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Coherent spectroscopic effects in the propagation of ultrashort pulses through a two-level system
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A theoretical and experimental investigation is made of the spectrum of a near-resonant femtosecond laser
pulse propagating through a two-level atomic system. Measurements made using a high-resolution Fabry-Perot
microcavity show that at the transition frequency the spectrum of the transmitted pulse acquires a feature
whose structure depends sensitively on the pulse area, the pulse detuning, and the absorption path length. Our
observations are in excellent agreement with the predictions of the Maxwell-Bloch equations. In the thin-
sample limit, these results show that from the shape of the spectral feature it is possible to infer the quantum
state of the atomic system excited by the pulse.@S1050-2947~98!50801-3#

PACS number~s!: 42.50.Md, 42.62.Fi, 42.65.Re, 32.70.Jz
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The interaction of coherent optical pulses with a colle
tion of two-level atoms is one of the most fundamental pro
lems in quantum optics@1#. This system forms the basis fo
understanding the interaction of pulses with multilevel s
tems. For the case of a single pulse tuned to a two-le
resonance, the McCall-Hahn area theorem@2# shows that the
temporal evolution of the pulse depends on the pulse a
u5(2m/\)*A(z,t)dt wherem is the dipole transition matrix
element andA(z,t) is the slowly varying amplitude of the
electric field. The stimulated absorption and emission
duced by the pulse as it propagates through the system r
in a temporal reshaping in which the pulse area become
integral multiple of 2p. The effects predicted by this theo
rem include self-induced transparency and pulse comp
sion, both of which were clearly demonstrated in a series
landmark experiments@3#. In the small-area regime, the fo
mation of 0-p pulses has been studied theoretically@4# and
experimentally@5,6#. Additional studies@7–11# have inves-
tigated various aspects of the temporal dynamics of the
tical pulse and the atomic system. In most theoretical an
ses, the effects of relaxation of the atomic system
neglected since the durations of the pulses are much sm
than the decay timesT1 and T2 of the inversion and the
dipole moment, respectively.

Despite the extensive work in this area, only a few the
retical studies have investigated the changes in the spec
of a pulse as it propagates through a resonant atomic
dium. Although it is well understood how the spectrum of
incoherent source is modified as the radiation passes thro
an atomic or molecular system, the spectral behavior o
broadband coherent source is not well understood, eve
the thin-sample limit. Diels and Hahn@12# showed that a
spectral feature does appear at the transition frequency
that for larger pulse areas significant deviation from a sim
Lorentzian dip can result. Miklaszewski@13# performed nu-
merical simulations of a homgeneously broadened sys
and demonstrated that for relatively large values of the
sorption path length the resulting spectral feature can
come quite complex and exhibit an oscillatory structure.

*Permanent address: Department of Physics, Clark Hall, Cor
University, Ithaca, NY 14853.
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In this Rapid Communication, we describe a theoreti
and experimental study of the spectral modification of
near-resonant femtosecond pulse propagating through a
level system. Through the use of a high-finesse scann
Fabry-Perot microcavity, we perform measurements of
pulse spectrum with sub-GHz resolution over an 8-T
bandwidth. In the optically thin regime, our results show th
the shape of the resulting spectral feature at the transi
frequency depends on the pulse area and the detuning.
behavior can be understood as the interference of the i
dent pulse with the radiation emitted by the excited ato
undergoing free-induction decay. From the shape of the
ture in the transmitted pulse spectrum, one can infer
quantum state of the two-level system excited by the pu
obviating the need of probing the system. At higher atom
densities, propagation effects play an important role and
resulting spectral feature develops a complicated oscilla
structure. All our experimental results are well described
analytical and numerical solutions of the Maxwell-Bloc
equations.

The propagation of an optical pulse in a two-level m
dium with an atomic densityN can be modeled using th
Maxwell-Bloch equations

S ]

]z
1

1

c

]

]t DV5 i
a0

T2
s, ~1a!

]s

]t
52S 1

T2
2 iD Ds2

iV

2
w, ~1b!

]w

]t
52S 11w

T1
D1 i ~Vs* 2V* s!, ~1c!

where w is the inversion,s is the slowly varying, off-
diagonal density-matrix component,V(z,t)52mA(z,t)/\ is
the Rabi frequency for the pulse envelope,D is the detuning
of the pulse from the atomic transition frequencyv0, and
a054pv0Numu2T2 /\c is the line-center absorption coeffi
cient. Doppler broadening can be included by averaging
atomic variables over a Doppler profile of width 2/T2* ,
whereT2* is the inhomogeneous dephasing time. In all of o
analysis, we consider the regime similar to that of our e
ll
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periment in which the pulse durationtp is much shorter than
any of the characteristic time scales (T1, T2, T2* ) of the
atomic medium and in which the pulse does not unde
significant pulse reshaping~i.e., a0Ltp /T2!1). As a result,
the qualitative behavior of the system does not depend on
relative values of these decay constants.

In the optically thin limit (a0L!1), we can predict ana
lytically the shape of the feature that should appear in
transmitted pulse spectrum. The in-quadrature p
v(t)52 Im(s) of the dipole moment is proportional to th
in-phase part of the dipole field and is responsible for
exchange of energy between the field and the atoms.
assume that a pulse of areau excites the two-level atom to
point on the Bloch sphere at timet50, and the atom then
undergoes free-induction decay. For the case of a sq
pulse of width tp , the Fourier transform ofv(t) is then
given by

ṽ ~dv!52
1

2@11~dvT2!2#
F u

u8
sinu82~dvT2!

3
uDtp

u8
2 ~12cosu8!G , ~2!

wheredv is the frequency offset relative to the atomic fr
quency andu85@u21(Dtp)2#1/2. In the thin-sample limit,
the transmitted pulse spectrum is the input pulse spect
plus a term resulting from the interference of the input pu
and the dipole field, which is proportional to the express
above for ṽ (dv). We concentrate our attention on tho
cases in whichuDtpu,1 such that the pulse spectrum ove
laps appreciably with the atomic transition frequency. F
D50, the second term on the right-hand side does not c
tribute, and the spectral feature will be a Lorentzian d
(u,p) or peak (p,u,2p) of width 2/T2 at the atomic
frequency. WhenDÞ0, the behavior is more complicate
For pulse areas such thatu,p/2, the first term on the right-
hand side is dominant, which results again in a dip atv0. For
a pulse areau;p, the second term on the right-hand side
dominant, and a dispersive feature is predicted for the sp
trum. Note that this feature flips its orientation depending
the sign ofD. For 3p/2,u,2p, the first term dominates
once again but with a change in sign resulting in a spec
peak at the transition frequency. For the case in which
atoms are Doppler broadened, the predicted spectral sh
are similar but with widths given by;2/T2* .

The analysis above gives a qualitative description of
predicted spectral shapes for values ofa0L,10, as con-
firmed by numerical integration of Eqs.~1!. In our numerical
simulations, the shape of the input pulse is given
V(0,t)5(u/ptp)sech(t/tp). In Figs. 1~a!–~d! we plot the
transmitted pulse spectrum near the transition frequency
several different pulse areas. The parameters for all f
graphs are a0L52, T2 /T152, tp /T251023, and
Dtp520.4. As demonstrated by the inset to Fig. 1~a!, which
shows the total pulse spectrum foru5p/2, only the fre-
quency components near the transition frequency are
fected by the interaction. For this case, the spectral fea
has the form of a dip of width;2/T2. For the larger pulse
areas, the feature evolves into a dispersive-looking fea
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for u5p @Fig. 1~b!# and into a peak foru53p/2 @Fig. 1~c!#.
This behavior is in direct contrast to the common belief th
a dip should always appear in the spectrum of a broadb
radiation propagating through an absorbing medium.
u52p @Fig. 1~d!# the spectrum shows little change from th
input, as expected for a near-soliton pulse. If the pulse
tuned above resonance, the feature flips its orientation,
when tuned exactly to resonance, only a dip or a peak
observed, again as predicted by the analytical expres
@Eq. ~2!#. In the time domain, the transmitted pulse shape
nearly identical to the input pulse, except for the presence
a very weak and slowly decaying tail that represents the
pole field. These predictions show that for a two-level s
tem, the quantum state~i.e., the position of the Bloch vector!
excited by the input pulse can be inferred by the shape of
spectral feature that appears at the atomic frequency.

We experimentally verified these predictions using pot
sium vapor as the two-level medium. Pulses of duration~full
width at half maximum! Tp5415 fs and with an energy of 15
nJ were generated at a 90-MHz repetition rate from a mo
locked Ti:sapphire laser. The central frequency of the pul
was tuned near the 42S1/2– 4 2P1/2 ~770.1-nm! transition. A
Pockels cell external to the laser was used to slice pulses
of the pulse train at a repetition ratef sufficiently small that
multiple-pulse effects in the atomic system were minimize
No change in the transmitted spectra was observed as
repetition rate was varied over a range of valuesf ,10 MHz.
For all the results shown here, the repetition rate was 9 M
The pulses were focused into a potassium vapor cell@14#
using a 10-cm-focal-length lens. The position of the lens w
adjusted to place the focus near the input face of the cell.
interaction length of the vapor cell is 2 mm, and the vap
density could be varied between 108 and 1014 cm23 by
changing the temperature of the potassium reservoir.

The spectrum of the beam transmitted through the
was analyzed using a high-finesse, scanning Fabry-P
cavity ~FPC! ~Newport, model SR-240!. The free-spectral
range of the cavity is 8 THz, and the high-reflectivity mirro
result in a spectral resolution of 500 MHz at 770 nm. Aft

FIG. 1. Theoretical predictions of the transmitted pulse sp
trum near the atomic resonance frequency~i.e., dv50) for various
pulse areas. In all cases,a0L52, T2 /T152, tp /T251023, and
Dtp520.4. The pulse areas are~a! u5p/2, ~b! u5p, ~c!
u53p/2, ~d! u52p. The total pulse spectrum is shown in the ins
to ~a! for u5p/2.
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R38 57RANKA, SCHIRMER, AND GAETA
passing through the cell, the beam was coupled into a 15-
long single-mode fiber, and the output was mode-matc
into the FPC with a pair of lenses. The use of the fib
allowed us to make adjustments at the input end with
effecting the alignment of the beam into the FPC. T
amount of light coupled into the fiber was kept sufficien
small such that self-phase modulation inside the fiber did
lead to any detectable distortions in the measured pulse s
trum. The light transmitted through the FPC was detec
using a photomultiplier tube, and the signal was stored o
digital oscilloscope. The scan rate of the cavity was 30
and several frequency scans of the supercavity were a
aged to produce the spectra shown here. The alignmen
the FPC was initially performed using a frequency-stabiliz
Ti:sapphire laser~Coherent 899-21!.

In Fig. 2, we plot the measured spectra of the transmi
pulses in the optically thin regime for several values of
input pulse area. The temperature of the potassium va
was 90 °C, which we estimate corresponds toN5231011

cm23. The center frequency of the input pulse was tun
below resonance (DTp520.5). The inset to Fig. 2~a! shows
the total transmitted pulse spectrum foru50.3p. As ex-
pected, the spectrum is modified only near the atomic tr
sition frequency. As predicted by our theoretical analysis,
spectral feature evolves from a dip for relatively small pu
areas@u50.3p, Fig. 2~a!#, to a dispersive feature for ap
pulse@Fig. 2~b!#, to a peak for a near 3p/2 pulse@Fig. 2~c!#.
For a near 2p pulse@Fig. 2~d!#, the spectrum was essential
unchanged from the input. When the pulse area was
creased slightly above 2p, the feature again became an a
sorptive dip. When the center wavelength of a nearp pulse
was tuned across the atomic resonance, the spectral fe
was observed to flip its orientation, as predicted by the t
oretical analysis. In all cases, the width of the spectral fea
was comparable to the Doppler width of 1 GHz. We we
unable to confirm the shape of the predicted spectral fea
for relatively large pulse areas atD50 as a result of jitter
~several GHz! in the central frequency of the pulse durin

FIG. 2. Experimentally measured spectra of the transmi
pulse near the atomic resonance frequency~i.e.,dv50) for various
pulse areas. In all cases, the density of the atomic vapor is estim
to beN5231011 cm23, tp /T251023, andDtp520.4. The pulse
areas are~a! u50.3p, ~b! u5p, ~c! u53p/2, ~d! u52p. The total
pulse spectrum is shown in the inset to~a! for u50.3p.
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the scanning time of the FPC. The sensitivity of our me
surement scheme allowed for detection of the spectral fea
in the transmitted pulse at atomic densities as low asN;108

cm23. Additional stabilization of our laser system shou
allow for even greater sensitivities.

As the the absorption length of the medium increas
propagation effects begin to play an important role, and
shape of the resulting spectral feature becomes consider
more complicated. For an incoherent broad-bandwi
source, the dip in the transmitted spectrum becomes de
and wider. However, for coherent pulses with relatively lar
pulse areas, the behavior is very different. In Fig. 3,
theoretically predicted spectrum is plotted for increas
atomic density, for the case in whichu50.9p, Dtp520.4,

FIG. 4. Experimentally measured spectra of the transmit
pulse near the atomic resonance frequency~i.e., dv50) for in-
creasing absorption path length. In all cases,u50.9p and
DTp520.5. The atomic densities are~a! N5231012 cm23, ~b!
N5931012 cm23, ~c! N5331013 cm23, ~d! N5231014 cm23.
The total pulse spectrum is shown in the inset to~a! for N5231012

cm23.

d

ted

FIG. 3. Theoretical predictions of the transmitted pulse sp
trum near the atomic resonance frequency for increasing absorp
path length. In all cases,u50.9p andDtp520.4. The absorption
path lengths are~a! a0L550, ~b! a0L5100, ~c! a0L5400, ~d!
a0L5800. The total pulse spectrum is shown in the inset to~a! for
a0L550.
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T2 /T152, andtp /T251023. As the absorption is increase
further structure develops at the atomic frequency and
feature broadens. For values ofa0Ltp /T2 that approach
unity, the spectral feature develops an oscillatory structur
which the number of oscillations increases with absorpt
path length. For pulse areasu,2p, this oscillatory structure
is most pronounced for the rangep/2,u,3p/2. The origin
of the oscillations can be traced to the temporally oscillat
tail @13# that appears in the transmitted pulse. This tail ari
as a result of the pulse shaping that occurs as the p
propagates through the system and its area stabilizes to
value given by the generalized area theorem@1#.

The experimentally observed behavior at these larger
sorption lengths mirrors that predicted by our theoreti
simulations. Figure 4 shows the spectrum of the pulse n
the atomic transition frequency as the density of the ato
vapor is increased for the case in which the pulse area
;0.9p and the pulse was detuned below resona
(DTp520.5). As predicted by theory, the spectral featu
develops oscillations that become more numerous as the
density is increased@~a! N5231012 cm23, ~b! N5931012

cm23, ~c! N5331013 cm23, ~d! N5231014 cm23#. For
similar values (,23) of a0Ltp /T2 we have good agree
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ment between the theoretically predicted line shapes sh
in Fig. 3 and the experimentally observed spectra. We
lieve that the transverse Gaussian spatial profile of the b
and the relatively large uncertainty in our estimate of t
atomic density prevent us from achieving absolute agreem
with the plane-wave model.

In summary, we have studied the modification of t
spectrum of a femtosecond pulse propagating through a t
level system. We observe a number of coherent effects
pulse areas on the order ofp. In thin-sample limit, we find
that the shape of the feature that appears on the transm
pulse spectrum can be used to ascertain the state of
atomic system that had been excited by the incident pu
These results are the first step in understanding the spe
behavior of pulses in multilevel systems, and are sugges
that the quantum states of these systems could be determ
by analyzing the spectrum of the transmitted excitat
pulse.
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