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We investigate the time dynamics of a four-level rubidium atomic system excited by a train of 0� pulses.
Resonant 0� pulse shaping is achieved by propagation of weak femtosecond pulses through rubidium vapor
and characterized using frequency-resolved optical gating and within the linear dispersion theory. The excita-
tion of the Rb atoms by 0� pulse train is studied experimentally by modified direct frequency comb spectros-
copy and theoretically within the density-matrix approach. We show that accumulation of populations and
coherences, as typical pulse train excitation effects, strongly depend on the strength of the resonant 0� pulse
shaping. Stronger pulse shaping reduces the coherent accumulation effects, eventually leading to the disap-
pearance of the velocity selective optical pumping observed in the frequency domain.
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I. INTRODUCTION

The goal of coherent control experiments is to control the
outcome of a certain physical process through manipulation
of interference between different quantum paths �1–3�. Prac-
tical implementation of the idea is often complicated by the
propagation effects associated with the propagation of pulses
through resonant atomic or molecular systems �4,5�. The me-
dium introduces distortions of the input pulse electric field
which can be a serious limitation in the coherent control
experiments. In order to avoid this undesirable side effect it
is crucial to provide information which could help to better
understand and, possibly, control the pulse propagation
effects.

Zero-area �0�� pulse is obtained as a result of resonant
reshaping which occurs when a resonant pulse is propagated
through the atomic vapor. 0� pulse is a pulse which leaves
the atomic level populations nearly unchanged after its
propagation through the medium. The initial part of the pulse
excites the atoms and then, as a result of a � phase change in
the electric field, the subsequent part of the pulse brings the
atoms back to the ground state. This is usually interpreted
using two propagation laws. First propagation law states that
most of the pulse energy is transmitted when the spectral
width of the pulse is larger than the width of the absorption
line. The second propagation law is the area theorem, which
in the special case of weak fields reduces to the McCall-
Hahn theorem �6�, stating that the pulse area decreases ex-
ponentially with the propagation distance. In order to satisfy
these two propagation laws the pulse envelope develops an
oscillatory temporal structure. Theoretical �7,8� and experi-
mental �9,10� investigations of the 0� pulses received con-
siderable attention in the literature. However, these investi-
gations have been mostly limited to the reshaping of the
nanosecond and picosecond pulses. The first study of reso-
nant, subpicosecond, weak pulses propagating through the
sodium vapor was reported in Ref. �11�. The generation of
ultrashort pulses in the femtosecond �fs� range opened a new
area of investigations of the pulse propagation effects. Due to
the wide bandwidth of the fs pulses, the sharp line limit
�SLL� and extreme SLL became accessible. With the excep-
tion of few experimental studies �12,13�, resonant fs pulse

propagation effects have been predominantly investigated
theoretically �14–16�.

The accumulation of populations and coherences occurs
as a result of the specific atomic time dynamics when the
atomic relaxation times are longer than the time between two
consecutive laser pulses. The accumulation effects in two-
level Rb atoms excited by a train of fs pulses were theoreti-
cally investigated for the first time in Ref. �17�. The exten-
sion of this work to three-level rubidium atoms and two-
photon excitation was presented in Ref. �18�. The authors
discuss the influence of the pulse train parameters and shapes
�including 0� pulses� on the accumulation effects in a se-
quential two-photon transition. Recently, based on coherence
accumulation effects, Ye and co-workers at JILA developed
direct frequency comb spectroscopy which bridges the fields
of high resolution spectroscopy and ultrafast science �19,20�.

The accumulation of populations and coherences in room-
temperature rubidium vapor excited by fs pulse train was
studied extensively in our previous papers �21–23�. The ac-
cumulation effects were studied theoretically using the
density-matrix approach. The experimental investigations
were based on mapping of the frequency comb to the veloc-
ity distributions of the hyperfine level populations. We devel-
oped modified direct frequency comb spectroscopy �MD-
FCS� by introducing a weak probe laser in addition to the fs
laser. The velocity distributions of the ground state hyperfine
level populations are monitored by measuring the probe laser
transmission. In our recent paper �24� we introduced the en-
hanced sensitivity MDFCS and demonstrated it as a power-
ful technique for characterization of the atomic system ex-
cited simultaneously by the cw laser and the fs pulse train.
The application of the method for determination of the abso-
lute frequencies of the comb lines was demonstrated recently
�25�.

The aim of this work is to study the time dynamics of the
four-level Rb atomic system excited by the resonantly
shaped 0� pulse train. The 0� pulse shaping is achieved as a
result of the natural fs pulse reshaping induced by linear
dispersion of the absorption line by propagation of resonant
weak fs pulses through the rubidium vapor. As the reshaping
is strongly dependent on the rubidium atom number density,
different pulse shapes are obtained by changing the tempera-
ture of the vapor. Characterization of the shaped 0� pulses is
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performed using frequency-resolved optical gating �FROG�
and within the linear dispersion theory. Study of the excita-
tion of rubidium atoms by a train of resonantly shaped 0�
pulses is performed in the second cell containing rubidium
atoms at room temperature. We emphasize the effect of the
0� pulse train excitation on the time evolution of the atomic
ground and excited state populations. We show that accumu-
lation of populations and coherences strongly depends on the
strength of the resonant shaping. By increasing the strength
of the pulse shaping, the accumulation effects reduce, lead-
ing to the disappearance of the velocity selective optical
pumping �VSOP� observed in the frequency domain. In ad-
dition, we demonstrate the advantage of the MDFCS tech-
nique over FROG technique in sensing the small modifica-
tion of the pulse caused by resonant shaping of the fs pulse
induced by its propagation through the low-density rubidium
vapor.

II. EXPERIMENT

The experimental setup �Fig. 1� is based on the MDFCS
setup �24� with an additional Rb cell placed on the path of
the fs laser beam. Briefly, a mode-locked Ti:sapphire laser
�Tsunami, Spectra Physics� with pulse duration of about 100
fs and pulse repetition of 80 MHz adjusted at the 795 nm
peak wavelength is used for the rubidium atom excitation.
The fs laser beam is sent through the first Rb cell �cell 1� and
then weakly focused into the center of the second cell �cell
2�. We used the cell containing natural abundance of the
rubidium isotopes �72% 85Rb and 28% 87Rb� or the cell con-
taining pure 87Rb isotope as the first cell. All cells are 5 cm
long with the outer diameter of 2.5 cm. Cell 1 is placed in an
oven enabling us to control the temperature, i.e., rubidium
number density in the cell. Cell 2 is kept at room temperature
�T=293 K, NRb=5.4�109 cm−3�. In addition to the fs laser
beam, a weak cw probe laser �Toptica DL100, ECDL at 780
nm� propagating anticollinearly with the fs laser is sent

through cell 2. The probe and fs laser beams are intersected
in the center of cell 2 under a small angle. The probe laser
frequency is slowly scanned across the Doppler-broadened
85,87Rb 5 2S1/2→5 2P3/2 hyperfine transitions at 3 GHz/s
scanning rate. Its transmission is simultaneously measured
with two Hamamatsu Si photodiodes. The signal from the
first photodiode is fed in the lock-in amplifier �Stanford Re-
search SR510� referenced to the SR540 mechanical chopper
at 3.5 kHz �positioned on the fs laser beam�. Measured signal
represents the change in the probe laser transmission, �T,
induced by the fs laser excitation. Here, �T=Tfs−T, where
Tfs and T are the probe laser transmission with and without
the fs pulse train excitation, respectively. The signal from the
lock-in amplifier was stored into a digital oscilloscope �Tek-
tronix TDS5140�. The signal from the second photodiode
PD2 was directly fed into a digital oscilloscope and it mea-
sured the probe laser transmission across all four Doppler-
broadened 5 2S1/2→5 2P3/2 absorption lines at 780 nm.

The FROG measurements were performed using the
second-harmonic signal from a nonlinear 100-�m-thick beta
barium borate �BBO� crystal. The second-harmonic genera-
tion �SHG� signal of the beam after the first cell was auto-
correlated and spectrally resolved in the compact charge-
coupled device spectrometer �Ocean Optics, HR2000� with a
200–420 nm wavelength range and a spectral resolution of
about 0.2 nm. One of the pulse replicas was delayed using a
delay stage. The temporal resolution given by the delay stage
minimal step size was 2 fs.

III. RESULTS AND DISCUSSION

We investigated experimentally the accumulation of co-
herences and populations in rubidium atoms excited by the
resonant 0� pulse train. 0� pulses were generated in cell 1
by propagation of weak near Fourier-limited fs pulses
through resonant rubidium vapor. The generation of the 0�
pulses is discussed in Sec. III A. The interaction of resonant
0� pulse train and rubidium atoms at room temperature �cell
2� is investigated in Sec. III B.

A. Generation of resonant 0� pulses

1. Propagation of an fs pulse through
the resonant rubidium vapor

In the case of low-energy pulses, the pulse reshaping by
resonant interaction is practically independent of the pulse
energy and the classical linear dispersion theory can be ap-
plied �12,26�. The propagation of the pulse in the +z direc-
tion through a dispersive medium is described by the follow-
ing relation �27�:

Ẽ��,z� = Ẽ��,0�e−ik���z. �1�

Here Ẽ�� ,z� is the complex spectrum of the pulse. Ẽ�� ,0� is
calculated as a complex Fourier transform of the pulse elec-
tric field, taken as a real hyperbolic-secant function. k��� is
the wave vector given by k���= �

c n���, where � is the fre-
quency and n��� is the frequency dependent complex refrac-
tive index of the material. In the case of low-energy resonant

FIG. 1. Experimental scheme: ECDL, external cavity diode la-
ser; FI, Faraday isolator; M, mirror; FM, folded mirror; S, beam
stopper; A, analyzer; P, polarizer; PD, photodiode; FROG, experi-
mental setup for SHG-FROG �including BBO crystal�; cell 1, pulse
reshaping; and cell 2, interaction cell.
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pulses propagating through low-density rubidium vapor,
n��� can be calculated using a classical dispersion formula
�28�,

n��� = 1 +
Ne2

2�0me
�
j=1

4

f j
1

� j
2 − �2 + i� j�

. �2�

Here, N is the concentration of Rb atoms, e is the electron
charge, me is the electron mass, and � j are frequencies of the
electronically allowed 87Rb 5 2S1/2�Fg=1,2�→5 2P1/2
�Fe=1,2� transitions �29� with the corresponding linewidths
� j and oscillator strengths f j �30�. Since the experiments
were performed in the conditions of low-density rubidium
vapor �SLL�, we are considering only homogeneous broad-
ening and as a crude approximation take the absorption line-
width � as the sum of three terms �=�n+�coll+�Doppler �13�.
�n is the natural linewidth equal to 5.746 MHz �31�, �coll is
the collision-induced line broadening, and �Doppler is the
Doppler width equal to 500 MHz for the room-temperature
atoms �32�. Since in the experimental conditions of low-
density Rb vapor �NRb below 5�1012 cm−3� and evacuated
Rb cell the absorption linewidth � is dominated by the Dop-
pler width ��coll can be deduced from the experimental val-
ues for self-broadening of the Rb 5 2S1/2→5 2P1/2 resonance
line �32� and at highest experimental temperature of 100 °C
is equal to 18 MHz� it is reasonable to take � j =�Doppler
�j=1,2 ,3 ,4� in the case of all four Rb 5 2S1/2�Fg=1,2�
→5 2P1/2�Fe=1,2� transition lines.

In Fig. 2 we show calculated spectrum of a resonant weak
fs pulse after propagation of 5 cm through low-density ru-
bidium vapor at different temperatures. The initial
hyperbolic-secant pulse with electric field amplitude of 1
�106 V /m was used. Taking into account the 5 2S1/2
→5 2P1/2 transition dipole moment �2.537�10−29 C m
�31��, calculated pulse area corresponds to 0.014� �weak

pulse regime�. The pulse spectrum is centered at 87Rb
5 2S1/2�Fg=1�→5 2P1/2�Fe=2� transition frequency, with the
full width at half maximum �FWHM� equals 2817 GHz �cor-
responding to a 100 fs Fourier-limited sech pulse�. The ab-
sorption is observed only in the narrow frequency range
around the center of the pulse, so only the central part of the
spectra is shown in the right panel of Fig. 2. Vapor tempera-
tures were deduced from the rubidium atom densities using
the Nesmeyanov vapor pressure curves �33�. The observed
absorption pattern consists of four 87Rb resonance lines �two
lines coming from the Fg=1 ground state hyperfine level and
the other two coming from the Fg=2 level� broadened by the
Doppler effect. Even at room temperature, four lines are not
completely resolved. By increasing the temperature the lines
become broader and, finally, they merge into a wide and
optically thick absorption line.

In order to test the propagation results, we compare cal-
culated and measured rubidium vapor optical thickness. The
results for the rubidium vapor at room temperature are
shown in Fig. 3. In the experiment, the transmission of a
weak cw laser diode �Toptica, LD-0795-0150-2, nominal
wavelength of 795 nm� scanned across the Doppler-
broadened absorption profiles was measured. Measurements
were performed for the cell containing natural abundance of

FIG. 2. Left panel: calculated pulse spectra of the weak fs pulse
propagated through the resonantly �5 2S1/2�Fg=1�→5 2P1/2
�Fe=2�� excited 5-cm-long column of 87Rb low-density atomic va-
por. The initial pulse shape is assumed to be hyperbolic-secant pulse
with the electric field amplitude of 1�106 V /m and FWHM of
2817 GHz corresponds to the 100 fs Fourier-limited pulses. Right
panel: calculated pulse spectra of the weak fs pulse for the narrow
frequency range around pulse center.

FIG. 3. Comparison of the experimental and theoretical absorp-
tion spectra of room-temperature rubidium vapor: �a� experimental
optical thickness of the rubidium isotopic mixture in the natural
abundance; �b� experimental optical thickness of the pure 87Rb iso-
tope; and �c� calculated optical thickness of the pure 87Rb isotope.
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the rubidium isotopes �Fig. 3�a�� and the cell containing pure
87Rb isotope �Fig. 3�b��. Theoretical optical thickness �Fig.
3�c�� is given by the imaginary part of the complex refraction
index �32� �see Eq. �2��. It can be observed that the theoret-
ical spectrum well reproduces measured Rb D1 line at 795
nm.

Electric field of the resonantly shaped pulses �Fig. 4� is
calculated as the inverse Fourier transform of the pulse spec-
tra shown in Fig. 2. The reshaping of the pulse during its
propagation through the vapor has been observed by increas-
ing the temperature of the vapor �rubidium atom density�. It
is manifested as the large extension of the pulse wing fol-
lowed by the oscillatory structure of the electric field enve-
lope at higher Rb atom number densities �ringing in the pulse
tail�. Our calculations show that even at low rubidium atom
number densities �for example, 100 °C on Fig. 4� the con-
siderable pulse broadening up to 20 ps appears. The inset of
Fig. 4 displays the corresponding intensities. The total en-
ergy of the pulse remains essentially constant as the tempera-
ture is increased, while the peak intensity decreases due to
the pulse broadening. The shapes of the obtained intensity
profiles with an additional oscillation are similar to the one
obtained in Ref. �11� observed for similar optical densities.
However, in Ref. �11� the propagation of the 0.5 ps pulses
through sodium vapor was considered and consequently the
observed pulse reshaping occurs at picosecond time scale.

2. Pulse characterization using the FROG technique

The characterization of the resonantly shaped fs pulses
was investigated experimentally by the FROG technique.
The fs laser spectrum was centered at 795 nm �corresponding
to 5 2S1/2→5 2P1/2 excitation� with average input power of
400 mW �5 nJ/pulse�. We observed that FROG traces mea-
sured at temperatures below 100 °C �NRb=5�1012 cm−3�
do not show any difference from the FROG trace measured
at room temperature. This implies that at low rubidium den-
sities the shaping is very weak and the effect of such weak
shaping could not be observed in FROG traces. FROG traces

obtained for the fs pulses propagating through rubidium va-
por at 24 and 115 °C are shown in Figs. 5�a� and 5�b�, re-
spectively. The FROG trace measured at 24 °C shows a typi-
cal pattern usually obtained for the Fourier-limited
hyperbolic-secant pulses �27�. The FROG trace measured at
115 °C differs from one measured at 24 °C, reflecting the
change in the electric field during pulse propagation. Its hori-
zontal cuts, which represent the FROG-SHG spectra at dif-
ferent delay times, exhibit a narrow spike positioned exactly
in the center of the spectra. Similar FROG trace was ob-
served in Ref. �34�, where the propagation of 100 fs pulses
centered at 780 nm through Rb vapor was investigated. The
authors compare experimental and calculated SHG-FROG
spectra, but no pulse characterization using FROG-retrieval
program was performed. In our case, the pulse reconstruction
from measured FROG trace at 115 °C by using a FROG-
retrieval computer program did not show quantitative agree-
ment with the theoretical results. This is reasonable since we
investigated the reshaping effect induced by linear dispersion
of the absorption line in the condition of low-density vapor
characterized by very small width of the absorption line �for
example, at T=100 °C, �� is about 0.04 nm; see Fig. 2�. In

FIG. 4. Real part of the 0� pulse electric field retrieved from the
pulse spectrum presented in Fig. 2 by applying the inverse Fourier
transform. Inset: corresponding 0� pulse intensity profiles.

(a)

(b)

FIG. 5. �Color online� SHG-FROG traces at �a� 24 °C and �b�
115 °C after propagation of the weak 100 fs pulse through the
5-cm-long column of rubidium vapor. The fs laser is centered at 795
nm �corresponding to 5 2S1/2→5 2P1/2 excitation�.
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order to measure the spectral structure of 0.04 nm in the
pulse with the FROG technique, one should have �0.02 nm
of spectral resolution or better. This would be difficult to
achieve even with the high resolution spectrometers. The
FROG technique is therefore not practically applicable for
the characterization of the pulses shaped by the propagation
through low-density atomic media.

B. Coherent accumulation effects

1. Time domain

The influence of the resonant 0� pulse train excitation on
the coherent accumulation of populations and coherences
was calculated utilizing the theoretical approach described in
detail in our previous papers �21,22,24�. The model is based
on the standard density-matrix analysis, starting from the
Liouville equation, with appropriate modifications which in-
clude the repopulation of the ground states due to the spon-
taneous decay of the excited states.

The four-level �two 5 2S1/2 hyperfine ground levels and
two 5 2P1/2 excited hyperfine levels� 87Rb atoms interacting
with the 0� pulse train electric field are considered. The
density-matrix equations of motion are given by �35�

	̇nm = − i
−1�Ĥ, 	̂�nm − �nm	nm, n � m ,

	̇nn = − i
−1�Ĥ, 	̂�nn + �
m�Em�En�

�nm	mm − �
m�Em
En�

�mn	nn,

�3�

where the subscripts nm refer to the four hyperfine levels
numbered from the lowest to highest-energy level. �nm gives
the population decay rate from level m to level n and �nm is
the damping rate of the 	nm coherence. In low-density ru-
bidium vapor at room temperature, the radiative decay rates
dominate all damping rates �21,22�.

The Hamiltonian of the system is Ĥ= Ĥ0+ Ĥint, where Ĥ0
is the Hamiltonian of the free atom and �Hint�nm
=−�nmE0��t� represents the interaction of the atom with the
electric field of the 0� pulse train. �nm is the dipole moment
of the electronically allowed �Fg→Fe=Fg , Fg�1� transi-
tions, calculated from Ref. �30�. 0� pulse train electric field,
E0��t�, is taken as a sequence of pulses obtained as a result
of the weak resonant fs pulse propagation through low-
density rubidium vapor �as described in paragraph 3.1.1.�.
From Eq. �3� a system of ten coupled differential equations
for the slowly varying density-matrix elements is obtained.
The population of the nth atomic level is given by the diag-
onal density-matrix element 	nn, whereas off diagonal ele-
ments 	nm represent coherences. The resulting system of
coupled differential equations was integrated using a stan-
dard fourth-order Runge-Kutta method.

Time evolutions of ground, 5 2S1/2, and excited, 5 2P1/2,
87Rb hyperfine level populations induced by the resonant 0�
pulse train excitation are shown in Figs. 6 and 7, respec-
tively. The calculations were performed for the 0� pulse
electric fields, obtained by dispersion theory approach �see
paragraph 3.1.1.� considering the propagation of the weak

hyperbolic-secant pulse with electric field amplitude of 1
�106 V /m and pulse duration of 100 fs through the ru-
bidium vapor at 20 and 50 °C �cell 1�. The pulse central
frequency was set in resonance with 87Rb 5 2S1/2�Fg=1�
→5 2P1/2�Fe=2� hyperfine transition. In Fig. 7 only the
population of resonantly excited 5 2P1/2�Fe=2� hyperfine
level is shown. The excitation of the 87Rb atoms by resonant
0� pulse train generated after the propagation of the fs
pulses through rubidium vapor at 20 °C yields the popula-
tion time evolutions similar to those obtained for Fourier-

FIG. 6. Calculated time evolutions of the 87Rb 	11, 	22 ground
state hyperfine level populations in the case of resonant interaction
with the 0� pulse train. 0� pulses are generated after the propaga-
tion of weak 100 fs Fourier-limited sech pulses through the 5-cm-
long column of 87Rb atoms vapor at two different temperatures of
cell 1 �cell 1 at 20 °C and cell 1 at 50 °C�. The central pulse
frequency was set in resonance with 87Rb 5 2S1/2�Fg=1�
→5 2P1/2�Fe=2� hyperfine transition.

FIG. 7. Calculated time evolution of the 87Rb 	44 excited state
hyperfine level populations in the case of resonant interaction with
the 0� pulse train. 0� pulses are generated after the propagation of
weak 100 fs Fourier-limited sech pulses through the 5-cm-long col-
umn of 87Rb atoms vapor at two different temperatures of cell 1
�cell 1 at 20 °C and cell 1 at 50 °C�. The central pulse frequency
was set in resonance with 87Rb 5 2S1/2�Fg=1�→5 2P1/2�Fe=2�
hyperfine transition.
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limited pulses �21,22,24�. This is understandable since at
20 °C the rubidium atom number density is too low to in-
duce considerable pulse reshaping and the electric field after
propagation remains almost identical to the electric field of
the input hyperbolic-secant pulse �see Fig. 4�. The atoms can
never completely relax between two consecutive pulses and
accumulate excitation in the form of excited state popula-
tions and coherences. Although the stationary state is
achieved on a time scale of about 10 �s, we only show the
time evolution up to 1.25 �s, which is the average interac-
tion time of the atoms within the fs laser beam.

By increasing the rubidium number density in cell 1, the
strength of resonant reshaping increases, i.e., the shape of the
pulses changes. It is therefore expected that the excitation of
the Rb atoms in cell 2 by such, more reshaped, 0� pulse train
yields to different time evolution of the atomic system. This
is clearly demonstrated in Figs. 6 and 7, where calculated
population time evolutions for the 0� pulse train resonantly
shaped at 50 °C �cell 1� are presented. Although the popu-
lation excited by a single pulse is still evident, accumulation
of population in the excited level is strongly suppressed at
50 °C �see Fig. 7�, indicating that even the weak resonant
pulse shaping strongly reduces the coherent accumulation
effects. The reduction in the accumulation of population in
the excited state is responsible for a less efficient optical
pumping process �reduction in the ground state hyperfine
population difference; see Fig. 6�. Time evolutions of the
excited state hyperfine level populations, 	44, calculated for
the excitation of 87Rb atoms by differently shaped 0� pulse
trains in the time between two consecutive pulses �namely,
the time between the first and the second pulses� are shown
in Fig. 8. Different 0� pulse shapes are obtained by the
propagation of the fs pulse through Rb vapor at different
temperatures. The remarkable sensitivity of the excited state
hyperfine level populations, 	44, on the 0� pulse shape is
evident. Although the 0� pulse shape has not be changed

significantly for the pulse propagated through cell 1 at 20
and 100 °C �see Fig. 4�, the 	44 final population �population
before the consequent pulse� decreased three times. At the
beginning, the excited level populations follow the 0� pulse
electric field. Later, after the passage of the 0� pulse the time
dynamics is governed by the spontaneous decay. For higher
temperatures of cell 1 �larger atom number densities�, gener-
ated 0� pulses exhibit extension of the pulse wing with ap-
propriate ringing, accompanied by the electric field ampli-
tude decrease �see Sec. III A 1�. This behavior is directly
imprinted into the excited level population dynamics and ex-
plains the reduced population excited by the single pulse.

In order to illustrate this behavior in more detail, the 87Rb
excited level population together with the corresponding 0�

pulse electric field envelope �real part of Ẽ�t�� used for exci-
tation is shown in Fig. 9. This figure verifies the real physical
nature of the 0� pulse. The initial part of the 0� pulse ex-
cites the atoms resulting in the 	44 increase. Then, as a result
of � phase change in the electric field, the later part of the
pulse takes the atoms back to the ground state �decrease in
	44�. As the electric field further oscillates in sign, the atomic
excited level population oscillates in time between some
maximum value and zero with the final population deter-
mined by the strength of the 0� pulse shaping. In the case of
the considerably shaped 0� pulse the final excited level
population that is equal to zero is observed, leaving the at-
oms in the same �ground� state as they were before the
interaction.

2. Frequency domain

In order to compare experiments and theory we have to
transform the theoretical results obtained in the time domain
to the analogous results in the frequency domain. In Doppler-
broadened vapor, the atomic transition frequency �ge has to
be replaced with �ge� =�ge+k� ·v� , where k� is the laser wave
vector and v� is the atomic velocity. We solved density-matrix
equations of motion for each velocity group and calculated

FIG. 8. Calculated 87Rb 	44 single 0� pulse excitation popula-
tion dynamics. 0� pulses are generated after the propagation of
weak 100 fs Fourier-limited sech pulses through the 5-cm-long col-
umn of 87Rb atoms vapor at different temperatures of cell 1 �cell 1
at 20 °C, cell 1 at 50 °C, and cell 1 at 100 °C�. The central pulse
frequency was set in resonance with 87Rb 5 2S1/2�Fg=1�
→5 2P1/2�Fe=2� hyperfine transition.

FIG. 9. Calculated 87Rb excited level population 	44 together
with the corresponding 0� pulse electric field �real part� used for
excitation. 0� pulses are generated after propagation through cell 1
at 100 °C. The central pulse frequency was set in resonance with
87Rb 5 2S1/2�Fg=1�→5 2P1/2�Fe=2� hyperfine transition.
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ground and excited level populations together with coher-
ences. Final populations are taken to be the population at
1.25 �s, which is the average interaction time of the atoms
with the fs laser beam cross section �22�. The atomic velocity
distributions of the 87Rb �Fg=1,2� ground state hyperfine
level populations, 	11 and 	22, calculated for the 0� pulse
excitation are shown in Fig. 10. The upper panel corresponds
to the 0� pulses generated after propagation through cell 1 at
20 °C �negligible shaping�, whereas the lower panel corre-
sponds to the 0� pulse generated after propagation through
cell 1 at 50 °C �significant shaping�. In the case of negligible
shaping, the VSOP influenced by the accumulation of popu-
lation in the time domain �due to the pulse train excitation� is
clearly evident. This phenomenon has been extensively in-
vestigated in our previous papers �21,22,24�. The character-
istic periodic oscillations of the hyperfine level population
distributions with two-peak structure �one minimum and one
maximum� in one period are obtained. This behavior is ex-
pected since the 0� pulse shaping with cell 1 at 20 °C is
very weak and the shaped pulse is almost identical to the
input pulse �see Fig. 4�. The shape of the population distri-
bution is determined by the 87Rb ground �5 2S1/2� and ex-
cited �5 2P1/2� state hyperfine energy level splittings and ap-
propriate transition dipole moments. The periodicity of the
population distributions is determined by the pulse repetition
rate. On the other hand, the significant shaping of the pulses
after their propagation through cell 1 at 50 °C changes the
shape of the ground state hyperfine level population distribu-
tions. The excitation of atoms in the velocity group possess-
ing a minimum in 	11 �or a maximum in 	22� is strongly
suppressed resulting in the smaller population transfer due to
the optical pumping. Therefore, the minima in 	11 �and
maxima in 	22� are less pronounced. In order to explain this
behavior in more detail we present in Fig. 11 one period
distribution ��80 MHz range� of calculated hyperfine level
populations. The hyperfine splitting of the ground 5 2S1/2
state, 6834.6 MHz, is 16.4 MHz detuned from the multiple

of 80.6 MHz, repetition rate, whereas the hyperfine splitting
of the excited 5 2P1/2 state �812 MHz� is only 6 MHz de-
tuned from the multiple of 80.6 MHz. Therefore, 5 2S1/2
�Fg=1�→5 2P1/2�Fe=1,2� excitations occur for velocity
groups of atoms detuned by 6 MHz, while 5 2S1/2�Fg=1�
→5 2P1/2�Fe=1� and 5 2S1/2�Fg=2�→5 2P1/2�Fe=1� excita-
tions occur for the velocity groups of atoms detuned by 16.4
MHz. As a result, the comblike populations in the excited
state hyperfine levels are observed and clearly demonstrated
in Fig. 11. These comblike populations in the excited state
levels determine, through the optical pumping process, the
populations of the ground state levels. Minimum �maximum�
and maximum �minimum� in the 	11 �	22� come predomi-
nately as a result of the 5 2S1/2�Fg=1�→5 2P1/2�Fe=2� and
5 2S1/2�Fg=2�→5 2P1/2�Fe=2� transitions. In the case of the
significant pulse shaping �cell 1 at 50 °C�, the 5 2S1/2
�Fg=1�→5 2P1/2�Fe=2� excitation is strongly suppressed
and the minimum �maximum� in 	11 �	22� is determined only
by the 5 2S1/2�Fg=1�→5 2P1/2�Fe=1� transition �with
smaller transition dipole moment�. This suppression comes
as a result of the 0� pulses excitation �see Fig. 8�. In addi-
tion, an interesting shape of the 5 2S1/2�Fg=2�→5 2P1/2�Fe
=1� excitation line �	33� with the small dip in the line center
is observed in the case of negligible shaping �cell 1 at T
=20 °C�, whereas for significantly shaped pulses �cell 1 at
T=50 °C� the dip disappears and larger population �25%
increase� is observed at line center �higher excitation effi-
ciency�. Our preliminary results lead to the conclusion that
the dip in 5 2S1/2�Fg=2�→5 2P1/2�Fe=1� line comes as a
result of the electromagnetically induced transparency pro-
cess. However, this interesting phenomenon has to be further
investigated and the detailed discussion will be the scope of
some future paper.

The experimental results concerning the interaction of the
Rb atoms with the resonantly shaped pulse train are shown in
Fig. 12. The fs pulses propagated through cell 1 containing
pure 87Rb vapor at different temperatures and 0� pulses are

FIG. 10. Calculated Doppler-broadened 87Rb ground state hy-
perfine level populations, 	11 and 	22, for different atomic velocity
groups in the case of resonant �5 2S1/2→5 2P1/2� 0� pulse train
excitation. Shown results are obtained for the 0� pulses generated
after propagation through cell 1 at 20 °C �upper panel� and 50 °C
�lower panel�.

FIG. 11. Calculated ground �	11,	22� and excited �	33,	44� state
hyperfine level populations in one period of modulations, induced
by 0� pulse train resonant excitation. The results are calculated for
0� pulses generated after propagation through cell 1 at 20 °C �left
panels� and 50 °C �right panels�.
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generated. The excitation of the Rb atoms by 0� pulse train
is performed in cell 2 containing both rubidium isotopes
�natural abundance� using MDFC technique. The probe laser
is scanned across all four 5 2S1/2→5 2P3/2 Doppler-
broadened absorption lines and the changes in the probe laser
transmission ��T� induced by the fs laser excitation are mea-
sured. Typical modulation structure, already described and
interpreted in our previous paper �24�, is observed in the case
of negligible shaping �cell 1 at 24 °C�. By increasing the
temperature of cell 1, the modulation structure ��T� of the
87Rb isotope changes. The modulations of the 87Rb
5 2S1/2�Fg=1�→5 2P3/2�Fe=0,1 ,2� absorption profile be-
come predominantly positive, while the modulations of the
5 2S1/2�Fg=2�→5 2P3/2�Fe=1,2 ,3� absorption profile be-
come negative. By further increasing the temperature of cell
1, i.e., stronger resonant pulse shaping, the fs laser ceases to
affect the probe laser transmission observed on 87Rb absorp-
tion lines �no modulations are observed� and simultaneously,
the dispersive-type shape of the modulation structure on
87Rb absorption lines is observed.

In order to compare experiments and theory we calculated
�T as a difference of the probe laser transmission with, Tfs,
and without the fs laser, T. The transmission of the probe
laser is calculated using Beer-Lambert low �32�. Due to the
linear absorption regime, the optical thickness can be de-
duced from the calculated ground state hyperfine levels
populations �	11 and 	22, shown in Fig. 10�. One absorption
profile consists of three hyperfine transition lines; therefore
to calculate one absorption profile we have to add all three
components with the appropriate frequency detunings and
relative transition dipole moments. The comparison between
experimental and simulated �T for the 87Rb 5 2S1/2�Fg=1�
→5 2P3/2�Fe=0,1 ,2� absorption profile in the case of the 0�
pulse train excitation is shown in Fig. 13. The left panel
corresponds to the 0� pulse generated after the propagation

through the first cell containing 87Rb isotope at 24 °C,
whereas the right panel corresponds to the first cell at 50 °C.
The agreement between theory and experiment is
satisfactory.

As we have shown, the excitation of the atoms by signifi-
cantly shaped 0� pulses changes the excited state population
time dynamics �see Fig. 7�. Although the relaxation times of
the system remain the same, 0� pulse train excitation does
not lead to the accumulation of populations �and conse-
quently coherences�. In the experiment this is demonstrated
as an absence of the modulations in �T for higher tempera-
tures of the first cell.

IV. CONCLUSION

Resonant 0� pulse shaping induced by the propagation of
weak fs pulses through low-density rubidium vapor is inves-
tigated theoretically using linear dispersion theory and ex-
perimentally using FROG. 0� pulses are generated as a re-
sult of the natural fs pulse reshaping induced by linear
dispersion of absorption line. This reshaping is strongly de-
pendent on the rubidium atom density. Therefore, by chang-
ing the temperature of the vapor, 0� pulses with character-
istic large extension of the pulse wing followed by the
oscillatory structure of the electric field envelope are ob-
tained. Our calculations show that even for low rubidium
atom number density the considerable extension of the pulse
electric field envelope up to 20 ps appears.

We investigated the influence of the resonant 0� pulse
shaping on the coherent accumulation effects. We calculated
the time dynamics of the rubidium system excited by the
resonantly shaped 0� pulse train and demonstrated the sup-
pression of accumulation effects as the strength of the shap-
ing is increased. In the experiment, this is manifested
through disappearance of the modulations in the probe laser
transmission. The simulations of the experimental spectra are
performed, demonstrating satisfactory agreement and con-
firming the validity of the presented theoretical model. We
have shown that the propagation effects in a resonant me-
dium cannot be neglected even in the conditions of low-
density vapor.

FIG. 12. Dependence of the changes in the probe laser transmis-
sion, �T, induced by 0� pulse train excitation upon the strength of
the 0� pulse shaping �i.e., temperature of cell 1 containing pure
87Rb isotope�. The shaped 0� pulses interact with rubidium atoms
in cell 2 containing rubidium isotopic mixture in the natural abun-
dance. The probe laser was scanned across 5 2S1/2→5 2P3/2 ru-
bidium absorption line at 780 nm.

FIG. 13. Comparison between measured and calculated �T for
87Rb 5 2S1/2�Fg=1�→5 2P1/2�Fe=0,1 ,2� transition line.
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In addition, we have demonstrated the remarkable sensi-
tivity of the MDFCS technique on the strength of the reso-
nant 0� pulse shaping. In particular, we stress the advantage
of the MDFCS technique over the FROG technique in sens-
ing the small changes in the pulse shapes which are induced
by resonant shaping in low-density atomic vapors. We be-
lieve that this exceptional sensitivity of the MDFC spectros-
copy could be used to monitor the pulse shaping in various

systems where the shaping due to pulse propagation is weak
but still undesirable.
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