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Phase-Dependent Spectra in a Driven Two-Level Atom

Peng Zhou and S. Swain

Department of Applied Mathematics and Theoretical Physics, The Queen’s University of Belfast,
Belfast BT 7 1NN, United Kingdom
(Received 1 October 1938

We propose a method to observe phase-dependent spectra in resonance fluorescence, employing a
two-level atom driven by a strong coherent field and a weak, amplitude-fluctuating field. The spectra
are similar to those which occur in a squeezed vacuum, but avoid the problem of achieving squeezing
over a4 solid angle. The system shows other interesting features, such as pronounced gain without
population inversion. [S0031-9007(99)08676-7]

PACS numbers: 42.50.Hz, 32.80.-t

One of the most striking features of the interaction of a Very recently, Camparo and Lambropoulos [8] have in-
monochromatically driven two-level atom interacting with vestigated the effect of phase diffusion of the fundamental
a squeezed vacuum is the existence of phase-dependéigid on three-photon and one-photon photoionization and
features in resonance fluorescence. The relative heighteve shown that significant control can be achieved, even
and widths of the spectrum triplet vary greatly with thein the presence of a large laser linewidth. Measurements
phase of the squeezed vacuum [1,2]. In addition, somef the two-photon absorption spectrum from a variety
peaks may show subnatural linewidths. Although thes®f randomly amplitude-modulated laser fields, including
effects were predicted over a decade ago, their experimetthe real Gaussian field with a coherent component, have
tal verification remains a major challenge in quantum opbeen performed [10]. Various spectral profiles are ob-
tics. The principal difficulty confronting the experimenter served when the coherent component is in phasg0br
is that the squeezed field modes must occupy the whele out of phase with the stochastic component. For the Mol-
solid angle of space. low spectrum, Vemurét al. [11] have recently shown that

In this paper we propose a method of observing phasehe presence of a stochastic field, in addition to a coherent
dependent resonance fluorescence spectra which avoidgving field, may give rise to a dramatic narrowing of the
this obstacle. The experiment should be feasible witHinewidths of all three peaks, as well as enhancement of
current technology. We employ a two-level atom driventhe inversionless gain.
by a strong, coherent laser, and, in addition, by a weak, Here we study the modification of the Mollow triplet
amplitude-fluctuating field of wide bandwidth which re- as controlled by the phase difference between applied
places the squeezed vacuum. We find similar phasesoherent and stochastic fields. A single two-level atom
sensitive spectral profiles in resonance fluorescence ans driven by a coherent field with a constant amplitude
probe absorption to those which occur in the squeezed va&. and a stochastic field with a randomly fluctuating
uum. A distinction is that no subnatural linewidths arise.amplitude E,(z). The atom is also damped in the usual
Nevertheless, the observation of these features would bgay by the electromagnetic vacuum. The frequencies of
an important demonstration of the modification of basicthe atomic transition, of the coherent laser, and of the
radiative properties by a phase-dependent reservoir. stochastic field are assumed to be identical for simplicity.

The effect of the relative phase of two coherent drivingThe master equation for the density operatorof the
fields on the transient dynamics of two-level atoms has resystem is
cently been investigated experimentally [3], the measured L
fluorescence intensity strongly demonstrating the phase de- p = ~ilHac + Has.p]

pendence. Schemes have been proposed using the phase + yQRo-poy — oyo-p — poro-), (1)
difference of coherent driving fields to control the quantum h

interference between different transition channels, thereb\{}/ ere

manipulating spontaneous emission [4] and the shape of H,. = % (o4 + o), 2)

the Autler-Townes doublet [5] in multilevel atomic sys-

tems. A novel frequency metrological technique and mea- x(6) ’

surements of quantum correlations have been demonstrated Hyy=—"[e?0: + e ?0_]. 3
by means of the phase sensitivity of the rate of two-photon 2

absorption [6]. The relative phase of two strong lasers i, and H,_; describe the interaction of the atom with
also widely employed to control the line shape and ratehe coherent field and the stochastic field, respectively,
of multiphoton ionization [7,8] and the final products of is the atomic decay constarm, is the relative phase of the
chemical reactions [9]. two fields, Q) = 2|d - eE.|/k is the Rabi frequency of
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the coherent field, and(z) = 2|d - eE(r)|/k represents probe the two-photon absorption spectrum [10,12] and
the stochastic amplitude of the atgstochastic-field inter- resonance fluorescence spectrum [13].

action, which is assumed to be a real Gaussian-Markovian For simplicity, we assume that the intensity of the
random process with zero mean value and correlatiosoherent part is much greater than that of the stochastic

function [10,12,13], field, and the bandwidthk of the stochastic field is
, it much greater than the atomic linewidth (in other words,
(x(t)x(t")) = Dke , (4)  the correlation timex ™! of the stochastic field is very
short compared to the radiative lifetimg~! of the

where D is the strength of the stochastic process and atom), i.e

can be associated with the bandwidth of the stochastic T

field. The correlation function (4) describes a field Q> VDr and k> y. 5)
undergoing amplitude fluctuations, which result in a finiteOne can then invoke standard perturbative techniques to
laser bandwidth [10,12,13]. The field may be generated eliminate the stochastic variabiér) [14]. (See also [15].)

by modulating the output of a stabilized tunable ringThe resultant master equation for the reduced density
dye laser external to the laser cavity and employed| t@peratorp takes the form

p = —ilHic,pl + yQo-po+ —o+0-p — poro-) + [(o.p0; — p), (@0 — ago-)]

+ [(ef"‘z’a'_ + e"d’a'+),[p,(ae7’.¢a'_ + a*ei¢0'+)]] (6)
with
—iDQ«k 2 D [ i2¢ K i2¢ :|
= —————(1 - = 1+ + ——=(1 - ,
g 802 ) (1 — '%?), e 3 1 +e = 3 (1 — %) (7

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

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

p=—ilHic,p] + y(N + )Qo-po+ —0r0-p — poro-) + yYN2oipo- — 0-0+p — po-o+)
+ 2yMoipo+ + 2yMo_po—, (8)

whereM = N = D/4y. The master equation (8) is thla dent. In Figs. 1(c) and 1(d) we give the spectra for the
same as that of a coherently driven two-level atomcorresponding ideal squeezed vacuum, with= 20 and
damped by a reservoir in which there is the maximalv = 0.25 in Fig. 1(c), andV = 0.05 in Fig. 1(d). (For
classicalcorrelation between pairs of photons, a nonideathe squeezed vacuum case we have divided the parameters
squeezed vacuum [1], for example. Such a reservoir iby a factor of 10, in order to obtain experimentally reason-
sometimes called a “classically squeezed field” (CSF). able values fov.) The comparison between the spectra
We compare this response to that when the stochastfor the stochastic system and the system with a squeezed
field is replaced by an ideal squeezed vacuum (ISV), whereacuum is striking.
IM| = \/N(N + 1). The interaction of a two-level atom It is the modification of the vacuum reservoir by the
with the ISV is characterized by the phabethe difference  weak, amplitude-fluctuating field that strongly affects the
between the phases of the driving laser and the squeezellysical properties of the atom. For example, the two

vacuum [1]. The case = 0 corresponds t@® = 7. quadraturesg, = o- + o+ andoy, = i(c- — o4), oOf
For ¢ = w/2, we again obtain an equation of the the atomic polarization decay at the different rates

form (8), but this is now identical to the equation for D2 )

a two-level atom interacting with a CSF witid = 0. Yr =y F msmzda,

In this caseN = —M = D/4y X «2/(Q* + «?). For 9)

¢ # 0,7/2 Eq. (8) does not correspond exactly to those Yy =7y + Dcos ¢,

for a classically squeezed field. while the population inversiornr, decays at the rate

In Fig. 1 we present the resonance fluorescence speg~ = v, + y,. Allthese decay rates are dependent upon
tra for the stochastic system wifh = 200y, k = 100y, the relative phase and intensities of the driving fields.
andD = 10y in Figs. 1(a) and 1(b) fo» = 0 and#/2, Clearly, when the coherent field is in phase with the
respectively, where the strong phase dependence is ewamplitude-diffusing one, i.e., whe# = 0, the decay of
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the dipole quadrature, is suppressedy, = v), while  p, = (p++ — p—) and pi_ = (+|p|—) are, respec-
the other decay rate is enhandgd = y + D). When tively, the dressed-state inversion and polarization, which
both the fields arer /2 degrees out of phase, however, thehave phase-dependent decay ralgsand I',, respec-
situation is reversed. The suppression or enhancement tvely, and )’ is the generalized Rabi frequency. The
the polarization decays for certain phases may give rise tquantity Q' — € represents a dynamical frequency shift
rich spectral features. owing to the additional amplitude-fluctuating field. [In

In Fig. 2 we show the global variation of the resonancefact, it is consistent with our approximation (5) to set
fluorescence spectra with the phagefor the stochas- Q' = Q.] Obviously, the impact of the weak stochastic
tic system withQ) = 200y, k = 100y, D = 40y. The field on the coherently driven atom is merged in the decay
strong phase dependence is clear. Whes 0, the cen- rates and level shifts of the dressed states, which depend
tral peak is much narrower and higher than the sidebandsn the relative phase of the coherent and stochastic
As the phase increases, the center peak broadens and dields, the correlation strength, and bandwidth¢ of the
creases, while the sidebands grow and narrow. ¢-6¢  stochastic field.
7 /2, the central peak has the minimal height and the maxi- It follows from (10) that the dressed states) have the
mal linewidth, whereas the sidebands have the oppositeame population. As a result, the resonance fluorescence
characteristics. This behavior is qualitatively similar tospectrum is symmetric:
that of a two-level atom in a squeezed vacuum [1]. The

only essential difference is that there are no subnatural Flw) = — /8 + 2F||/4
linewidths involved. [+ (w+0)7 T+ o0
The physics associated with the modification of the r./8

Mollow fluorescence spectrum can be explored by working 2+ (w-— Q) (12)
in the semiclassical dressed states bdsi$ = (|0) = +
[1))/+/2, which are the eigenstates Bf_.. The condition The decay of the inversion results in the central peak

(5) ensures the secular approximation to be valid, andyith linewidth 2I'; and heightl /41", whereas the modu-

consequently, the equations of motion simplify to lated decays of the coherences give rise to the sidebands
) with linewidth 2T"; and heightl /81" ,. When¢ = 0, we
p: = —Typ:, havel'y = y andI'), = 3y/2 + D. The central spec-
) .y (10)  trum is therefore much narrower and higher the side-
pr-=—TL +iQ)p—, bands forD > y. When¢ = /2, howeverl'j = y +
where | D«k?/(k*> + Q% andI', = 3y/2 + %DK2/(K2 + Q2.
Ly = vy, r, = > (yy + 7)), Accordingly, the center peak widens while the sidebands
(11) narrow as the phase varies frano /2.
9 =Q Dk i The probe absorption spectrum of such a driven atom is
I+ 20k2 + 02) sin & . also phase dependent. We show the spectrum in Fig. 3
with the parameters(Q) = 400y, « = 100y, and D =
@ ®) 40y. ltis clear that the absorption spectra are symmetric
0.1 only when¢ = 0 or 77/2, when the central component
025 0.08 exhibits a Lorentzian line shape, while the sidebands show
0.2
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FIG. 1. Resonance fluorescence spectrififw) for Q =
200y, k = 100y, D = 10y, with (@) ¢ =0 and (b) ¢ = ol o/

7/2. The other frames are for the atom in an ideal squeezed

vacuum with Q@ =20y and N = 025, ® = 7 in (c) and FIG. 2. Three-dimensional fluorescence spectru(w)
N =0.05, ® = 0in (d). (All parameters are scaled in units against the scaled frequenay/y and the relative phas¢/,
of v throughout these figures.) for O = 200y, k = 100y, andD = 40vy.
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FIG. 3. Probe absorption spectrumi(w), with Q =

400y, k = 100y, D = 40y, and¢ = 0 in (@), ¢ = 7 /6 in
(b), = /4 in (c), and¢ = 7 /2 in (d).

the Rayleigh-wing line shape.

Furthermore, there is a

In conclusion, we have reported a scheme to modify the
Mollow fluorescence and absorption spectra by means of
the relative phase of a coherent field and a stochastically
amplitude-diffusing field interacting with a two-level atom.
The phase-sensitive spectral features, which are qualita-
tively similar to those of a driven atom in a squeezed
vacuum, are revealed. In addition, we find some new fea-
tures of this system, fotp # 0, 7, including inversion-
less gain. Noting that relevant experiments of the phase
control of the two-photon excitation spectrum of atoms by
a field with coherent and real Gaussian components [10],
and of the transient dynamics of bichromatically driven
two-level atoms [3] have already been demonstrated, the
present model is experimentally accessible. Such experi-
ments would demonstrate our ability to tailor reservoirs
so as to modify atomic radiative properties in funda-
mental ways.
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