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We demonstrate Rabi oscillation of a resonant two-photon transition in a three-level ladder-type quantum system of
gaseous rubidium atoms induced by a single femtosecond laser pulse. For this, we shape the flat-top spatial profile of
the laser pulse and perform the ultrafast population cycling of the atoms as a function of pulse energy. The experi-
mental result confirms that the Rabi frequency of the transition from a ground state to a final state depends linearly
on the pulse area, although the transition is a two-photon process. © 2012 Optical Society of America
OCIS codes: 320.5540, 020.1670, 320.0320.

Coherent manipulation of a quantum system by light is
substantial fulfillment for the implementation of quantum
information processing [1,2]. For the coherence control
of quantum dynamics, the use of the ultrafast laser tech-
nique and its time-resolved capability has attracted con-
siderable interest because of its potential applications
for quantum gate operations in femtosecond time scale
[3–5]. In particular, the coherence control among the
broad spectral components of ultrafast laser pulses as
well as their coherent interaction with quantum systems
enables implementation of on-demand quantum interfer-
ences among multiple transition passages of the systems
and, thereby, provides a powerful optical means of quan-
tum state preparations, especially, in multilevel systems
[6–10].
As an example of ultrafast coherent control of multi-

level quantum system, we consider optical Rabi flopping
[11], a notably important feature in quantum control and
quantum computing and, therefore, studied and used
extensively in quantum systems ranging from atoms
and molecules to semiconductors and nanomaterials
[12–18]. Optical Rabi flopping, or optical Rabi oscillation,
is an oscillatory behavior of the transition probability
occurring in the coherent interaction regime of an oscil-
latory optical field with a two-level quantum system [11],
and the transition probability alternates from zero to
unity at a Rabi frequency Ω�t� � μA�t� ∕ℏ, where μ is the
coupling strength between the states and A�t� is the
electric field envelope. Although optical Rabi flopping
has been widely studied with continuous, or quasi-
monochromatic pulsed, electric fields, ultrafast laser
pulses have only recently been considered with multile-
vel system experiments [12].
In this Letter, we present an experimental demonstra-

tion of Rabi oscillation in the resonant two-photon tran-
sition of a three-level ladder-type quantum system. The
system under consideration comprises a ground energy
state jgi, an intermediate energy state jii, and a final en-
ergy state j f i. When both the transitions jgi → jii and
jii → jei are resonantly driven simultaneously by a single
laser pulse of a finite spectral bandwidth, (i.e., the two-
photon transition jgi → jf i is strongly coupled with the
resonant intermediate energy state jii), Rabi oscillation
can occur collectively among the constituent energy
states in this energy level configuration. The bare Rabi
frequency Ωgi, between jgi and jii, is shifted due to
the presence of the interaction with j f i, and likewise

the two-photon Rabi frequency Ωgf , between jgi and
jf i via jii, becomes exactly the double of the shifted
one-photon Rabi frequency Ω0

gi. The transition probabil-
ity amplitude from jgi to jf i via jii can be obtained from
the time-dependent Schrödinger equation [19,20] as
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μig;f i are the dipole moments between jgi and jii, and jii
and jf i, respectively. It is worth noting that, despite the
fact that the given transition is two-photon process, the
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depends not on the intensity, but on the electric field,
or the pulse area.

Experiments were performed with rubidium (Rb)
atomic vapor, and the three-level energy-ladder system
consisted of the 5S1 ∕ 2, 5P3 ∕ 2, and 5D energy states that
correspond to the ground, the intermediate, and the final
states, respectively (see Fig. 1). The coherent transition
of 5S1 ∕ 2 → 5P3 ∕ 2 → 5D was achieved via two-photon
absorption of ultrafast laser pulses. We used a
Ti:sapphire laser amplifier system producing 35 fs pulses
with a pulse energy of up to 500 μJ at a repetition rate of 1
kHz. The spectrum of the laser was centered at 778 nm
with spectral width of 26 nm.

laser oscillator
100 MHz

pump laser

Pockels cell
1 kHzstretcher 8-pass

amplifier compressor

PM
T

interference
filter (420 nm)

beam shaping apparatus

R
b 

ce
ll

ND filter

Rb atom

77
6 

nm

5D

5P3/2

5S1/2

78
0 

nm

42
0 

nm

6P3/2

Fig. 1. Schematic of the experimental setup. The inset shows
the energy level diagram.
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Generic Gaussian laser pulses do not exhibit Rabi
oscillation, but rather a monotonic increasing behavior,
when interacting with uniformly distributed atoms, be-
cause of the spatial averaging effect resulting from the
electric field distribution in transverse direction. There-
fore, the laser beam profile needs to be modified to a flat-
top. In our experiment, the flat-top spatial profile was
implemented by a beam shaping apparatus that imaged
a clipped Gaussian beam with finite-size lenses, and the
interference between the diffraction fringe of the clipped
Gaussian laser beam resulted in the flat-top profile. As
shown in Fig. 2, the Gaussian beam was first spatially fil-
tered with a pinhole with a diameter of 100 μm at the focus
of a 4∶1.5 telescope; the first and the second lenses in the
apparatus have focal lengths of 400 and 150 mm, respec-
tively. The rim of the beam was then clipped with a vari-
able aperture, and the clipped beam profile was imaged
onto the measurement spot with a lens of f � 200 mm fo-
cal length and D � 25.4 mm diameter. The imaged spot
had a diameter of d � 200 μm, and its distance from
the lens was R � 1.4f (i.e., the magnification was about
0.4). According to Fourier optics theory [21], the focused
beam shape Uf �x; y� at the measurement spot is given by

Uf �x; y� � ~h�x; y� ⊗ Ui�x; y�; (2)

where ~h�x; y� is the point-spread function of imaging and
Ui�x; y� is the spatial profile of the clipped Gaussian
beam. As ~h�x; y� of a finite lens is determined by an Airy
disk with its extent given by 1.22Rλ ∕D, with the given fo-
cal lengths of the lenses and the pinhole diameter, which
are chosen in avoidance of the nonlinear effect at the
beam focal point, numerical calculation predicts that
the flat factor hΔIi ∕ hIi of a less than 3.5% is achieved
when d ≈ 10Rλ ∕D is satisfied (i.e., about 10 Airy side lobes
cover the focused spot).
The constructed beam profile was first tested with a

charged coupled device (CCD) camera, which tempo-
rally replaced the Rb cell. The recorded spot was located
at the center of the Rb cell and also in the image plane of
our beam shaping apparatus. Figure 2(a) shows the flat-
top beam profile recorded with the CCD. The intensity
distribution shown in Fig. 2(b) indicates that the intensity
distribution was concentrated within �5% range. For
comparison, the transverse intersections of the beam
center of the flat-top beam and the unclipped Gaussian
beam are both plotted in Fig. 2(c). As a result, a flat-
top beam of 200 μm size, which corresponded to the half
of the Gaussian width of the unclipped beam, was con-
structed. It is noted that the intensity at the beam center
was slightly lowered due to the interference, and the in-
tensities of the edge were slightly increased. Further-
more, the broadband nature of the ultrafast pulse
removed local intensity spikes, which remained in the nu-
merical simulation carried out with a monochromatic
source.
The experimental result of ultrafast Rabi flopping per-

formed with the laser pulses of the prepared flat-top
spatial profile is shown in Fig. 3. The population of the
5D state was measured as a function of pulse energy
by detecting the fluorescence signal decayed from
6P3 ∕ 2 to 5S1 ∕ 2 with a photomultiplier tube (PMT) passing

through a 10 nm band-pass interference filter centered at
420 nm. We collected the fluorescence signal only from
the flat-top region of 200 μm diameter using an imaging
apparatus consisting of a 50 mm focal length lens and a 1
mm diameter aperture. It is noted that the DC-like in-
creasing behavior of the experiment resulting from the
back reflection at the exit surface of the Rb cell was sub-
tracted by filtering out the lower frequency components
less than one tenth of the observed oscillation. The pulse
energy was varied by translating a variable neutral den-
sity (ND) filter (optical density is from 2.0 to 0.04) from
0.4 to 40 μJ, whose variation corresponds to 3.5 Rabi
cycles of Θtotal in Eq. (1).

The 5D population measurement, depicted with brown
squares in Fig. 3, is compared with the calculations. The
numerical calculation (gray dashed line) of the time-
dependent Schrödinger equation under the assumptions
of rotating wave approximation (RWA) and a uniform
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Fig. 2. (Color online) (a) Spatial profile and (b) intensity dis-
tribution of the constructed flat-top laser pulse; (c) intersections
of the flat-top and Gaussian beam profiles.
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Fig. 3. (Color online) Experimental results (brown squares) of
the 5D population plotted as a function of pulse area. For com-
parison, the numerical model calculation (gray dashed line),
and the refined numerical calculation (black line), which takes
the actual beam profile into account.
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laser intensity predicts that the oscillatory behavior and
its period are in accordance with the measurement.
Further, when we take into account the intensity distri-
bution of the actual laser beam measured in Fig. 2(b), the
refined numerical calculation (black solid line) shows a
good agreement with the experimental result. It is noted
that the linear response region (region 2 in Fig. 3) starts
from the pulse area of 0.7π due to the maximal optical
density (2.0) of the ND filter, and the experimental data
in region 1 was not obtained. The deviation of the Rabi
oscillation from the simple sinusoidal shape in region 3
was not due to the Bloch–Siegert shift (i.e., no RWA), as
this shift was under 5% of the oscillation frequency for
the highest intensity in our experiment. The Rb atom den-
sity was 7 × 109 cm−3, so the atom number in the interac-
tion volume of 3 × 10−5 cm3 was 2 × 105. Therefore, the
experimental condition did not reach the superfluores-
cence threshold [22]. Also, because the oscillation beha-
vior could be significantly affected from the spectral
phases, the laser pulses were strictly kept in Fourier
transform limit by checking the spectral chirp with a
self-diffraction-type FROG [23]. The measured linear
chirp value was less than 100 fs2. It is speculated that
the combined effects of dynamic Stark shift and the
5P1 ∕ 2 → 5D3 ∕ 2 transition contributed to the experiment
and the simple three-level model failed in region 3.
In summary, we have considered the Rabi oscillation

of a resonant two-photon transition, appearing in the
ultrafast optical interaction with a three-level energy-
ladder system. By shaping the beam profile fromGaussian
to flat-top, the interaction between the laser pulse and the
gaseous atomic Rubidium has been performed at constant
electric field at a given laser pulse energy, and the 3.5 cy-
cles of oscillatory ultrafast Rabi flopping within the 35 fs
pulse duration have been clearly observed.
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