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We report the observation of the Autler-Townes absorption spectrum of a two-level atom in a 100%
amplitude-modulated optical field. Two frequency-stabilized dye lasers interact with a three-level atomic cas-
cade system. One of the two lasers is used to create the bichromatic field that saturates the lower transition,
while the second one is tuned in the frequency between the second and third levels to probe the absorption line
shape. We investigate the dependence of the spectrum on the detuning between the average frequency of the
bichromatic field and the lower atomic resonance. In order to study the effects of saturation, for every value of
the detuning we take a series of data for different intensity levels of the bichromatic field. There is very good
agreement between theory and experiment and profound differences from the conventional Autler-Townes
results with a monochromatic pump field.

PACS number~s!: 42.50.Hz, 32.80.2t

I. INTRODUCTION

The interaction of a two-level atomic system with a strong
monochromatic field has been the subject of a great deal of
theoretical and experimental study@1#. The detailed under-
standing of this interaction, and especially its fluorescence
spectrum, has been an important achievement of quantum
optics @2,3#.

One interesting generalization of these studies is resonant
interactions with finite bandwidth laser fields@4#. Another
obvious and intriguing generalization is that of a strong
100% amplitude-modulated~AM ! field with a two-level
atom. It is more than an interesting academic generalization,
since the interaction of a strong bichromatic field with a two-
level atomic system is fundamental to a number of research
disciplines, including nonlinear optics@5–25# and laser
theory @26–30#.

More recently, there has been much interest, both experi-
mental@31# and theoretical@32,33#, in the resonance fluores-
cence spectrum of an atom subject to bichromatic excitation.
Zhu et al. @31# have experimentally demonstrated how this
spectrum differs qualitatively from the characteristic triplet
spectrum of an atom excited by a strong monochromatic
field. They found that the resonance fluorescence spectrum
of a strong bichromatic field, with its average frequency on
resonance with a two-level atom, consists of a number of
symmetric sidebands separated by half of the frequency dif-
ference between the two strong fields~i.e., the modulation
frequencyd). Furthermore, it is evident from their data~Fig.
2 of Zhuet al. @31#! that the odd sidebands are narrower than
the even ones. The elastic parts of the spectrum, which are
relatively narrow and occur only at odd multiples of the side-
band separation, contribute to this variation in widths. For
increased intensities the contribution of inelastically scat-
tered light predominates over the elastically scattered and
hence should be responsible for observable variations in the
widths of the spectral components in this regime.

In this paper we show the results of an experimental study
of the probe absorption spectrum of an atomic resonance
driven by an AM field. The AM field interacts with the lower

two levels of a three-level cascade system, while a weak
probe is tuned in frequency near the transition frequency
between the upper two levels. We monitor the absorption of
the weak probe as a function of its detuning for different
intensity levels of the AM field. We also study the effects that
detuning between the average frequency of the AM field and
the lower atomic resonance has on the absorption spectrum
of the weak probe. This regime has not been examined to
date, to our knowledge.

Our setup is the bichromatic equivalent of the Autler-
Townes experiment@34#. The overall structure of the absorp-
tion spectrum is very similar to that of the resonance fluo-
rescence emission spectrum@31#. When the average
frequency of the AM field is on resonance with the lower
transition, we find that all peaks separated from the atomic
resonance by even multiples of the modulation frequency
have the same width. Similarly, all peaks separated from
resonance by odd multiples of the modulation frequency
have the same width. The actual width of an even or odd
peak depends upon the ratio of the Rabi frequency to the
modulation frequency of the bichromatic field as well as on
the natural widths of the atomic states@35,36#. Whether the
odd or even peaks are wider depends on this ratio.

In Sec. II we give a detailed explanation of the experi-
mental setup and the procedure used to obtain our data. In
Sec. III we describe numerical modeling of the experiment.
In the preceding paper@36# we have presented analytic solu-
tions for the absorption spectrum of the weak probe in our
setup, when the bichromatic field is on resonance with the
lower transition. In Secs. IV and V we give an analysis of
our results and a conclusion.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

Our experiment is performed using a collimated sodium
atomic beam prepared by optical pumping in the
3 2S1/2(F52,mF52! sublevel of the ground state@21,37#.
Details of the atomic beam are given in Refs.@20,38#.
Levels ua&, ub& and uc& in Fig. 1~a! correspond
to the 32S1/2(F52,mF52), 32P3/2(F53,mF53), and
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42D5/2(F54,mF54) sublevels, respectively. The spontane-
ous decay rates of the two excited state levels are
2gb /(2p)510 MHz and 2gc /(2p)53.15 MHz @39,40#.
Since in our experiment all transitions are purely radiatively
broadened,gb andgc are also equal to half the linewidths of
the corresponding atomic levels. In deference to previously
established conventions@20,21# we have usedT2

21 to de-
scribe the decay rates in our system. The reader should note
that this differs from the convention of our theoretical analy-
sis such thatgb and gc are equivalent toGb /2 andGc /2,
respectively, of Ref.@36#.

The strong bichromatic field and the beam used for opti-
cal pumping are derived from laser 1~Fig. 2!. They both
interact with theua&↔ub& transition near 5890 Å, theD2 line
of sodium. The overall linewidth of this actively stabilized
laser is less than 1 MHz@20,21#. The AM optical field is
created with the help of an 80-MHz acousto-optic modulator
(A-O 1!. The 0 and21 orders ofA-O 1 are combined with
a 50%-50% beam splitter and high reflector. The resulting
bichromatic field is monitored with a fast photodiode~rise
time t r<1 nsec) and oscilloscope in order to ensure that the
heterodyne signal is fully amplitude modulated@21#. With a
modulation frequency of 40 MHz there are will be, on aver-
age, four modulation periods within the lifetime of the
atomic levelub&.

Laser 2~Fig. 2! is a ring dye laser, frequency stabilized in
a manner similar to that of laser 1, with a residual linewidth
of less than 1 MHz. We use rhodamine 6G in both dye lasers.
Laser 2 operates at 5688 Å and interacts with theub&↔uc&
transition in Fig. 1~a!.

The light intensity of the probe field, laser 2, is attenuated
by passing it through another acousto-optic modulator
(A-O 2! and using its first diffracted order. Its intensity is
measured at the interaction region with a powermeter and
throughout the experiment is maintained at the same constant
level of 550 mW/cm2. The saturation intensity of the
ub&↔uc& transition is 750mW/cm2. It is necessary to keep
laser 2 below the saturation intensity of the upper transition
in order to prevent any excess power broadening contribu-
tions from that laser. The probe laser is varied in frequency
while remaining stabilized. Its detuning is defined as
Dp[vp2vcb @see Fig. 1~b!#, wherevp is the frequency of
the probe laser andvcb is the frequency of the atomic tran-
sition between levelsuc& and ub&.

One of the most important aspects of the experimental
setup is the fact that we always use a secondary beam on
resonance with the lower transition to perform the optical
pumping. Prior to creating the bichromatic field we split off
a portion of the monochromatic beam with which we moni-
tor the value of the center frequency of the modulated field
and perform the optical pumping. This, along with the appli-
cation of a magnetic field of 1 G in thedirection of propa-
gation of the bichromatic field~Fig. 2!, proves to be suffi-
cient for maintaining a good quality three-level atomic
system@37,41#.

Before the light fields interact with the atomic beam they

FIG. 1. ~a! Energy-level diagram of Na, showing the three levels
involved in the interaction under study. The spontaneous decay
rates out ofub& and uc& aregb andgc , respectively. Laser 1 is the
AM field interacting with the lower transition. Laser 2 is the weak
monochromatic tunable probe interacting with the upper two levels.
~b! Frequency notations: the average frequency of the bichromatic
field is vL ; the modulation frequencyd is defined as half the fre-
quency separation of the two fields in the lower transition; the de-
tuning of the pump laser is defined asDL[vL2vba , wherevba is
the frequency separation betweenub& and ua&; the detuning of the
monochromatic weak probe isDp[vp2vcb , wherevp is the fre-
quency of the laser field in the upper transition andvcb is the
frequency separation betweenuc& and ub&.

FIG. 2. Atomic beam setup. The following labeling conventions
are used in this figure: Na AB, sodium atomic beam; PMT, photo-
multiplier tube; BS, 50%-50% beam splitter; IF A, interference fil-
ter at 5890 Å; IF B, interference filter at 5688 Å; L, 100-mm pl-
anoconvex lens;l/4 A, zeroth-order quarter-wave plate at 5890 Å;
l/4 B, zeroth-order quarter-wave plate at 5688 Å; PBS, polarizing
beam splitter; OPR, optical pumping region; INR, interaction re-
gion; PH, 0.5-mm pinhole; H field, magnetic field.
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are expanded and collimated. The beam that performs the
optical pumping has a diameter of 2 mm and intercepts the
atomic beam 6 mm downstream from the interaction region
~see Fig. 2!. The choice of the beam size of the optical pump-
ing beam and its distance from the interaction region is made
by spectrosopically monitoring how well the optical pump-
ing is maintained@41#. The probe and bichromatic fields are
also collimated and expanded to a 3 mmdiameter at the
interaction region. The reason for expanding the laser fields
before entering the interaction region is to ensure that when
the photomultiplier tube~PMT 1 in Fig. 2! that monitors the
upper transition detects a signal, it is from the center of the
Gaussian beam profiles of the two beams. In this way we
minimize transverse intensity variations within the region
from which we obtain our signal. The two beams interacting
with the three-level atoms are collinear but counterpropagat-
ing so that much of the residual Doppler broadening is can-
celed@39,40#.

In order to vary the Rabi frequency of the pump laser in
the lower transition, we use a variable neutral density filter
before we send the bichromatic field to the atomic beam.
This way we can investigate the effects that the Rabi fre-
quency of the AM field has on the absorption spectrum of the
weak probe in the upper transition.

The pump, probe, and optical pumping beams interact
with the atomic beam as shown in Fig. 2. Each of the three
beams goes through a polarizing beam splitter and quarter-
wave plate. The beam splitters have extinction ratios of
104:1 and the wave plates are zeroth order. This, along with
careful alignment of their optic axes, ensures a good circular
polarization state for all three laser beams. Fine tuning of the
polarization state of all three beams is done spectroscopically
by ensuring that only the appropriate Zeeman sublevels are
involved in the interaction@41#.

The interaction region where the two laser beams and the
atomic beam intersect is imaged through a beam splitter and
interference filters onto two pinholes. The beam splitter and
the filters allow the fluorescence from the two transitions to
be monitored separately. The pinholes allow the photomulti-
pliers to collect light from only the central 0.5-mm of the
interaction region where the laser intensities are approxi-
mately constant. The optical pumping region is monitored
with PMT 3 through a 0.5 mm pinhole. The signal from PMT
3 is always maintained at a maximum to ensure proper opti-
cal pumping. All three PMT’s used have a quantum effi-
ciency of 10% at 600 nm.

III. NUMERICAL MODELING

We have modeled the experiment with the stationary so-
lutions of the density-matrix equations of motion obtained
numerically with the use of Floquet’s theorem@10,21,29#.
The time-averaged fluorescent intensity scattered from the
upper transition is the quantity we measure in our experi-
ment. This is proportional to the population of leveluc& @Fig.
1~a!#. In all the theoretical fits shown here, we plot the time-
averaged population of leveluc&, with solid lines@42#. All
relevant frequencies in this work are normalized to the half-
width at half maximum~HWHM! of level ub&, gb51/Tb @see
Fig. 1~a!#. For sodium,Tb533 nsec. All theoretical plots
shown are convolved with a Gaussian with a full width at

half maximum~FWHM! of 10 MHz. This convolution seems
to best simulate all the averaging mechanisms present in our
experiment but not included in this theory, as described later
in Sec. IV.

While the Floquet treatment of the dynamics gives good
agreement with the experimental results, it does not provide
us with any physical intuition to the complicated dynamics.
In the preceding paper, Van Leeuwenet al. @36#, using a
dressed-state analysis of the atom-field interaction, have de-
rived analytic expressions for both the absorption spectrum
of the probe in the upper transition, as well as the linewidths
of the different sidebands, when the center frequency of the
intense AM field is on resonance with the lower transition. In
this paper we will restrict ourselves to the numerical results
in the analysis of our measured spectra.

IV. EXPERIMENTAL RESULTS

The data are taken by thex andy channels of a transient
digitizer. Thex channel is driven by an external ramp signal
from laser 2, the probe laser, which is synchronized with the
sweep voltage that tunes it. They channel is the output of
PMT 1 ~see Fig. 2! after it goes through a current to voltage
converter. PMT 1 monitors the total scattered fluorescent in-
tensity from the upper transitionub&↔uc& as a function of
detuningDp of the probe laser.

The tuning range of the data is chosen so that it covers all
the detectable structure of the absorption spectrum for the
maximum Rabi frequency used in each detuning case. The
frequency difference between the two fields in the lower
transition is twice the modulation frequency 2d @see Fig.
1~b!#. This is the rf carrier frequency ofA-O 1. All our data
are taken with 2d580 MHz. To improve the signal-to-noise
ratio, we take the average of eight frequency sweeps of the
probe laser. In every plot, we show the experimental results
along with the best theoretical fit. The scaling of the fre-
quency axis is performed with the aid of the smallest Rabi
frequency data set. For a weak bichromatic field in the lower
transition, the absorption spectrum should be two Lorentz-
ians separated by the frequency difference of the two fields.
In our setup, for example, the two peaks in Fig. 3~a! are
separated by 80 MHz. This scaling is used for all the experi-
mental plots shown in this paper.

We used only two parameters for fitting the experimental
results: the Rabi frequency of the components of the AM
field and an overall amplitude scale factor. In order to get the
best fit to the data we convolve the results of the theoretical
calculations with a Gaussian with a FWHM of 10 MHz. This
convolution simulates the averaging mechanisms present in
the experiment but not included in the equations of the
density-matrix elements. These averaging mechanisms in-
clude intensity averaging due to nonuniformities of the
Gaussian laser beam profiles and detuning averaging due to
the fact that the laser beams are not perfect plane waves at
the interaction region. Although the Rabi frequency of the
AM field was used as a free parameter, the resultant value
from the fitting process was within 5% of the value measured
during the experiment. The small discrepancy is attributed
solely to inacuracies of the measurement of the beam waist at
the interaction region@35#. The value for the Rabi frequency
of the weak monochromatic field in the upper transition is set
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equal to 0.185Tb , which corresponds to an intensity of 550
mW/cm2.

The resonant case (DLT50) is depicted in Figs. 3 and 4.
We start from a low value of the Rabi frequency of each of
the components of the bichromatic field@VTb52 in Fig.
3~a!# and went up to the highest value attainable by our setup
@VTb527.5 in Fig. 4~c!#. The numbering on the peaks cor-
responds to that suggested in Sec. V of Van Leeuwenet al.
@36#. This way we can identify each peak with the corre-
sponding transitions involved in the dressed-state picture of
the system.

For the resonant case, there are several important points to
be outlined. In contrast to the well-studied case of a mono-
chromatic field in the lower transition@34,39,40#, the posi-
tion of the peaks of the absorption spectrum are independent
of the Rabi frequency. As we increase the Rabi frequency
and power broaden the lower transition more peaks emerge,
spaced at frequency intervals of the modulation frequency
d. The relative amplitudes and widths of these peaks depend
on the ratio of the Rabi frequency to the modulation fre-
quency@31–33,36#.

In Fig. 5 we show the effects that the Rabi frequency has
on the widths of the different order peaks of the absorption

spectrum. The variation of the normalized widthsgTb of the
different peaks of the absorption spectrum as a function of
the Rabi frequency is shown. As in Eq.~5.6! of Van Leeuwen
et al. @36#, the widths of the individual peaks depend on the
ratio of the Rabi frequency to the modulation frequency. To

FIG. 3. Time-averaged scattered fluorescent intensity from the
ub&↔uc& transition as a function of detuning of the probe laser. The
experimental data are shown by dots, whereas the best theoretical fit
is shown by a solid line. The average frequency of the bichromatic
field in the lower transition is on resonance with theua&↔ub& tran-
sition DLTb50. The Rabi frequency for the components of the
bichromatic field are derived from the best theoretical fit to each of
the data plots. ~a!–~d! correspond to Rabi frequencies of
VTb52,5,7,13.9, respectively.

FIG. 4. Time-averaged scattered fluorescent intensity from the
ub&↔uc& transition as a function of detuning of the probe laser. The
experimental data are shown by dots, whereas the best theoretical fit
is shown by a solid line. The average frequency of the bichromatic
field in the lower transition is on resonance with theua&↔ub& tran-
sition DLTb50. The Rabi frequency for the components of the
bichromatic field are derived from the best theoretical fit to each of
the data plots. ~a!–~c! correspond to Rabi frequencies of
VTb515.2,23,27.5, respectively.

FIG. 5. Normalized FWHM of the even and odd peaks of the
absorption spectrum as a function of the Rabi frequencyVTb . The
average frequency of the bichromatic field is on resonance with the
lower atomic transitionDLTb50. The modulation frequency is held
constant atdTb58. The dashed lines are the theoretical predictions
2gpTb52gcTb1gbTb@11(21)pJ0(2V/d)# ~Eq. 4.3 of Ref.
@38#!. The solid lines are the theoretical predictions after a convo-
lution with a Gaussian of FWHM equal to 10 MHz. The FWHM of
the even orders (p52n) and odd orders (p52n11) from the ex-
perimental plots are also shown, withn50,1,2, . . . .
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best simulate our experiment, where the modulation fre-
quency remains fixed, we plot the FWHM of the even and
odd ordered peaks of the absorption spectrum, as a function
of the Rabi frequency, while the modulation frequency re-
mains constantdTb58.

It is evident from Fig. 5 that the widths of the peaks
change as we vary the Rabi frequency. For a given Rabi
frequency, all even~odd! peaks have the same width. De-
pending on the value of the Rabi frequency, the even peaks
can be wider than the odd ones or vice versa. The experi-
mental values are in good agreement with the theoretical
predictions.

The absorption spectra we have measured correspond to a
direct probe of a two-level resonance strongly driven by a
resonant AM field. The widths of the peaks, in the limit in
which they can be resolved~i.e., d@gb), provide the widths
of the levels of the resonantly dressed atom without the com-
plication of the Rayleigh spectrum that is present in the reso-
nance fluorescence spectrum. They therefore provide infor-
mation from which the widths of the components of the
inelastically scattered fluorescence spectrum can be inferred.

We have also looked at the effects that the detuningDL of
the bichromatic field has on the absorption spectrum. We
investigated three different values of detuning. The case
whereDLT58 is depicted in Fig. 6. We show a series of
plots for the time-averaged absorption spectrum of the weak

probe. In Fig. 7 we show another set of data for the absorp-
tion spectrum forDLT516. Note that for the cases of Figs. 6
and 7, the spectrum becomes asymmetric about the zero po-
sition (DpT50). Also the position of the peaks changes as
the Rabi frequency is varied.

Finally, in Fig. 8 we show a representative case for a
redshifted detuningDLT528. We chose a value for the
Rabi frequency that is as close as possible to an equivalent
blueshifted case@Fig. 6~c!#. In Fig. 8,VTb515. Note that
the resultant absorption spectrum is a mirror image, about
the zero value of the probe detuning, of the equivalent blue-
shifted Rabi frequency@i.e., Fig. 6~c! and 8# due to energy
conservation of the probe photons.

V. CONCLUSION

We have presented an experimental study of the time-
averaged absorption spectrum for a weak laser field probing
the upper transition of a three-level atomic cascade, the
lower transition of which is quasiresonantly driven by a
bichromatic field. We have studied the effects that both the
Rabi frequency and detuning of the bichromatic field in the

FIG. 6. Time-averaged scattered fluorescent intensity from the
ub&↔uc& transition as a function of detuning of the probe laser. The
experimental data are shown by dots, whereas the best theoretical fit
is shown by a solid line. The average frequency of the bichromatic
field in the lower transition is blueshifted by 40 MHz from the
ua&↔ub& transitionDLTb58. The Rabi frequency for the compo-
nents of the bichromatic field are derived from the best theoretical
fit to each of the data plots.~a!–~d! correspond to Rabi frequencies
of VTb57.5,10.5,14.5,18, respectively.

FIG. 7. Time-averaged scattered fluorescent intensity from the
ub&↔uc& transition as a function of detuning of the probe laser. The
experimental data are shown by dots, whereas the best theoretical fit
is shown by a solid line. The average frequency of the bichromatic
field in the lower transition is blueshifted by 80 MHz from the
ua&↔ub& transitionDLTb516. The Rabi frequency for the compo-
nents of the bichromatic field are derived from the best theoretical
fit to each of the data plots.~a!–~d! correspond to Rabi frequencies
of VTb58,10.5,15,22.5, respectively.
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lower transition have on the absorption spectrum of the weak
probe in the upper transition.

For the resonant caseDLT50 we find that the position of
the peaks of the absorption spectrum are separated by the
modulation frequency, independent of the Rabi frequency.
Also, the absorption spectrum is symmetric about the zero
value of the detuning of the probe field. As the Rabi fre-
quency of the bichromatic field is increased the spectrum

broadens as more higher-order peaks begin emerging. The
dressed-state analysis@36# provides an intuitive picture of
transitions between the bare and dressed states of a bichro-
matically driven system.

Three different detuning values of the center frequency of
the bichromatic field were also investigated. The absorption
spectrum ceases to be symmetric about the zero value of the
probe field detuning. As the Rabi frequency is increased
more peaks start emerging but, in contrast to the on-
resonance case, their positions do not remain fixed. The
spectrum now consists of pairs of peaks separated by twice
the modulation frequency, independent of the pump detuning
and Rabi frequency. The absolute position and splitting of a
pair of resonances vary as a function of the detuning and
Rabi frequency of the pump. This again can be interpretted
in the dressed-state picture@43# with a detuned bichromatic
field.

Finally, we believe that, with this experiment, we have
unambiguously established that the widths of neighboring
peaks in the Autler-Townes absorption spectrum for a two-
level atom in a bichromatic field alternate between narrow
and broad as a function of the Rabi frequencyV, as seen
also in the resonance fluorescence spectrum from this system
@31#. This result is consistent with a dressed-state analysis
@32#, which predicts a dependence of the widths upon the
ratio the Rabi frequency to the modulation frequencyV/d
@see Eq.~5.6! of Van Leeuwenet al. @36##.
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