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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 pul$1050-294{©8)50801-3

PACS numbgs): 42.50.Md, 42.62.Fi, 42.65.Re, 32.70.Jz

The interaction of coherent optical pulses with a collec- In this Rapid Communication, we describe a theoretical
tion of two-level atoms is one of the most fundamental prob-and experimental study of the spectral modification of a
lems in quantum opticEl]. This system forms the basis for near-resonant femtosecond pulse propagating through a two-
understanding the interaction of pulses with multilevel sysdevel system. Through the use of a high-finesse scanning
tems. For the case of a single pulse tuned to a two-levdfabry-Perot microcavity, we perform measurements of the
resonance, the McCall-Hahn area theof@jshows that the pulse spectrum with sub-GHz resolution over an 8-THz
temporal evolution of the pulse depends on the pulse aré@andwidth. In the optically thin regime, our results show that
0= (2ult) [A(z,t)dt wherepu is the dipole transition matrix the shape of the resulting spectral feature at the transition
element andA(z,t) is the slowly varying amplitude of the frequency depends on the pulse area and the detuning. This
electric field. The stimulated absorption and emission inbehavior can be understood as the interference of the inci-
duced by the pulse as it propagates through the system resdient pulse with the radiation emitted by the excited atoms
in a temporal reshaping in which the pulse area becomes andergoing free-induction decay. From the shape of the fea-
integral multiple of 2r. The effects predicted by this theo- ture in the transmitted pulse spectrum, one can infer the
rem include self-induced transparency and pulse compregiiantum state of the two-level system excited by the pulse,
sion, both of which were clearly demonstrated in a series opbviating the need of probing the system. At higher atomic
landmark experiment3]. In the small-area regime, the for- densities, propagation effects play an important role and the
mation of O+r pulses has been studied theoreticf#y and  resulting spectral feature develops a complicated oscillatory
experimentally[5,6]. Additional studie7-11] have inves- structure. All our experimental results are well described by
tigated various aspects of the temporal dynamics of the opanalytical and numerical solutions of the Maxwell-Bloch
tical pulse and the atomic system. In most theoretical analyequations.
ses, the effects of relaxation of the atomic system are The propagation of an optical pulse in a two-level me-
neglected since the durations of the pulses are much smallgium with an atomic densityN can be modeled using the
than the decay time3,; and T, of the inversion and the Maxwell-Bloch equations
dipole moment, respectively.

Despite the extensive work in this area, only a few theo- i } i Q=i Qo (13
retical studies have investigated the changes in the spectrum dz ¢ ot
of a pulse as it propagates through a resonant atomic me-

dium. Although it is well understood how the spectrum of an Jo 1 iQ

incoherent source is modified as the radiation passes through i _(T_ —IA) oW, (1b)
an atomic or molecular system, the spectral behavior of a 2

broadband coherent source is not well understood, even in

the thin-sample limit. Diels and Hahfi2] showed that a w_ _( +W) Fi(Qo* —Q* o) (10)
spectral feature does appear at the transition frequency and ot Ty ’

that for larger pulse areas significant deviation from a simple

Lorentzian dip can result. Miklaszewski3] performed nu- Where w is the inversion,o is the slowly varying, off-
merical simulations of a homgeneously broadened systerliagonal density-matrix componei},(z,t) =2uA(z,t)/% is
and demonstrated that for relatively large values of the abthe Rabi frequency for the pulse envelopeis the detuning
sorption path length the resulting spectral feature can beof the pulse from the atomic transition frequeney, and

come quite complex and exhibit an oscillatory structure.  @o=4mwoN|u|*T,/%c is the line-center absorption coeffi-
cient. Doppler broadening can be included by averaging the

atomic variables over a Doppler profile of widthT2/,
*Permanent address: Department of Physics, Clark Hall, CornelvhereT} is the inhomogeneous dephasing time. In all of our
University, Ithaca, NY 14853. analysis, we consider the regime similar to that of our ex-
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periment in which the pulse duratian is much shorter than
any of the characteristic time scale$,( T,, T5) of the
atomic medium and in which the pulse does not underg
significant pulse reshapin@e., agL 7,/T,<1). As a result,
the qualitative behavior of the system does not depend on th
relative values of these decay constants.

In the optically thin limit (¢gL<<1), we can predict ana- . . . . . . . . . .
lytically the shape of the feature that should appear in thez °f 1 #r 1
transmitted pulse spectrum. The in-quadrature partf, _"/\/——
v(t)=2Im(o) of the dipole moment is proportional to the & | 4 20k 4
in-phase part of the dipole field and is responsible for the &
exchange of energy between the field and the atoms. W3
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assume that a pulse of aréaxcites the two-level atom to a L . ! I I ! ! L I I
point on the Bloch sphere at tinte=0, and the atom then oot 0 oor 001 0 001
frequency (607, ) frequency (6w7,)

undergoes free-induction decay. For the case of a squar

ulse of width r,, the Fourier transform ob(t) is then . . .
P Tp b1 FIG. 1. Theoretical predictions of the transmitted pulse spec-

given by trum near the atomic resonance frequetia., 5w=0) for various

1 0 pulse areas. In all casegoL=2, T,/T,=2, rp/T2=10’3, and

?(8w)=— —————— —sind’' — (SwT),) A7,=—0.4. The pulse areas ar@) 60=mu/2, (b) 0=, (¢
2[1+(SwT,)?]| 60’ 0=3m/2,(d) 6=2. The total pulse spectrum is shown in the inset

to (a) for = =/2.

OA T,
X o7 (1—cosp’)

: (2)  for 6= [Fig. 1(b)] and into a peak fov=3/2 [Fig. 1(c)].

This behavior is in direct contrast to the common belief that
a dip should always appear in the spectrum of a broadband
radiation propagating through an absorbing medium. For
9=2 [Fig. 1(d)] the spectrum shows little change from the
put, as expected for a near-soliton pulse. If the pulse is
ned above resonance, the feature flips its orientation, and

where dw is the frequency offset relative to the atomic fre-
quency and¢’ =[ 6%+ (A7,)?]*% In the thin-sample limit,

the transmitted pulse spectrum is the input pulse spectru
plus a term resulting from the interference of the input pulse[u

and the digole field, which is proportional to the expressior‘\Nhen tuned exactly to resonance, only a dip or a peak is
above foruv(éw). We concentrate our attention on those gpserved, again as predicted by the analytical expression
cases in whichA 7,| <1 such that the pulse spectrum over-[Eq. (2)]. In the time domain, the transmitted pulse shape is
laps appreciably with the atomic transition frequency. Fomearly identical to the input pulse, except for the presence of
A=0, the second term on the right-hand side does not corg very weak and slowly decaying tail that represents the di-
tribute, and the spectral feature will be a Lorentzian dippgle field. These predictions show that for a two-level sys-
(<) or peak (r<6<2m) of width 2/T, at the atomic  tem, the quantum statee., the position of the Bloch vector
frequency. Whem\ #0, the behavior is more complicated. excited by the input pulse can be inferred by the shape of the
For pulse areas such that 7/2, the first term on the right-  spectral feature that appears at the atomic frequency.
hand side is dominant, which results again in a dipatFor We experimentally verified these predictions using potas-
a pulse are#~ m, the second term on the right-hand side issium vapor as the two-level medium. Pulses of duratfah
dominant, and a dispersive feature is predicted for the spegyidth at half maximum T,= 415 fs and with an energy of 15
trum. Note that this feature flips its orientation depending omJ were generated at a 90-MHz repetition rate from a mode-
the sign ofA. For 3m/2<#<2, the first term dominates |ocked Ti:sapphire laser. The central frequency of the pulses
once again but with a change in sign resulting in a spectrajas tuned near the %5,,,—42P,, (770.1-nm transition. A
peak at the transition frequency. For the case in which th@ockels cell external to the laser was used to slice pulses out
atoms are Doppler broadened, the predicted spectral shapgsthe pulse train at a repetition ratesufficiently small that
are similar but with widths given by-2/T5 . multiple-pulse effects in the atomic system were minimized.
The analysis above gives a qualitative description of theNo change in the transmitted spectra was observed as the
predicted spectral shapes for values afl <10, as con- repetition rate was varied over a range of valfies10 MHz.
firmed by numerical integration of Eggl). In our numerical  For all the results shown here, the repetition rate was 9 MHz.
simulations, the shape of the input pulse is given byThe pulses were focused into a potassium vapor [def]
Q(0t)=(0/m7r,)secht/r,). In Figs. 1a)—(d) we plot the  using a 10-cm-focal-length lens. The position of the lens was
transmitted pulse spectrum near the transition frequency faidjusted to place the focus near the input face of the cell. The
several different pulse areas. The parameters for all fouinteraction length of the vapor cell is 2 mm, and the vapor
graphs are agL=2, T,/T;=2, 7,/T,=10% and density could be varied between®@and 164 cm 2 by
A7,=—0.4. As demonstrated by the inset to Figa)lwhich  changing the temperature of the potassium reservoir.
shows the total pulse spectrum fér= /2, only the fre- The spectrum of the beam transmitted through the cell
qguency components near the transition frequency are afwas analyzed using a high-finesse, scanning Fabry-Perot
fected by the interaction. For this case, the spectral featureavity (FPQ (Newport, model SR-240 The free-spectral
has the form of a dip of width-2/T,. For the larger pulse range of the cavity is 8 THz, and the high-reflectivity mirrors
areas, the feature evolves into a dispersive-looking featureesult in a spectral resolution of 500 MHz at 770 nm. After
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d FIG. 3. Theoretical predictions of the transmitted pulse spec-
pulse near the atomic resonance frequeliney, 5o =0) for various trum near the atomic resonance frequency for increasing absorption

pulse areas. In all cases, the density of the atomic vapor is estimat@@th length. In all case®)=0.97 andA7,=—0.4. The absorption
to beN=2x10"cm™3, r,/T,=103, andA r,= —0.4. The pulse path lengths arda) aol. =50, (b) aolleoo’ (C.) aOL.:400’ (d
areas aréa) 6=0.3m, (b) g: ., (C) 6=37/2, (8) 9=2m. The total  @oL-=800. The total pulse spectrum is shown in the inseidor

pulse spectrum is shown in the inset(® for 6=0.37. ol =50.

FIG. 2. Experimentally measured spectra of the transmitte

passing through the cell, the beam was coupled into a 15-cnthe scanning time of the FPC. The sensitivity of our mea-
long single-mode fiber, and the output was mode-matchedurement scheme allowed for detection of the spectral feature
into the FPC with a pair of lenses. The use of the fiberin the transmitted pulse at atomic densities as low asL0?
allowed us to make adjustments at the input end withoutm 3. Additional stabilization of our laser system should
effecting the alignment of the beam into the FPC. Theallow for even greater sensitivities.
amount of light coupled into the fiber was kept sufficiently ~As the the absorption length of the medium increases,
small such that self-phase modulation inside the fiber did nopropagation effects begin to play an important role, and the
lead to any detectable distortions in the measured pulse speshape of the resulting spectral feature becomes considerably
trum. The light transmitted through the FPC was detectednore complicated. For an incoherent broad-bandwidth
using a photomultiplier tube, and the signal was stored on aource, the dip in the transmitted spectrum becomes deeper
digital oscilloscope. The scan rate of the cavity was 30 Hzand wider. However, for coherent pulses with relatively large
and several frequency scans of the supercavity were avepulse areas, the behavior is very different. In Fig. 3, the
aged to produce the spectra shown here. The alignment dfieoretically predicted spectrum is plotted for increasing
the FPC was initially performed using a frequency-stabilizedatomic density, for the case in whigh=0.97, A7,=—0.4,
Ti:sapphire lasefCoherent 899-21

In Fig. 2, we plot the measured spectra of the transmitted_. T T T T T T T T T T

: . : : 2 10 4 + -
pulses in the optically thin regime for several values of the g A
input pulse area. The temperature of the potassium vapos "_JL\/I_L

was 90 °C, which we estimate correspondsNe: 2 x 10 05
cm 3. The center frequency of the input pulse was tuned
below resonanceXT,=—0.5). The inset to Fig.(&) shows
the total transmitted pulse spectrum férk0.37. As ex-
pected, the spectrum is modified only near the atomic tran-—. o[ T T T T T T T T T
sition frequency. As predicted by our theoretical analysis, the
spectral feature evolves from a dip for relatively small pulse
areas| =0.3m, Fig. 2a)], to a dispersive feature for &
pulse[Fig. 2(b)], to a peak for a near®/2 pulse[Fig. 2(c)].

For a near 2r pulse[Fig. 2(d)], the spectrum was essentially ol ©d L @
unchanged from the input. When the pulse area was in- o1 o0 6 065 004 001 002 0 002 o4
creased slightly aboves?, the feature again became an ab-
sorptive dip. When the center wavelength of a neguulse
was tuned across the atomic resonance, the spectral featuregg. 4. Experimentally measured spectra of the transmitted
was observed to flip its orientation, as predicted by the thepyise near the atomic resonance frequefias, sw=0) for in-
oretical analysis. In all cases, the width of the spectral featurgreasing absorption path length. In all cases=0.97 and
was comparable to the Doppler width of 1 GHz. We WereAT,=—0.5. The atomic densities a@ N=2x10'2 cm 3, (b)
unable to confirm the shape of the predicted spectral featun@=9x 102 cm3, (¢) N=3x 10" cm 3, (d) N=2x10" cm3.

for relatively large pulse areas At=0 as a result of jitter The total pulse spectrum is shown in the inseaiofor N=2x 102
(several GHy in the central frequency of the pulse during cm™2,
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T,/T1=2, andrp/T2=10*3. As the absorption is increased, ment between the theoretically predicted line shapes shown
further structure develops at the atomic frequency and then Fig. 3 and the experimentally observed spectra. We be-
feature broadens. For values efL7,/T, that approach lieve that the transverse Gaussian spatial profile of the beam
unity, the spectral feature develops an oscillatory structure imand the relatively large uncertainty in our estimate of the
which the number of oscillations increases with absorptioratomic density prevent us from achieving absolute agreement
path length. For pulse are@s< 2, this oscillatory structure wijth the plane-wave model.

is most pronounced for the range2< 6<3/2. The origin In summary, we have studied the modification of the
of the oscillations can be traced to the temporally oscillatingspectrum of a femtosecond pulse propagating through a two-
tail [13] that appears in the transmitted pulse. This tail ariseggy/g| system. We observe a number of coherent effects for
as a result of the pulse shaping that occurs as the puls§ise areas on the order ef In thin-sample limit, we find
propagates through the system and its area stabilizes 10 thga the shape of the feature that appears on the transmitted

value given by the generalized area theoférh ulse spectrum can be used to ascertain the state of the
The experimentally observed behavior at these larger allsomic system that had been excited by the incident pulse.

sorption lengths mirrors that predicted by our theoreticalryage results are the first step in understanding the spectral
simulations. Figure 4 shows the spectrum of the pulse negfapayior of pulses in multilevel systems, and are suggestive

the atomic transition frequency as the density of the atomigy 4t the quantum states of these systems could be determined
vapor is increased for the case in which the pulse area w analyzing the spectrum of the transmitted excitation
~0.97 and the pulse was detuned below resonance se.

(AT,=-0.5). As predicted by theory, the spectral feature

develops oscillations that become more numerous as the the We gratefully acknowledge discussions with J. Eberly and
density is increasefla) N=2x10? cm 3, (b) N=9x10'  |. Walmsley. This work was supported by the U.S. Army
cm 3, () N=3x10 cm 3, (d) N=2x10" cm 3]. For  Research Office, Grant No. DAAH04-95-1-0420, and the
similar values €2X) of aglL7,/T, we have good agree- National Science Foundation, Grant No. PHY-9307511.
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