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We propose a method to observe phase-dependent spectra in resonance fluorescence, emplo
two-level atom driven by a strong coherent field and a weak, amplitude-fluctuating field. The spe
are similar to those which occur in a squeezed vacuum, but avoid the problem of achieving squee
over a4p solid angle. The system shows other interesting features, such as pronounced gain wi
population inversion. [S0031-9007(99)08676-7]
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One of the most striking features of the interaction of
monochromatically driven two-level atom interacting wit
a squeezed vacuum is the existence of phase-depen
features in resonance fluorescence. The relative heig
and widths of the spectrum triplet vary greatly with th
phase of the squeezed vacuum [1,2]. In addition, so
peaks may show subnatural linewidths. Although the
effects were predicted over a decade ago, their experim
tal verification remains a major challenge in quantum o
tics. The principal difficulty confronting the experimente
is that the squeezed field modes must occupy the whole4p

solid angle of space.
In this paper we propose a method of observing pha

dependent resonance fluorescence spectra which av
this obstacle. The experiment should be feasible w
current technology. We employ a two-level atom drive
by a strong, coherent laser, and, in addition, by a wea
amplitude-fluctuating field of wide bandwidth which re
places the squeezed vacuum. We find similar pha
sensitive spectral profiles in resonance fluorescence
probe absorption to those which occur in the squeezed v
uum. A distinction is that no subnatural linewidths aris
Nevertheless, the observation of these features would
an important demonstration of the modification of bas
radiative properties by a phase-dependent reservoir.

The effect of the relative phase of two coherent drivin
fields on the transient dynamics of two-level atoms has
cently been investigated experimentally [3], the measur
fluorescence intensity strongly demonstrating the phase
pendence. Schemes have been proposed using the p
difference of coherent driving fields to control the quantu
interference between different transition channels, there
manipulating spontaneous emission [4] and the shape
the Autler-Townes doublet [5] in multilevel atomic sys
tems. A novel frequency metrological technique and me
surements of quantum correlations have been demonstra
by means of the phase sensitivity of the rate of two-phot
absorption [6]. The relative phase of two strong lasers
also widely employed to control the line shape and ra
of multiphoton ionization [7,8] and the final products o
chemical reactions [9].
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Very recently, Camparo and Lambropoulos [8] have in
vestigated the effect of phase diffusion of the fundament
field on three-photon and one-photon photoionization an
have shown that significant control can be achieved, ev
in the presence of a large laser linewidth. Measuremen
of the two-photon absorption spectrum from a variet
of randomly amplitude-modulated laser fields, includin
the real Gaussian field with a coherent component, ha
been performed [10]. Various spectral profiles are ob
served when the coherent component is in phase or90±

out of phase with the stochastic component. For the Mo
low spectrum, Vemuriet al. [11] have recently shown that
the presence of a stochastic field, in addition to a cohere
driving field, may give rise to a dramatic narrowing of the
linewidths of all three peaks, as well as enhancement
the inversionless gain.

Here we study the modification of the Mollow triplet
as controlled by the phase difference between appli
coherent and stochastic fields. A single two-level ato
is driven by a coherent field with a constant amplitud
Ec and a stochastic field with a randomly fluctuating
amplitudeEsstd. The atom is also damped in the usua
way by the electromagnetic vacuum. The frequencies
the atomic transition, of the coherent laser, and of th
stochastic field are assumed to be identical for simplicit
The master equation for the density operatorr of the
system is

Ùr ­ 2ifHa-c 1 Ha-s, rg

1 gs2s2rs1 2 s1s2r 2 rs1s2d , (1)

where

Ha-c ­
V

2
ss1 1 s2d , (2)

Ha-s ­
xstd

2
feifs1 1 e2ifs2g . (3)

Ha-c and Ha-s describe the interaction of the atom with
the coherent field and the stochastic field, respectively,g

is the atomic decay constant,f is the relative phase of the
two fields, V ­ 2jd ? eEcjyh̄ is the Rabi frequency of
© 1999 The American Physical Society
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the coherent field, andxstd ­ 2jd ? eEsstdjyh̄ represents
the stochastic amplitude of the atomystochastic-field inter-
action, which is assumed to be a real Gaussian-Markov
random process with zero mean value and correlati
function [10,12,13],

kxstdxst0dl ­ Dke2kjt2t0j, (4)

whereD is the strength of the stochastic process andk

can be associated with the bandwidth of the stochas
field. The correlation function (4) describes a fiel
undergoing amplitude fluctuations, which result in a finit
laser bandwidthk [10,12,13]. The field may be generated
by modulating the output of a stabilized tunable rin
dye laser external to the laser cavity and employed
ian
on

tic
d
e

g
to

probe the two-photon absorption spectrum [10,12] a
resonance fluorescence spectrum [13].

For simplicity, we assume that the intensity of th
coherent part is much greater than that of the stocha
field, and the bandwidthk of the stochastic field is
much greater than the atomic linewidth (in other word
the correlation timek21 of the stochastic field is very
short compared to the radiative lifetimeg21 of the
atom), i.e.,

V ¿
p

Dk and k ¿ g . (5)

One can then invoke standard perturbative techniques
eliminate the stochastic variablexstd [14]. (See also [15].)
The resultant master equation for the reduced dens
operatorr takes the form
, atomic
erms are
own that
, wide
Ùr ­ 2ifHa-c, rg 1 gs2s2rs1 2 s1s2r 2 rs1s2d 1 fsszrsz 2 rd, sa0s1 2 ap
0s2dg

1 fffse2ifs2 1 eifs1d, fr, sae2ifs2 1 apeifs1dgggg (6)

with

a0 ­
2iDVk

8sk2 1 V2d
°
1 2 ei2f

¢
, a ­

D
8

∑
1 1 ei2f 1

k2

k2 1 V2

°
1 2 ei2f

¢∏
. (7)

The first and second terms on the right-hand side of the reduced master equation (6) describe, respectively
stimulated transitions by the coherent field and spontaneous emission by the vacuum, whereas the other t
associated with the effect of the stochastic amplitude-fluctuating field and are phase dependent. It may be sh
the third term acts like a driving field contribution and the last a reservoir-related one. In other words, the weak
bandwidth and amplitude-fluctuating field effectively form a phase-dependent reservoir.

This becomes clearer if we rewrite the equation (6) forf ­ 0 as

Ùr ­ 2ifHa-c, rg 1 gsN 1 1d s2s2rs1 2 s1s2r 2 rs1s2d 1 gNs2s1rs2 2 s2s1r 2 rs2s1d

1 2gMs1rs1 1 2gMs2rs2 , (8)
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whereM ­ N ­ Dy4g. The master equation (8) is the
same as that of a coherently driven two-level ato
damped by a reservoir in which there is the maxim
classicalcorrelation between pairs of photons, a nonide
squeezed vacuum [1], for example. Such a reservoir
sometimes called a “classically squeezed field” (CSF).

We compare this response to that when the stocha
field is replaced by an ideal squeezed vacuum (ISV), whe
jMj ­

p
NsN 1 1d. The interaction of a two-level atom

with the ISV is characterized by the phaseF, the difference
between the phases of the driving laser and the squee
vacuum [1]. The casef ­ 0 corresponds toF ­ p.

For f ­ py2, we again obtain an equation of the
form (8), but this is now identical to the equation fo
a two-level atom interacting with a CSF withF ­ 0.
In this caseN ­ 2M ­ Dy4g 3 k2ysV2 1 k2d. For
f fi 0, py2 Eq. (8) does not correspond exactly to thos
for a classically squeezed field.

In Fig. 1 we present the resonance fluorescence sp
tra for the stochastic system withV ­ 200g, k ­ 100g,
andD ­ 10g in Figs. 1(a) and 1(b) forf ­ 0 andpy2,
respectively, where the strong phase dependence is
m
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dent. In Figs. 1(c) and 1(d) we give the spectra for th
corresponding ideal squeezed vacuum, withV ­ 20 and
N ­ 0.25 in Fig. 1(c), andN ­ 0.05 in Fig. 1(d). (For
the squeezed vacuum case we have divided the parame
by a factor of 10, in order to obtain experimentally reason
able values forN.) The comparison between the spectr
for the stochastic system and the system with a squeez
vacuum is striking.

It is the modification of the vacuum reservoir by the
weak, amplitude-fluctuating field that strongly affects th
physical properties of the atom. For example, the tw
quadratures,sx ­ s2 1 s1 andsy ­ iss2 2 s1d, of
the atomic polarization decay at the different rates

gx ­ g 1
Dk2

k2 1 V2 sin2 f ,

gy ­ g 1 D cos2 f ,
(9)

while the population inversionsz decays at the rate
gz ­ gx 1 gy. All these decay rates are dependent upo
the relative phase and intensities of the driving field
Clearly, when the coherent field is in phase with th
amplitude-diffusing one, i.e., whenf ­ 0, the decay of
2501
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the dipole quadraturesx is suppressedsgx ­ gd, while
the other decay rate is enhancedsgy ­ g 1 Dd. When
both the fields arepy2 degrees out of phase, however, th
situation is reversed. The suppression or enhancemen
the polarization decays for certain phases may give rise
rich spectral features.

In Fig. 2 we show the global variation of the resonanc
fluorescence spectra with the phasef for the stochas-
tic system withV ­ 200g, k ­ 100g, D ­ 40g. The
strong phase dependence is clear. Whenf ­ 0, the cen-
tral peak is much narrower and higher than the sideban
As the phase increases, the center peak broadens and
creases, while the sidebands grow and narrow. Forf ­
py2, the central peak has the minimal height and the ma
mal linewidth, whereas the sidebands have the oppos
characteristics. This behavior is qualitatively similar t
that of a two-level atom in a squeezed vacuum [1]. Th
only essential difference is that there are no subnatu
linewidths involved.

The physics associated with the modification of th
Mollow fluorescence spectrum can be explored by workin
in the semiclassical dressed states basisj6l ­ sj0l 6

j1ldy
p

2, which are the eigenstates ofHa-c. The condition
(5) ensures the secular approximation to be valid, an
consequently, the equations of motion simplify to

Ùrz ­ 2Gkrz ,

Ùr12 ­ 2sG' 1 iV0dr12 ,
(10)

where

Gk ­ gx , G' ­
1
2

sgy 1 gzd ,

V0 ­ V

∑
1 1

Dk

2sk2 1 V2d
sin2 f

∏
.

(11)

FIG. 1. Resonance fluorescence spectrumFsvd for V ­
200g, k ­ 100g, D ­ 10g, with (a) f ­ 0 and (b) f ­
py2. The other frames are for the atom in an ideal squeez
vacuum with V ­ 20g and N ­ 0.25, F ­ p in (c) and
N ­ 0.05, F ­ 0 in (d). (All parameters are scaled in units
of g throughout these figures.)
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rz ­ sr11 2 r2d and r12 ­ k1jrj2l are, respec-
tively, the dressed-state inversion and polarization, wh
have phase-dependent decay ratesGk and G', respec-
tively, and V0 is the generalized Rabi frequency. Th
quantity V0 2 V represents a dynamical frequency sh
owing to the additional amplitude-fluctuating field. [I
fact, it is consistent with our approximation (5) to s
V0 ­ V.] Obviously, the impact of the weak stochast
field on the coherently driven atom is merged in the dec
rates and level shifts of the dressed states, which dep
on the relative phase of the coherent and stocha
fields, the correlation strengthD, and bandwidthk of the
stochastic field.

It follows from (10) that the dressed statesj6l have the
same population. As a result, the resonance fluoresce
spectrum is symmetric:

Fsvd ­
G'y8

G
2
' 1 sv 1 V0d2

1
Gky4

G
2
k 1 v2

1
G'y8

G
2
' 1 sv 2 V0d2

. (12)

The decay of the inversion results in the central pe
with linewidth 2Gk and height1y4Gk, whereas the modu-
lated decays of the coherences give rise to the sideba
with linewidth 2G' and height1y8G'. Whenf ­ 0, we
haveGk ­ g and G' ­ 3gy2 1 D. The central spec-
trum is therefore much narrower and higher the sid
bands forD ¿ g. Whenf ­ py2, however,Gk ­ g 1

Dk2ysk2 1 V2d andG' ­ 3gy2 1
1
2 Dk2ysk2 1 V2d.

Accordingly, the center peak widens while the sideban
narrow as the phase varies from0 to py2.

The probe absorption spectrum of such a driven atom
also phase dependent. We show the spectrum in Fi
with the parameters:V ­ 400g, k ­ 100g, and D ­
40g. It is clear that the absorption spectra are symme
only whenf ­ 0 or py2, when the central componen
exhibits a Lorentzian line shape, while the sidebands sh

FIG. 2. Three-dimensional fluorescence spectrumFsvd
against the scaled frequencyvyg and the relative phasefyp,
for V ­ 200g, k ­ 100g, andD ­ 40g.
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FIG. 3. Probe absorption spectrumAsvd, with V ­
400g, k ­ 100g, D ­ 40g, and f ­ 0 in (a), f ­ py6 in
(b), f ­ py4 in (c), andf ­ py2 in (d).

the Rayleigh-wing line shape. Furthermore, there is
very sharp peak at line center whenf ­ 0. In these two
cases, the spectra are qualitatively similar to those of
corresponding ISV [2].

However, for other values off the spectra are asym
metric, and all three resonances have Lorentzian-like l
shapes. A striking feature is the sharp amplification at li
center which occurs in Figs. 3(b) and 3(c). This amp
fication takes place without the aid of population inve
sion. (Note that the population can never be inverted
either the bare- or dressed-state basis.) In this respect
stochastic system differs markedly from the correspon
ing CSF or ISV, as neither of these systems show stro
features at line center. They display only an insignifica
“glitch” at this position. The stochastic system therefo
demonstrates some interesting properties in its own rig
A global view of the variation of the probe absorption wit
phase is presented in Fig. 4.

FIG. 4. Same as Fig. 2, but the probe absorption sp
trum Asvd.
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In conclusion, we have reported a scheme to modify t
Mollow fluorescence and absorption spectra by means
the relative phase of a coherent field and a stochastica
amplitude-diffusing field interacting with a two-level atom
The phase-sensitive spectral features, which are qual
tively similar to those of a driven atom in a squeeze
vacuum, are revealed. In addition, we find some new fe
tures of this system, forf fi 0, p, including inversion-
less gain. Noting that relevant experiments of the pha
control of the two-photon excitation spectrum of atoms b
a field with coherent and real Gaussian components [1
and of the transient dynamics of bichromatically drive
two-level atoms [3] have already been demonstrated,
present model is experimentally accessible. Such exp
ments would demonstrate our ability to tailor reservoi
so as to modify atomic radiative properties in funda
mental ways.
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