3 with d/g
50.35 and keeping all other parameters the same as in
2. Here too like Fig. 2 we get the ringing phenomenon in
fluorescence spectrum~curveA, Fig. 3!. But as we off center
the squeezed vacuum frequency and move to first odd
monic ~curve B, Fig. 3! and first even harmonic~curve C,
Fig. 3! of d, to our surprise the ringing becomes more prom
nent. This behavior is related to the product
Jm(x)I n(y)e2y sin(F) appearing in the expression ofS(D),
Eq. ~9!, along with phase~F! at eachn. Beside this the
central peak starts reducing in its height and broadening
we move fromk50 to k52. As for F5p/2 the ringing
features in the spectrum are reduced relative to the ab
cases ofF50,2p/2.

In conclusion, the bichromatic excitation~d small! along
with the presence of the resonant or off-resonant squee
vacuum field brings out noticeable changes in the resona
fluorescence spectrum of a strongly driven two-level ato
We have considered all harmonics of the spectrum in
calculations. The bichromatic field as such produces ring
in the Mollow triplet which becomes sensitive to the pha
of the squeezed vacuum as well as centering the locatio
the carrier frequency of the squeezed vacuum with respe
the driving field frequency. Observation of the spectrum
the absence of the squeezed vacuum for a two-level a
under intense bichromatic field excitation has shown@11#
that the fluorescence spectrum contains no Rabi sideban
the Mollow triplet, instead there is a series of sideban
~comblike structure! separated by half the frequency diffe
ence between the two components of driving fields. T
number of sidebands increases with increase in Rabi
quency@11,12#. What we have studied here is the resonan
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FIG. 3. The same as Fig. 2 but ford/g50.35,F52p/2. Curve
A (S10.7): carrier frequency of squeezed bath is in resonance w
central frequency of the driving field (k50); curveB (S10.35):
carrier frequency of squeezed bath is centered on the first odd
monic ofd (k51); curveC ~S!: carrier frequency of squeezed ba
is centered on the first even harmonic ofd (k52).
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fluorescence in a different regime of parameter valued/g
valid under secular approximation. The ringing we have
served has its frequency directly related to the periodic
ture of Jm(x) with m and it is in contrast to the previousl
mentioned results in the literature. Also, the ringing pheno
enon is sensitive to both the centering of carrier frequenc
well as the relative phase of the squeezed vacuum. With
recent availability of squeezed radiation@13# ~with N50.5!
et

.

K
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and analogously to the experiment reported in@11# on Ba
atoms under intense bichromatic excitation in norm
vacuum, the results presented here offer the possibility
observing such ringing effect in the fluorescence spectrum
two-level systems embedded in a squeezed radiation ba
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