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A mode-locked femtosecond laser is used to physically map the laser frequency comb into the velocity comb
of the excited Rb atoms at room temperature. Upon resonant excitation by discrete optical frequencies the
velocity distribution of the excited Rb atoms shows comblike structure. Simultaneously, velocity-selective
population transfer occurs between ground-state hyperfine levels. Both facts are observed by modified direct
frequency comb spectroscopy and verified by a detailed density matrix treatment of the multilevel system in
resonant field.
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I. INTRODUCTION

The subject of the coherent interaction of atomic systems
with long trains of laser pulses generated externally to the
laser is more than 20 years old �1–3�. The frequency spec-
trum of the pulse train consists of a series of fringes sepa-
rated by the pulse repetition rate �4�. The fringes are regular
in frequency space if the pulses in the pulse train have a
defined phase relation relative to each other. In the systems
where the atomic coherence relaxation time is longer than
the pulse repetition period the atoms interact with the spec-
trum of the pulse train, and not with the spectrum of a single
pulse. In that account the short pulse trains can be used for
the high-resolution spectroscopy, where the observed line-
widths are much smaller than the Fourier-transform limit of
the individual pulse in the train.

Ultrashort, mode-locked lasers have brought new insights
into different physical phenomena �5�. Mode-locked, phase-
stabilized femtosecond lasers with high-repetition rates pro-
duce stabilized wide-bandwidth optical frequency combs
�regularly spaced series of sharp lines�. The phase controlled
wide-bandwidth optical frequency comb �6� can be refer-
enced to the microwave cesium time standard, thereby pro-
viding a series of secondary reference lines that may be ex-
tended across the XUV �7� and optical spectrum �8�. This has
enabled important advances in metrology �9�, optical fre-
quency synthesis �10� and measurements �11,12�, optical
atomic clocks �13�, and coherent pulse synthesis and ma-
nipulation �14�.

Recently, high-resolution comb spectroscopy of one- and
two- photon transitions in laser-cooled and trapped rubidium
atoms was reported �15–18�. The laser frequency comb is
varied in these experiments. The one-photon signal is ob-
served whenever one of the laser modes is resonant with a
transition frequency of the system. In the case of the two-
photon transitions the counterpropagating beams are used.
There are several hundred thousand comb pairs that yield the
same sum frequency contributing to the two-photon transi-
tion amplitude. The authors of Ref. �16� reported about a
unification of the fs comb time and frequency domain. Direct
frequency comb spectroscopy �DFCS� was developed, allow-
ing simultaneous investigation of the time-resolved atomic
dynamic and spectral probing in the frequency domain. In
systems with relaxation times greater than the laser repetition

period, the medium accumulates excitation in the form of
coherence and excited-state population. The fs-pulse train
effects in two- and three-level rubidium atoms were investi-
gated experimentally and theoretically �19,20�. The necessity
of considering accumulative effects for a full explanation of
the coherent control signal obtained from the rubidium vapor
was demonstrated �21�.

In our recent paper �22� we presented an observation of
the velocity-selective population transfer between the Rb
ground-state hyperfine levels induced by fs-pulse train exci-
tation. In present paper we extend our previous experimental
investigation and present the theoretical treatment in more
detail. We developed a modified DFCS which uses a fixed-
frequency comb for the 85,87Rb 5 2S1/2→5 2P1/2,3/2 excitation
and a weak cw scanning probe for ground levels population
monitoring. The Rb �5 2P1/2,3/2� excited atomic levels have
relaxation times greater than the fs-laser repetition period.
In the time domain this leads to population and coherence
accumulation effects. This corresponds to the interaction of
the Rb atoms with the fs-frequency comb in the frequency
domain. As a result, velocity-selective excited-state
hyperfine-level populations are obtained—i.e., the mapping
of the frequency comb to the atomic velocity comb. Si-
multaneously, velocity-selective optical pumping of the
ground hyperfine levels is achieved. We measured the
85,87Rb �5 2S1/2� hyperfine-level population by monitoring
the 5 2S1/2→5 2P3/2 probe laser absorption. Modulations in
the 5 2S1/2→5 2P3/2 hyperfine absorption line profiles are ob-
served as a direct consequence of the velocity-selective op-
tical pumping induced by the frequency comb excitation.
The 85,87Rb 5 2S1/2→5 2P1/2,3/2 fs-pulse train excitation of a
Doppler-broadened rubidium vapor was investigated theo-
retically in the context of the density-matrix formalism.
Simulated 5 2S1/2→5 2P3/2 absorption profiles were com-
pared with the experiment, and the agreement was excellent.
The dependence of the observed modulations upon the wave-
length and power of the fs laser and external magnetic field
was investigated experimentally.

II. EXPERIMENT

A simple experimental arrangement is shown in Fig. 1. In
the experiment a Tsunami mode-locked Ti:sapphire laser
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with pulse duration of �100 fs and pulse repetition of
80 MHz was used. The frequency comb of the fs laser was
kept fixed during the measurements. The output wavelength
of the fs laser was positioned either at the Rb 5 2S1/2
→5 2P1/2 transition at 795 nm �D1 resonance line� or at
Rb 5 2S1/2→5 2P3/2 transition at 780 nm �D2 resonance
line�. The maximum average power used was up to 900 mW
and a spectral full width at half maximum around 10 nm. It
was focused onto the center of the glass cell containing ru-
bidium vapor at room temperature with a f =1 m lens pro-
ducing beam waist of about 300 �m. The cell was 5 cm long
with an outer diameter of 2.5 cm. The homogeneous external
magnetic field was generated with a pair of Helmholtz coils.
The external magnetic field was orthogonal to the laser wave
polarization and parallel to the laser propagation. The
85,87Rb 5 2S1/2 hyperfine ground-state populations were
probed with a weak cw diode laser �TOPTICA DL100,
ECDL at 780 nm, output power �2 �W/mm2�, which
propagated nearly collinear with the fs laser, intersecting it
under small angle in the center of the cell. The probe laser
provided a continuous single-mode tuning range of up to
15 GHz, with a linewidth of the order of 1 MHz. Its fre-
quency was scanned across the Doppler-broadened
85,87Rb 5 2S1/2→5 2P3/2 hyperfine transitions at a 0.3-
GHz/ms scanning rate. The fs and probe lasers were linearly
polarized perpendicular to each other. The transmission of
the probe laser after passing through the cell was measured
with a Hamamatsu Si photodiode, and the signal was fed into
a digital oscilloscope �Tektronix TDS5104�. The photodiode
was placed at a distance of about 7 m from the cell in order
to spatially separate fs and probe beams. Additionally, a lin-
ear analyzer was used.

III. THEORY

Theoretical modeling of the fs-pulse train interaction with
the Rb atoms was carried out utilizing standard density-

matrix analysis. In the case of 5 2S1/2→5 2P1/2 fs excitation,
four-level Rb atoms were considered, Fig. 2�a�. The four-
level atomic system comprises two 5 2S1/2 hyperfine ground
levels �Fg=2,3 for 85Rb and Fg=1,2 for 87Rb� and two

FIG. 1. Experimental scheme.
PD: photodiode. P: polarizer. A:
analyzer. FI: Faraday isolator. S:
beam stopper. F: neutral density
filter.

FIG. 2. Hyperfine energy schemes of the 85,87Rb 5 2S1/2
-5 2P1/2four-level �a� and 5 2S1/2-5 2P3/2 six-level �b� systems with
the corresponding relative transition probabilities.
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5 2P1/2 hyperfine excited levels �Fe=2,3 for 85Rb and Fe
=1,2 for 87Rb�. Our starting point is the Liouville equation
for the density-matrix elements �kl �k , l=1,2 ,3 ,4�:

d�kl

dt
= −

i

�
�k��H,���l� −

1

Tkl
�kl, �1�

where H is the Hamiltonian of the system and Tkl is the
relaxation time of the �kl density-matrix element. The Hamil-
tonian of the system is H=H0+Hint, where H0 is the Hamil-
tonian of the free atom and �Hint�kl=−�klET�t� represents the
interaction of the atom with the pulse train electric field. �kl
is the dipole moment of the electronically allowed �Fg→Fe

=Fg ,Fg±1� transitions, extracted from Ref. �23�. The pulse
train electric field is given by

ET�t� = 	

n=0

N

��t − nTR�ein�R�ei�Lt = �T�t�ei�Lt, �2�

where N is a large integer �order of 106�, ��t−nTR� is the
slowly varying envelope of the nth hyperbolic-secant laser
pulse, �R is the round-trip phase acquired by the laser within
the cavity, TR is the laser repetition period, and �L is the
central laser angular frequency. �T�t� is the slowly varying
envelope of the pulse train. The pulse train frequency spec-
trum consists of a comb of N laser modes separated by 1/TR
and centered at �L+�R /TR. The nth-mode angular frequency
is given by �n=�L+�R /TR±2�n /TR.

From Eq. �1� a system of ten coupled differential equa-
tions for the slowly varying density-matrix elements was ob-
tained. Additional terms were included in the equations to
account for the repopulation of the ground states due to
spontaneous decay from the excited states �repopulation
terms� and thermalization of the hyperfine levels �collisional
mixing term�. The population of the kth atomic level is given
by the diagonal density-matrix element �kk, whereas off-
diagonal elements �kl, where �kl=�kle

−i�Lt, represent the
slowly varying envelope of the coherences. The equations
for the slowly varying density-matrix elements are

d�11

dt
=

i

�
��13

* �13�T + �14
* �14�T − �13�13�T

* − �14�14�T
*�

+ �33	31 + �44	41 + 
��22 − �11� , �3a�

d�22

dt
=

i

�
��23

* �23�T + �24
* �24�T − �23�23�T

* − �24�24�T
*�

+ �33	32 + �44	42 + 
��11 − �22� , �3b�

d�33

dt
=

i

�
��13�13�T

* + �23�23�T
* − �13

* �13�T − �23
* �23�T�

− �33	31 − �33	32 + 
��44 − �33� , �3c�

d�44

dt
=

i

�
��14�14�T

* + �24�24�T
* − �14

* �14�T − �24
* �24�T�

− �44	41 − �44	42 + 
��33 − �44� , �3d�

d�12

dt
=

i

�
��13�T�23

* + �14�T�24 − �23�T
*�13 − �24�T

*�14�

+ �i�12 − �12��12, �3e�

d�13

dt
=

i

�
��13�T�33 + �14�T�34

* − �13�T�11 − �23�T�12�

+ �i�13 − i�L − �13��13, �3f�

d�14

dt
=

i

�
��13�T�34 + �14�T�44

* − �14�T�11 − �24�T�12�

+ �i�14 − i�L − �14��14, �3g�

d�23

dt
=

i

�
��23�T�33 + �24�T�34

* − �13�T�12
* − �23�T�22�

+ �i�13 − i�12 − i�L − �23��23, �3h�

FIG. 3. 87Rb calculated ground-��11,�22� and
excited-��33,�44� state hyperfine-level popula-
tions for different atomic velocity groups in the
case of 5 2S1/2→5 2P1/2 fs-laser excitation �only
a central part of the Doppler-broadened profile is
presented�.
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d�24

dt
=

i

�
��23�T�34 + �24�T�44 − �14�T�12

* − �24�T�22�

+ �i�14 − i�12 − i�L − �24��24, �3i�

d�34

dt
=

i

�
��13�T

*�14 + �23�T
*�24 − �14�T�13

* − �24�T�23
* �

+ �i�14 − i�13 − �34��34. �3j�

The subscripts refer to the four levels numbered from the
lowest- to highest-energy state. �kl= �Ek−El� /� where Ek

and El are the energies of the appropriate atomic levels. 	kl
and �kl are the population and coherence decay rates, respec-
tively. 	kl were calculated from the 5 2P1/2 lifetime T
=27.7 ns �24�. At low density vapor the 5 2P1/2 coherence
lifetime is equal to 2T �55.4 ns�. �kl coherence decay rates
are calculated according to �25�

�12 = 
 , �4a�

�13 = �23 =
	31

2
+

	32

2
+ 
 , �4b�

�14 = �24 =
	41

2
+

	42

2
+ 
 , �4c�

�34 =
	41

2
+

	42

2
+

	31

2
+

	32

2
+ 
 , �4d�

where 
 is the collisional mixing term. It is included in the
differential equations in order to allow the thermalization of
the hyperfine states. In addition to the population transfer
between two ground or two excited hyperfine states, this
term contributes to the dephasing of coherences. It is given
by the product of the collision cross section �26�, the average

FIG. 4. 85Rb calculated ground-��11,�22� and
excited-��33,�44� state hyperfine-level popula-
tions for different atomic velocity groups in the
case of 5 2S1/2→5 2P1/2 fs-laser excitation �only
a central part of the Doppler-broadened profile is
presented�.

FIG. 5. 87Rb calculated ground-��11,�22� and
excited-��33,�44,�55,�66� state hyperfine-level
populations for different atomic velocity groups
in the case of 5 2S1/2→5 2P3/2 fs-laser excitation
�only a central part of the Doppler-broadened
profile is presented�.
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atom velocity, and the atomic number density. In our experi-
mental conditions it is about 8 kHz, which is three orders of
magnitude smaller than the population and coherence relax-
ation rates. On that account the significant optical pumping
of the ground hyperfine states can be achieved.

The system of differential equations �3a�–�3j� was inte-
grated using a standard fourth-order Runge-Kutta method.
The time evolutions of the atomic level populations and co-
herences were obtained. Due to the pulse repetition period TR
which is smaller than the relaxation times of the system, the
system can never completely relax between two consecutive
laser pulses. Therefore, the atoms accumulate excitation in
the form of coherence and excited-state population �22�.

The theoretical model used in the case of 5 2S1/2
→5 2P3/2 fs excitation is analogous to the one used for the
5 2S1/2→5 2P1/2 fs excitation. The interaction of the fs pulse
train with six-level Rb system was considered, Fig. 2�b�.
Six-level Rb system comprises two ground �Fg=2,3 for 85Rb
and Fg=1,2 for 87Rb� and four excited �Fe=1,2 ,3 ,4 for

85Rb and Fe=0,1 ,2 ,3 for 87Rb� hyperfine levels. The six-
level system is described by 21 coupled differential equa-
tions similar to Eqs. �3�. The population and coherence decay
rates were calculated from the 5 2P3/2 lifetime �26.24 ns� and
coherence lifetime �52.48 ns� �24�.

For the rubidium vapor at room temperature, the inhomo-
geneous Doppler broadening �of about 500 MHz� is signifi-
cantly larger than the homogeneous broadening. Therefore,
the atomic transition frequency �ge must be replaced with
�ge� =�ge+k� ·v� , where k� is the laser wave vector and v� is the
atomic velocity. Different velocity groups correspond to dif-
ferent detuning, �=k� ·v� , so for a given �n and a given 5 2S1/2
�Fg�→5 2P1/2�Fe� hyperfine transition there is a velocity
group ��n detuning�, which fulfills �n=�ge� resonance condi-
tion. Since the pulse train frequency spectrum consists of a
comb of laser modes separated by 1/TR �80 MHz�, the reso-
nance condition is also satisfied for the velocity groups with
detuning �=�n±2�k /TR, where k is positive integer. There-
fore, different velocity groups are in different situation with

FIG. 6. 85Rb calculated ground-��11,�22� and
excited-��33,�44,�55,�66� state hyperfine-level
populations for different atomic velocity groups
in the case of 5 2S1/2→5 2P3/2 fs-laser excitation
�only a central part of the Doppler-broadened
profile is presented�.

FIG. 7. The comparison of the measured and
simulated 85,87Rb 5 2S1/2→5 2P3/2 hyperfine ab-
sorption line profiles in the case of 5 2S1/2
→5 2P1/2 fs-laser excitation.
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respect to the excitation �accumulation� process, which leads
to the velocity-selective optical pumping of ground hyperfine
levels and velocity selective population in excited hyperfine
levels.

IV. RESULTS

Calculated 85,87Rb hyperfine ground- and excited-state
levels populations for different atomic velocity groups �dif-
ferent detuning �� in the case of 5 2S1/2→5 2P1/2 and
5 2S1/2→5 2P3/2 fs excitations are shown in Figs. 3–6. We
present the level populations at time =1.25 �s instead of
stationary-state solutions �22�. The time  is the average in-
teraction time of the atoms with the fs laser. It is calculated
from the fs-laser beam diameter �300 �m� and most prob-
able speed of the Rb atoms at room temperature. The frac-
tional level populations are weighted by the Doppler profile
�only a central part of the Doppler is presented�. In the case
of 5 2S1/2→5 2P1/2 excitation, the calculations were per-

formed for the electric field amplitude 1.5�106 V/m, TR
=12.5 ns, �R=0, and �L equal to 87Rb Fg=1→Fe=2 and
85Rb Fg=2→Fe=3 transition frequencies. In the case of
5 2S1/2→5 2P3/2 fs excitation, the electric field amplitude of
2�106 V/m, TR=12.5 ns, �R=0, and �L equal to 87Rb Fg
=1→Fe=0, and 85Rb Fg=2→Fe=1 transition frequencies
are used. The level populations exhibit unique oscillatory
structure which varies with 80 MHz period. This is a direct
consequence of the frequency comb. However, the level
populations themselves are determined by the 5 2S1/2,
5 2P1/2, and 5 2P3/2 hyperfine energy splittings and relative
transition probabilities. The optical pumping of the hyperfine
ground levels and velocity-selective excitation—i.e., map-
ping of the frequency comb to the excited levels velocity
comb—are clearly seen in Figs. 3–6.

In the case of 5 2S1/2→5 2P1/2 excitation, the 87Rb, Fg
=1 �Fg=2� ground-state population in one period exhibits
two maxima �minima� separated by 12 MHz and one mini-
mum �maximum�, Fig. 3. Two maxima in �11 come from

FIG. 8. The comparison of the measured and
simulated 85,87Rb 5 2S1/2→5 2P3/2 hyperfine ab-
sorption line profiles in the case of 5 2S1/2
→5 2P3/2 fs-laser excitation.

FIG. 9. Relative modulation intensities of four
Rb absorption lines as a function of the central
fs-laser wavelength.
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Fg=2→Fe=1,2 transitions, separated by 812 MHz. How-
ever, due to the 80-MHz laser mode separation in the comb
spectrum, the resonance condition for these two transitions is
obtained for �=12 MHz. The minimum in �11 corresponds to
the Fg=1→Fe=2 transition. Due to the small relative tran-
sition probability of the Fg=1→Fe=1 transition, there is no
significant optical pumping effect connected to this excita-
tion. The Fg=2 �Fg=3� populations for 85Rb, Fig. 4, exhibit
in one-period two maxima �minima� and one minimum
�maximum�. The 5 2S1/2 hyperfine splitting is 3036 MHz,
nearly a multiple of 80 MHz. Therefore, for one velocity
group, when the laser is resonant with the Fg=2→Fe=3
transition �minimum in �11�, it is 4 MHz off-resonance with
respect to the Fg=3→Fe=3 transition �smaller maximum in
�11�. As a result, the contributions of two transitions are not
resolved in the �44 level population. The second maximum in
�11 comes from the Fg=3→Fe=2 transition, whereas the
influence of the Fg=2→Fe=2 transition is not observed due
to the small transition probability.

In the case of 5 2S1/2→5 2P3/2 excitation, the 87Rb, Fg
=1 ground-level population in one period exhibits one maxi-
mum and one minimum, Fig. 5. The minimum comes as a
result of the Fg=1→Fe=1 and Fg=1→Fe=2 hyperfine tran-
sitions, which are 3 MHz detuned with respect to the
80 MHz separation in the comb spectrum �Fe=1 and Fe=2
energy separation is 157 MHz�. The maximum comes as a
result of Fg=2→Fe=1 and Fg=2→Fe=2 hyperfine transi-
tions. The Fg=1,2→Fe=1,2 transitions are optically open
ones; therefore, they induce strong optical pumping of the
ground hyperfine-level populations. When the resonant con-
dition is fulfilled for one of these transitions, the minimum
formed in �11 corresponds to the maximum in �22 and vice
versa. Fg=1→Fe=0 and Fg=2→Fe=3 are optically closed
transitions. Fg=2→Fe=3 hyperfine transition cause an addi-
tional minimum in �22 �smaller one� without a corresponding
maximum in �11. The Fg=1→Fe=0 transition does not lead
to the second minimum in the �11 level population due to the
small relative transition probability. The excited-level popu-

FIG. 10. Relative modulation intensity depen-
dence on the fs-laser power, 5 2S1/2→5 2P3/2 fs-
laser excitation.

FIG. 11. Measured 85,87Rb 5 2S1/2→5 2P3/2
absorption spectra for 5 2S1/2→5 2P3/2 fs-laser
excitation in the conditions with and without an
external magnetic field.
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lations are below 1%, except for the Fe=3 level, which
reaches a maximum value of about 14% due to the optically
closed transition with a strong transition probability. In the
case of 85Rb, Fg=2,3→Fe=2,3 are optically open transi-
tions. These transitions cause strong optical pumping of
ground hyperfine levels, so for each minimum �maximum� in
�11 there is a corresponding maximum �minimum� in �22,
Fig. 6. Optically closed transitions Fg=2→Fe=1 and Fg
=3→Fe=4 result in minima in ground-level populations
without corresponding maxima. Due to the smaller Fg=2
→Fe=1 transition probability, the minimum in the �11 popu-
lation is hardly discernable. The excited-level populations
are above 5%. Again, due to the Fg=3→Fe=4 strong opti-
cally closed transition, the Fe=4 level population reaches
25%.

From the discussion given above it is evident that the
85,87Rb ground- and excited-state hyperfine-level populations
are determined by the hyperfine energy splittings and relative
transition probabilities with a periodic behavior given by the
mode separation in the frequency comb.

The velocity-selective experimental observation of hyper-
fine ground-state populations is achieved by monitoring the
weak cw probe laser transmission. The probe laser wave-
length is continuously scanned across all four Doppler-
broadened 5 2S1/2→5 2P3/2 absorption lines at 780 nm.
In the weak-field approximation �probe intensity
�2 �W/mm2� and linear absorption regime, the measured
optical thickness is directly proportional to the �11 and �22
hyperfine ground-level populations. By scanning the probe
laser frequency, 85,87Rb �5 2S1/2� hyperfine populations of
different velocity groups were probed. The absorption spec-
tra consist of four profiles, two of them resulting from 85Rb
absorption �inner two� and the other two from 87Rb �outer
two�. Two lines corresponding to each isotope are a result of
the hyperfine splitting of the ground state, which is
3036 MHz �85Rb� and 6835 MHz �87Rb�. The excited-state
5 2P3/2 hyperfine structure is not resolved due to the Doppler
broadening. Therefore, each of the four absorption lines con-
sists of three Doppler-broadened hyperfine transitions

�5 2S1/2�Fg�→5 2P3/2�Fe=Fg ,Fg±1��. As a result of the fs-
pulse train interaction with rubidium atoms, the modulations
in the absorption line profiles are observed in the measured
probe laser absorption spectra. The modulations period of
80 MHz corresponds to the fs-pulse repetition rate.

In Figs. 7 and 8 we present the measured and simulated
87Rb Fg=1→Fe=0,1 ,2 and 85Rb Fg=2→Fe=1,2 ,3 ab-
sorption lines in the cases of 5 2S1/2→5 2P1/2 and 5 2S1/2
→5 2P3/2 fs-laser excitations. Only parts of the absorption
spectra are presented in order to improve visualization. The
complete absorption spectra in the case of 2S1/2→5 2P1/2 fs
excitation are given in our previous paper �22�. In the theo-
retical simulation of measured absorption spectra the 85,87Rb
�11 and �22 hyperfine ground-level populations shown in
Figs. 3–6 were used. For each hyperfine transition, we cal-
culated the convolution of the velocity distribution of the
ground-state population with the Lorentzian profile of natural
linewidth. One absorption line is calculated by adding the
contributions of three hyperfine components �27�. The theo-
retical results show excellent agreement with the experiment.
Changing the fs-laser excitation from 2S1/2→5 2P1/2 to
2S1/2→5 2P3/2 does not lead to a significant change in the
modulations of 87Rb absorption profiles. On the other hand,
there is a significant change in both the intensity and shape
of the modulations in the 85Rb absorption profiles. Addition-
ally, the modulations are stronger for 87Rb. Modulations of
up to 50% were observed for the 87Rb Fg=1→Fe=0,1 ,2
absorption line. Each profile is greatly affected by the
excited-state hyperfine splittings since in the Doppler-
broadened medium each absorption profile is a superposition
of three hyperfine lines. If the frequency separation of three
hyperfine lines forming an absorption line is favorable, as is
the case for 87Rb, the thus formed absorption line exhibits
stronger modulations. Simultaneously, the shape of a hyper-
fine line is given by the velocity distribution of the ground
level population, Figs. 3–6. The difference in the shape of
absorption line modulations for 87Rb and 85Rb is therefore
expected.

The relative modulation intensities of four Rb absorption
lines are presented in Fig. 9 as a function of the central

FIG. 12. Relative modulation intensity of
87Rb Fg=1→Fe=0,1 ,2 absorption line as a
function of external magnetic field strength
�dots�. The solid line is an eye-guiding fit to the
experimental data.
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fs-laser wavelength. The relative modulation intensity is cal-
culated as the ratio of the modulation amplitude and mea-
sured probe absorption without the fs laser. Two maxima
corresponding to the 2S1/2→5 2P3/2 at 780 nm and 2S1/2
→5 2P1/2 at 795-nm fs-laser excitation are clearly recog-
nized.

The relative modulation intensity dependence on the fs-
laser power is shown in Fig. 10. The shape of the modula-
tions remains the same in the measured power range. The
saturation of the modulation intensities is observed for the
fs-laser power above 440 mW.

In order to investigate the dependence of the observed
modulations on the energy-level pattern we applied an exter-
nal magnetic field. In an external magnetic field the Rb
ground- and excited-state levels are not characterized any
more by the total angular momentum quantum numbers Fg
and Fe, but they are a mixture of these states created by the
external field. The magnetic sublevel energies are dependent
on the external magnetic field strength. For very low field
strengths each hyperfine level experiences a linear Zeeman
effect. As the field strength increases, the Zeeman energy
comes close to the hyperfine splitting energy and the energy-
level pattern becomes complex. In our experimental geom-
etry the optical transitions between hyperfine ground- and
excited-state levels follow the �M = ±1 selection rule. Mea-
sured absorption spectra for 5 2S1/2→5 2P3/2 fs laser excita-
tion with and without external magnetic field are shown in
Fig. 11. In the external magnetic field the shape of the modu-
lations changes, while the relative modulation intensity de-
creases. The relative modulation intensity dependence on
external magnetic field for the 87Rb Fg=1→Fe=0,1 ,2 ab-
sorption line shows damped oscillatory behavior with a pe-
riod of about 30 G, as seen in Fig. 12. When the external
field is applied this absorption line consists of 12 hyperfine
Zeeman transitions. As previously discussed, the observed
absorption line modulations strongly depend upon the
energy-level splittings, transition probabilities, and fs-
frequency comb spectrum. The influence of the ground- and
excited-state energy-level structure is twofold: first, through
the fs excitation process, which determines the ground-state
level populations, and second, through the formation of the
absorption line profile. For the field strength, which leads to
favorable energy-level splittings �the frequency separation of
different transitions is a multiple of 80 MHz�, one would
expect stronger modulations. Taking into account the com-
plexity of the system it is hard to give any definite predic-
tions about the modulations dependence on magnetic field
strength. We expect that the modulations should be pro-
nounced in the condition when the 5 S1/2 atomic Larmor fre-
quency is equal to �or a multiple of� the pulse repetition rate
�3�. However, the first-order ground-state Zeeman coherence
is at 110 G, which was out of our experimental magnetic
field strength range. Measured 87Rb Fg=1→Fe=0,1 ,2 ab-
sorption line profiles in the conditions without external mag-
netic field and with the magnetic field strengths of 18 G �first
minimum of the modulation amplitude� and 36 G �second
maximum of the modulation amplitude� are shown in Fig.13.

V. CONCLUSION

We present as experimental and theoretical study of the
resonant excitation of rubidium atoms with femtosecond-

pulse train in the conditions when the pulse repetition period
is shorter than the excited-state relaxation time. The velocity-
selective optical pumping of the ground-state hyperfine lev-
els and velocity-comb-like excited-state hyperfine-level
populations are demonstrated. Both effects are a direct con-
sequence of the fs-pulse train excitation considered in the
frequency domain.

A simple experimental apparatus was employed to de-
velop a modified direct-frequency comb spectroscopy which
uses a fixed-frequency comb for the 85,87Rb 5 2S1/2
→5 2P1/2,3/2 excitation and a highly monochromatic weak
cw scanning probe for ground-level population monitoring.
Excellent agreement is obtained with the theoretical model
based on the density-matrix formalism of a multilevel atomic
system excited by the fs-pulse train.

The coherent accumulation process through the excitation
by a train of the fs pulses has been demonstrated. A recent
work �28� on coherent effects describes the observation of
the electromagnetically induced transparency �EIT� in Rb
prepared by a comb of optical pulses produced by a cw
mode-locked diode laser. We see a prospect of our work in
an attempt to apply a femtosecond mode-locked laser to ob-
serve EIT resonances with possible applications in magne-

FIG. 13. Measured 87Rb Fg=1→Fe=0,1 ,2 absorption line pro-
files in the conditions without an external magnetic field and with
magnetic field strengths of 18 G �minimum in Fig. 12� and 36 G
�maximum in Fig. 12�.
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tometry �29�, atomic clocks �13�, and frequency chains �30�.
In addition, this work shows that it is possible to directly

manipulate the fractional populations of hyperfine ground-
state levels by varying the comb optical frequency spectrum.
This could lead to the interesting applications in the systems
where Doppler broadening is negligible—for example, ultra-
cold atoms and atomic beam experiments.
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