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%e study the transient Auorescence spectra of two-level atoms driven by a strong optical field
when the atoms are initially prepared in pure dressed states of the atom-field Hamiltonian. Spectra
obtained here differ qualitatively from thyrse observed in the steady state. In the case of steady-state
resonant excitation, a three-peaked spectrum symmetric about the laser frequency is obtained; with
pure-dressed-state preparation, the symmetry of the spectrum about the driving field is broken —one
side peak is initially enhanced and the other is initially suppressed. Furthermore, the temporal oscil-
lations of fluorescence intensity observed in previous calculations of transient fluorescence spectra
appropriate to atoms prepared in a superposition of dressed states [J.H. Eberly et al., J. Phys. 8 13,
217 (1980)]are suppressed when pure-dressed-state preparation is considered.

I. INTRODUCTION

It is well known that the steady-state fluorescence spec-
trum of an ensemble of two-level atoms irradiated by a
strong, nearly resonant cw laser field consists of three
spectral components (peaks) and is a symmetric spectrum
about the laser frequency. ' A physical understanding
of this phenomenon can be achieved by using a dressed-
atom description of the atom-field interaction. s's In the
dressed-atom approach, eigenstates of the atom plus laser
field serve as the basis states for the system. The three
spectral components of the steady-state fluorescence spec-
tra, whose features are independent of initial atomic con-
ditions, are viewed as arising from transitions among the
"dressed" states.

Fluorescence spectra obtained under transient condi-
tions may be qualitatively different from the spectra ob-
served in the steady state. Recently, Eberly, Kunasz, and
W6dkiewicz analyzed the time-dependent spectrum of res-
onance fluorescences by using the quantum regression
theorem and the Eberly-Wodkiewicz counting-rate defi-
nition of the spectrum (physical spectrum). They studied
the dynamic evolution of the emission spectrum following
the sudden excitation of a "two-level" atom by a nearly
resonant laser field. Formal analytic expressions for tran-
sient spectra as a function of laser field strength, atomic
lifetime, laser-atom detuning, and the bandwidth of the
spectrometer (for example, a Febry-Perot interferometer)
used to analyze the spectrum were obtained. They specifi-
cally calculated the time-dependent spectra for atoms
prepared in four different initial states. The calculated
transient spectrum retains its symmetric, three-peaked
structure for a strong resonant driving field. For a strong,
nonresonant driving field the transient spectrum is asym-
metric at any finite time t; as t~ ao, however, the spec-
trum becomes symmetric about the laser frequency in this
steady-state limit. ' In both the resonant and non-

resonant cases, the spectral peaks displayed an initial
damped oscillation in amplitude as a function of time.
Time-dependent resonance fluorescence has also been
studied by others. '9 In particular, the spectrum of reso-
nance fluorescence following the removal of a strong cw
field was calculated by Huang et al. ' In the course of
previous work on transient fluorescence spectra, however,
only a limited set of initial conditions have been studied.

Recently, we developed a theory of transient spectra for
the somewhat related problem of probe spectra in strongly
driven three-level systems. " We assumed that an ensem-
ble of three-level atoms was prepared with arbitrary initial
conditions and then exposed at t =0 to a strong driving
field and a weak probe field each tuned close to resonance
with one of two coupled transitions. As expected, we
found that all transient probe spectra ultimately evolved
to the well-known steady-state Autler-Townes doublet
structure. However, we found that two distinctly different
types of transient spectra could be observed depending on
whether the atoms were initially prepared in a pure
dressed state or not. For atoms initially in a pure atomic
(i.e., bare) state, the transient probe spectrum obtained
with a resonant driving field retains the symmetric
double-peaked structure found in the steady state, but the
spcetral peaks display damped amplitude oscillations as
they approach their steady-state heights. On the other
hand, for atoms initially prepared in a pure dressed state,
again working with a resonant driving field, one of the
probe peaks is initially suppressed and the spectral peaks
approach their steady-state magnitudes in an essentially
nonoscillatory manner. It should be noted that the
preparation of pure dressed states using amplitude and
phase-controlled resonant excitation fields has recently
been demonstrated experimentally. '

It is the purpose of this paper to study the transient res-
onance fluorescence spectra arising from atoms initially
prepared in a pure dressed state. Comparison is made with
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transient fluorescence spectra hke those calculated by
Eberly et al. 5 that arise from atoms initially in a nonpure
dressed state. The probe spectra described above lead one
to suspect that transient fluorescence spectra arising from
atoms prepared in a pure dressed state or in a superposi-
tion of dressed states will display interesting differences.
Indeed, we find that our spectra differ qualitatively from
those given by Eberly et al. In particular, for resonant
excitation of atoms prepared in a pure dressed state, one
of the fluorescence peaks is suppressed at early times (i.e.,
the spectrum is no longer symmetric). In addition, the ap-
proach to equilibrium of the resonance peaks is essentially
nonoscillatory, in contrast with the results obtained when
the atoms are not prepared in pure dressed states. A sim-
ple physical interpretation of these results is given below,
based on a dressed-atom picture (DAP) of resonance
fluorescence.

II. DRESSED ATOM PICTURE
OF RESONANCE FLUORESCENCE

It is well known ' that for a strong, nearly resonant
monochromatic laser field, the energy-level structure in
the conventional DAP appears as an infinite set of equally
spaced doublets. The states ia„)and iP„)in a given
doublet are linear combinations of the states

i
l, n ) and

i
2,n —1), where n is the photon number for the field and

"1"and "2" refer to atomic states. The centers of adja-
cent dressed-state doublets are split by Atoi, where tot is
the laser frequency, and the splitting between the two
states

i a„)and
i P„)within each doublet is (52+X2)'i2,

where b, =t02i —cot is the atom-field detuning (t02i is the
atomic transition frequency), X=p2i Eo/A' is the Rabi fre-
quency associated with the laser field, Eo is the field am-
plitude, and p2i is an atomic dipole matrix element. The
Rabi frequency 1 is chosen to be real and positive and it is
assumed that X »y, the decay rate from level 2 to 1. One
need only consider the transition between two neighboring
doublets to deduce the fluorescence spectrum.

Fluorescence is represented in the DAP as transitions
from one doublet to the doublet below, the intensity of
each fluorescence component is proportional to the popu-
lation of the dressed state from which the transition ori-
ginates. ' Under typical initial conditions, both the lower
dressed state

i a„)and the upper one
i p„)have some in-

itial populations [see Fig. 1(a)]. At early times, spon-
taneous transitions occur on four different transitions
with three different transition frequencies [coi and tot
+(b,2++2)'i2]. The initial state of the system can be
specified by the bare (i.e., atomic) state density matrix ele-
ments p», p22, pi2, and p2i at t =0 before application of
the step-function pulse. Since the dressed-state definitions
depend on the field present for t &0, one cannot specify
the initial dressed-state density matrix elements without
specifying the field. If the applied field for t&0 is a
resonant one (h=co2i —coi ——0), then the dressed-state den-
sity matrix elements are related to the bare state ones by'

p „„=(I+Pi2+P2i)1'2

pp p =(1—pi2 —p2i)i2

Pa„P„(ptt„n„) (P22 Pl 1 +P12 P21)i2 '

-,',- 5 (LP+X2)' 2

vt 4
'8 v l

= Cd-CaPg

-(n'+X')" 0 (Z'+X')'"

a
-~r- ti (b,2+Xs)"2

0 1t 0

Q) -CLl
g

(g2+X2) i/2

(b)

FIG. 1. Fluorescence transitions and the corresponding
fluorescence spectrum of a two-level atom at early times follow-
ing a sudden excitation by a strong, nearly resonant laser field
for different initial atomic conditions: atoms are initially
prepared (a) in a superposition of dressed states and {b) in a pure
dressed state,

i P„).

For atoms initially in their ground state at t =0,
p =peti= —p tt

———p~, ———, (equal population of dressed
states plus coherence between dressed states). Moreover,
for any initial conditions in which p, 2

———p2i, one finds
equal population of the dressed states. All of the initial
conditions discussed by Eberly et al. ' for the resonant
field fall into this category. The spectrum observed with
the resonant field is symmetric about the laser frequency
ruI and the three spectral peaks build up simultaneously.

On the other hand, when atoms are initially prepared in
a pure dressed state, e.g., the upper dressed state

i P„)
[see Fig. 1(b)], the situation changes dramatically. Since,
at t =0, only state

i P„)is occupied, one finds spontane-
ous transitions originating from this state only at t =0.
These transitions correspond to spectral peaks having fre-
quencies coi and cubi+(5 +X )'i . Thus, at early times,
the lower-frequency-side peak is suppressed. Moreover,
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the amplitude of the higher-frequency-side peak relative

to the central peak is larger than for the case of atoms ini-

tially in their ground state since, for pure-dressed-state
preparation, the initial dressed-state population leading to
this side peak is enhanced relative to the initial dressed-
state populations leading to the central peak. These con-
siderations imply that the fluorescence s trum displays
only two peaks with separation (b, +X ) ~ at early times.
At later times, after some population accumulates in the
lower dressed state

~
a„)as a result of fluorescence, the

lower-frequency-side peak starts to build up and the inten-

sity difference between the central peak and the upper-
frequency-side peak increases. As a result, the transient
fluorescence spectrum is not symmetric about the laser
frequency toi even for a resonant laser field (6=0). As
time progresses, however, fluorescence cascades equili-
brate the relative dressed-state populations and the spec-
trum assumes its symmetric steady-state form.

2

fo(0}=
0

The time-dependent fluorescence spectrum is calculated
for an initial condition in which atoms are prepared in a
pure dressed state and, for comparison, for an initial con-
dition in which the atoms are initially in their ground
state (equal populations for the dressed states}.

%e use the method initiated by Eberly, Kunasz, and
Wodkiewicz, i.e., the quantum regression theorem and

the Eberly-W6dkiewicz (normalized) counting-rate defini-

tion of the spectrum (physical spectrum), and follow the
notation in their paper3 (except for Rabi frequency and

decay rate).
For a detuning 6=0, the three sets of initial conditions

in which atoms are prepared into the lower dressed state

~
a„),the upper one

~
P„),and the ground state 1 corre-

spond to

2
0

III. CALCULATION OP THE SPECTRUM

The influence of the pure-dressed-state initial condition
on the transient fluorescence spectrmn is illustrated most
clearly if one assumes a resonant laser field. Consequent-

ly, we limit our calculation to a detuning 5=0. Also,
since the suppression and enhancement of the two side
peaks are most obvious when the three spectral peaks are
well separated, we restrict the discussion to situations in
which the Rabi frequently X is much larger than the de-

cay rate y from excited state 2 back to the ground state 1.
I

I~ tt(t, t0, I') = —,1 Re[6(t,D, 1"}+H(t,D, I )],
I (t„ t0I )=—,

' I Re[6(t,D, 1 )+F(t,D, I )],
where

(2a)

(2b)

respectively. "' [The vector f(0) has components

pi3(0), pz3(0) —p»(0), pzi(0), respectively. ] Proceeding in

a manner identical to Eberly et a/. , we obtain the time-

dependent resonance fluorescence spectrum in the limit
E=ai2i —tai =0, X ))p as

G(t,D, I )=pi '[(1—e "')/I' —(1—e ' )/p2]+C3p3(1 —e "')/I'

+c3c4[(X —p3p&)( 1 —e ' cosXt) X(p3 +p4—)e ' sinXt] (3a)

H(t, D, I ) = —ic3 IX(e "'—e "' )/( ,' y I —)+c—6[X(p3+p6)(e "cosXt er' )+—(pip6 X)e —' sinXt] I, (3b}

F(t,D, I ) =pi 'c&[e "' (p&cosXt+X sinXt) —p&e
' ]+ps 'c3(picosXt —X sinXt}(e 7' —e '

)

+c7(p i +c3p3 )[e (p7cosXt X slllXt) p7e ] +c'7c3X[Xe —e (X cosXt +p7slnXt)]
(3c)

(4a)

(4b)

5 s, 6 —+V7+ 2 ~+~a ~

3
J7 4V

Ps ——
~ I +iD,

c;=(X +p; } ', i =3,4,5,6,7,

(4c}

(4d)

and I is the full width at half maximum of the (effective-
ly I.orentzian) transmission peak of the Fabry-Perot inter-
ferometer used to measure the frequency spectrinn of the
fluorescence, D is the detuning of the Fabry-Perot line
center above the laser frequency tot, i.e., D =to cot, and-
subscripts a,P, and 0 represent the three initial conditions
listed in Eq. (1) with the corresponding subscripts.

The functions G, H, and F have property

G (t,D, I )=G(t, D, I'), —

H'(t, D, I') = —H(t, —D, I ),
F'(t,D,r) =F(t, D,r}, —

(6a)

(6b)

(6c)
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respectively. Consequently, the functions I(t,co, I } have
the properties that

Io(t, cot +D, I') =ID(t, tot —D, I ),

I (t,ri)t+D, I )=Itt(t, befit D,—I ),

(7a)

(7b)

Itt(t, cot+D, I )= ,' I —Re[6(t,D, I )+H(t, D, I )], (7c)

namely, that the physical spectrum arising from atoms in-
itially in their ground state is symmetric about the laser
frequency cot, while the spectrum arising from atoms
prepared in a pure dressed state

~
a„)or

~ P„)are related
by Eq. (7b), neither spectrum being symmetric about coi
for finite time t. The difference between the two side
peaks for atoms prepared in pure dressed states is ob-
tained from Eq. (7c) as I

~
ReH (t,X,I )

~
.

As t~ ao, both H and I' vanish, while 6 has the limit-
ing value

6 ( oo,D,I')-p i '[(1/I'}—(1/p2)]+c3p3/r

+c3c4(X —P3P4) .

IV. ILLUSTRATIVE SPECTRUM

Equations (2) for the physical spectrum of resonance
fluorescence are functions of the full width of the
transmission peak of the Fabry-Perot interferometer I,
the detuning D of the Fabry-Perot line center above the
laser frequency, the field strength X, and the time t. For
fixed I and X, one can obtain time-dependent physical
spectra by monitoring the fluorescence as a function of D
for fixed t. Alternatively, for fixed I and X, one can ob-
serve transient buildup of the fluorescence as a function of
t for fixed D. In the following part, we give illustrative
figures of both the transient buildup at the three fluores-
cence peaks and the full time-dependent physical spec-
trum of resonance fluorescence.

A. Transient buildup of fluorescence peaks

The fluorescence spectrum displays three peaks, at
D =t0 —tot =0 (central peak) and D =+X (two side
peaks). We graph the transient buildup of Ift and Io at

It follows from Eq. (2) that I Ip, aild Io corresponding
to atoms prepared in the lower dressed state ~a„),the
upper dressed state

~
P„),or the atomic ground state have

the same steady-state symmetric physical spectrum as
they must. Equation (g), together with Eqs. (4) and (5),
allows one to conclude that the physical spectrum of reso-
nance fluorescence in the steady-state limit displays three
peaks, at to=tot (central peak D =0) and at co=tot+7
(two side peaks D =+X). The ratio of the amplitude of
the central to side peaks in the steady-state limit depends
on the ratio I /y. For g»y» I the ratio is 3:1; for
X» I"&&y it is 2:1.

the three fiuorescence peaks for X =20y and
I =10y, 5y, 2y, 0.6y, and 0.2y, respectively in Fig. 2, in
which nonoscillatory lines are for Ip and oscillatory lines
are for Io. These figures illustrate several features.

(1) For atoms initially prepared in the upper dressed
state (corresponding to curves Itt) the higher-frequency-
side peak is enhanced, and the lower one is suppressed
compared with the case in which atoms are initially in the
ground state (corresponding to curves Io), which agree
with our previous qualitative discussion.

(2) The Io peaks build up with small oscillation of fre-
quency 7, while the Ip peaks build up without oscillation
except for some slight oscillation of the suppressed peaks
at early times (yt &1). The oscillation in the Io case
comes from the precession of the Bloch vector about the
driving field vector with frequency X (since b, =0}.'3 The
oscillations of the three Io peaks are in phase since they
are all related to the upper atomic state population, which
oscillates with frequency X. The amplitude of the fiuores-
cence oscillation is intrinsically damped because it is aver-
aged over the time scale of the atomic lifetime 1/y.
Moreover, it is further smoothed by the temporal response
time 1/I of the interferometer. Thus, the oscillation am-
plitudes of the Io peaks decrease with decreasing I'. The
absence of oscillation versus time in the case of Itt is
linked to the fact that, with pure-dressed-state prepara-
tion, the Bloch vector and the driving field vector are ini-
tially parallel; "" for t &0 the Bloch vector 8 is effec-
tively "locked" to the field vector Qii (i.e., the Bloch
equation is d8/dt =Qti &(8=0) and does not precess as it
approaches its steady-state value on a time scale given by
the spontaneous decay rate. If the dressing field is off res-
onance, the absence of oscillation in the fluorescence in-
tensity with corresponding dressed-state preparation
should also occur.

(3) The suppression and enhancement of the two side
peaks are more dramatic for larger ratios of I /y. This
can be understood by noting that the interferometer rise
time is of order 1/I, while the dressed-state populations
are equilibrated by radiative cascade on a time scale 1/y.
Thus for I /y « 1, the dressed-state populations are equal
for most of the recording time of the interferometer; con-
sequently, the suppression and enhancement of the two
side peaks is not so dramatic.

(4) The manner in which fluorescence peaks reach their
steady-state value is different for Itt and Io. For Io, the
side peaks approach their equilibrium values from below;
while for Itt, one side peak approaches its equilibrium
value from above and the other from below.

(5) The intensities of the three peaks increase with de-
creasing I /y ratio, since the so-called physical spectrum
is a normalized counting rate spectrum and the use of a
narro~ bandwidth interferometer gives a narrow peaked
spectrum. The relative size of the physical spectrum in-
tensities from plot to plot does not correspond to the rela-
tive size of the observed intensities. The observed intensi-
ty should correspond to the unnormalized counting rate
spectrum, which is just I /4 times the physical spectrum.
%9&en the physical spectra shown in Fig. 2 are converted
to the unnormalized counting rate spectra, they decrease
with decreasing I /y as might be expected.
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FIG. 3. Time-dependent physical spectrum of resonance
fluorescence arising from atoms initially (a) prepared in the pure
dressed state

~ P„),Itt, and (b) in their ground state 1, Io, for
+=20y and I =5y. The applied field is resonant, 6=0.

FIG. 4. Same as in Fig. 3 except that +=20y and I =2y.
The spectra are normalized so that their central peak's steady-
state height is the same as that in Fig. 3.

(2) Spectra from atoms initially in the ground state are
symmetric about laser frequency coi for the assumed de-
tuning b, =co2i —oi& ——0.

(3) However, the spectrum from atoms initially
prepared in the upper dressed state

~ P„)is not symmetric
about laser frequency cot for b, =O and displays, at early
times, only two peaks (central peak and the higher-
frequency-side peak).

V. CONCLUSION

populated and to enhance the other. With a resonant
driving field, the transient symmetric triplet spectrum
displayed when the atoms are prepared in an equal admix-
ture of dressed states becomes asymmetric with pure-
dressed-state preparation, and in fact, at early times, the
spectrum consists of only the central peak and one side
peak. In addition, with pure-dressed-state preparation, the
resonance peaks approach their steady-state values in an
essentially nonoscillatory manner.

In conclusion, we have shown that, for an ensemble of
two-level atoms irradiated by a strong, nearly resonant
laser field, the time-dependent physical spectrum of reso-
nance fluorescence arising from atoms initially prepared
in a pure dressed states is quite different from that arising
from atoms initially in a superposition of dressed state as
discussed by Eberly et al. ' The effect of selectively pre-
paring atoms in a pure dressed state is to suppress one of
the two side peaks normally expected in transient reso-
nance fluorescence spectra when both dressed states are
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