
Abstract. The level splitting appearing upon cascade excita-
tion of the 5D5=2 and 5D3=2 levels of the 87Rb atom in a
magnetooptical trap is studied experimentally. The 5S5=2 and
5P3=2 levels are coupled by a cooling laser éeld, the Rabi
frequency being comparable with the rate of spontaneous
decay of the 5P3=2 level. The experimental spectral proéles
are compared with a theoretical model.

Keywords: laser cooling of atoms, Rabi frequency, Rabi splitting,
magnetooptical trap.

1. Introduction

The laser cooling of atoms provides spectroscopic studies
in the absence of the noticeable inêuence of the Doppler
effect and the time-of-êight and collision broadenings. Such
unique conditions allow very precise spectroscopic measure-
ments and measurements of weak effects to be performed
[1]. In particular, it is possible to measure the Stark shift of
the 5D5=2; 3=2 levels for an ensemble of cold atoms [2, 3]. The
population of these levels requires, however, either two-
photon or cascade excitation. By using cascade excitation, it
is necessary to take into account the splitting of a
luminescence line of the excited atom caused by its strong
interaction with the éeld, the so-called Rabi splitting, which
can distort the measurements of level shifts [4]. Such a
splitting is of interest on its own and has been studied in
various experimental systems such as atoms in resonators
[5, 6], quantum dots [7, 8], quantum wells, microspheres [9],
and ensembles of cold atoms [10, 11].

The Rabi splitting in magnetooptical traps (MOTs)
is studied most often upon excitation of Rydberg levels
[11 ë 14]. In this case, the cascade population of levels is
used, as a rule, and it is desirable to have the high popula-
tion of an intermediate level of the cascade. The use of the
intense éeld at the érst transition of the cascade leads to the
splitting of the upper level of the corresponding transition.

For example, in [11], the excitation of the 44D level of the
87Rb atom was considered, while in [12], the levels with the
principal quantum numbers n � 40; 41; ::: were excited. In
practice, such a splitting permits the population of certain
Rydberg states with the help of a éeld frequency detuned
from the resonance, which is important in quantum-infor-
mation problems, because the nonresonance éeld does not
perturb atoms that are already in the Rydberg state [14].
Another important case is the splitting of levels for a single
cold atom or an ensemble of cold atoms in the resonator
[5, 6, 15, 16]. In this case, a high-power éeld is absent and the
level splitting occurs due to a strong interaction of atoms
with the resonator. The use of the Rabi splitting in such
systems allows one, for example, to control coherently the
transmission of resonance radiation, to excite strictly certain
states of matter, etc. [16, 17].

In the case of cascade excitation with the use of the high-
power laser radiation at the érst stage, the splitting of energy
levels in the resonance approximation of a two-level system
interacting with the light éeld appears when the condition
O 2 � d 2 > (ge ÿ gg)

2 is fulélled and is determined by the
expression Otot � [O 2 � d 2 ÿ (ge ÿ gg)2]1=2 [18], where O is
the Rabi frequency; d is the frequency detuning of the light
éeld from the exact resonance with the transition frequency;
and ge and gg are the decay probabilities of the upper and
lower levels, respectively. In many cases, the Rabi splitting is
measured by neglecting the contribution of the spontaneous
decay. For example, the Rabi splitting was considered in
[11, 12] for the ratios O=ge � 5 ë 10 and the contribution of
the term (ge ÿ gg) was neglected. This contribution becomes,
however, rather signiécant in a MOT where the MOT
cooling radiation is used as the érst excitation stage. In this
case, the Rabi frequency is close to the transition width and
the contribution of the term (ge ÿ gg) can be considerable.

During the interaction of a strong monochromatic éeld
with a two-level system (Fig. 1b), the splitting of levels does
not cause the splitting of lines [19] because transitions appear
only between the pairs of levels with the same difference of
energies. Nevertheless, the Rabi splitting can be experimen-
tally observed in a three-level system, when the splitting is
produced by a high-power laser radiation at the frequency
of one transition (for example, the 5S1=2 ! 5P3=2 transition
in Fig. 1b), while the probe laser radiation interacts with the
system at another transition (for example, the 5P3=2 ! 5D5=2

transition in Fig. 1b). Thus, although the splitting can be
obtained by using the two-level model, the calculation of the
resonance proéle requires the use of the three-level model
[20, 21]. In practice, most of atomic systems, in which the
Rabi splitting is observed, contain much more than three
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levels. However, it was shown in a number of experimental
papers that the description of the resonance shape based on
the simplest three-level model was quite acceptable [11, 13].
At the same time, some authors point out to the necessity of
more careful calculations taking into account the details
of the experiment and atomic structure [4, 22, 23].

In this paper, we studied experimentally the Rabi splitting
upon cascade excitation of the 5D5=2 and 5D3=2 levels in a
continuously running MOT. The experimental shapes of the
lines were compared with the line shapes calculated by using
the three-level model [21] to verify the applicability of this
model for analysing the results of planned measurements of
the Stark level shifts.

2. Experimental

The central part of our setup (Fig. 2) is a MOT, which was
described in detail in [24]. The laser system of the MOT
consists of three lasers: the master laser, the slave laser,
and the transfer laser. The master and transfer lasers (the
SDL7140-201 model, Sanyo) are equipped with external
resonators assembled in the Littrow orientation to tune to
resonance transitions in the 87Rb atom at � 780 nm. The
wavelengths of the lasers were stabilised by means of
saturated absorption signals with frequency-modulation
spectroscopy at the counterpropagating beam conéguration
in an atomic vapour cell. The radiation frequency of the
master laser is stabilised with the help of a feedback loop
with respect to the frequency of one of the strong cross
resonances with a detuning controlled by an acoustooptic
modulator (AOM). The laser radiation frequency is detuned
by 5 ë 20 MHz to the red from the frequency of the cyclic
cooling 5S1=2 (F � 2)! 5P3=2 (F

0 � 3) transition. The mas-
ter laser radiation is ampliéed by the slave laser (the
GH0781JA2C model, Sharp). The radiation is éltered
spatially in a single-mode ébre and coupled to the trap

through this ébre. The transverse radiation intensity distribu-
tion measured at the ébre output is Gaussian. The laser beam
power is � 12 mW. The laser beam is expanded (its radius at
the 1/e intensity level increases up to 2.5 mm) and is divided
into six MOT beams. The radiation frequency of the
transfer laser is tuned to the 5S1=2 (F � 1)! 5P3=2 (F

0 � 2)
transition frequency similarly. The transfer laser beam is
made coincident with the cooling radiation beam. The
transfer laser radiation power entering the trap is � 2 mW.

The 5P3=2 level in the operating trap (Fig. 1a) is popu-
lated by the cooling radiation, and therefore atoms were
excited to the 5D5=2 level by a cw external-cavity diode laser

Figure 1. Energy level diagram of the 87Rb atom [26, 27] considered in the present paper (a) and level splittings due to interaction with the 780-nm laser
radiation and notation of laser detunings used in the text (b). The dashed arrows in Fig. 1b show the allowed transitions (t � 1=g is the level lifetime).

Figure 2. Scheme of the experimental setup: ( 1 ) 776-nm laser; ( 2 )
optical isolator; ( 3 ) half-wave phase plate; ( 4 ) polarisation beamsplitter
cube; ( 5 ) lens; ( 6 ) AOM; ( 7 ) aspherical lens; ( 8 ) optical ébre; ( 9 )
vacuum volume of the MOT; ( 10 ) PMT; ( 11 ) photon counter; ( 12, 18 )
digital oscilloscopes; ( 13 ) pulse generator; ( 14 ) multifunctional genera-
tor; ( 15 ) mirror; ( 16 ) optical spectrum analyser; ( 17 ) photodiode; ( 19 )
photograph of a cloud of cold atoms.
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(probe laser) emitting at a wavelength of 776 nm cor-
responding to the 5P3=2 ! 5D5=2 transition. The radiation
of this laser was delivered to cooled atoms with the help of
an optical ébre with a collimator so that its propagation
direction made nonzero angles with all laser beams of the
MOT. The population of the 5D5=2 level can be conveniently
measured by the intensity of radiation emitted from the
6P3=2 level (its population is proportional to the 6D5=2 level
population) at 420 nm (Fig. 1a). This radiation was detected
with a Hamamatsu R1925 photomultiplier operating in the
photon-counting regime. A blue optical élter mounted in
front of the photomultiplier attenuated radiation in the
region from 750 to 800 nm by more than éve orders of
magnitude. In this case, resonance êuorescence and scatter-
ing of laser radiation in the MOT made no contributions to
photon counting.

One of the speciéc features of spectroscopic studies in
the operating trap is a strong inêuence of the radiation of
probe lasers on the number of atoms in the trap, which
complicates the measurements of level populations [24]. To
avoid this inêuence, we performed pulsed measurements,
not switching on the probe radiation for most of the time.
For this purpose, we used an AOM to which 100-ms voltage
pulses with a period of 2 ms were fed. The output pulses of
the photomultiplier were counted with an SR-400 counter
(Stanford Research Systems, Inc.) synchronously with
pulses fed to the AOM. Spectral lines were scanned for
� 1 s, which allowed us to observe visually the inêuence of
the 776-nm radiation on the total number of atoms in the trap
by changing the intensity of luminescence from the 5P3=2

level and selecting the optimal off-duty ratio of the signal.

3. Results and discussion

The typical output signal of the counter observed upon
excitation of the 5D5=2 level is shown in Fig. 3a. One can
see that the spectrum exhibits at least four spectral lines.
Based on the measured frequency splittings, lines 2, 3,
and 4 can be assigned to resonances corresponding to the
5P3=2 (F

0 � 3)! 5D5=2 (F
00 � 4; 3; 2) transitions, while line 1

corresponds to the side resonance of the Rabi splitting. The
érst group of the lines satisées the two-photon resonance
condition, while the side resonance satisées the condition of
cascade nonresonance population of the F 00 � 4 level [21].
The Rabi splitting is even more pronounced upon excita-
tion of the 5D3=2 level (Fig. 4a). The splitting of the
hyperéne structure sublevels of this level exceeds almost
twice this splitting for the 5D5=2 level [25]. In this case, the
lines corresponding to the Rabi splitting prove to be com-
pletely isolated and are observed for both allowed transi-
tions 5P3=2 (F

0 � 3)! 5D5=2 (F
00 � 3) and 5P3=2 (F

0 � 3)
! 5D3=2 (F

00 � 2). It is important to point out that the
energy of the hyperéne structure levels of the 5D5=2 level
decreases with increasing F 00 and this energy for the 5D3=2

level increases, whereas the position of the low-intensity
Rabi splitting resonance depends on the absolute laser
detuning. Thus, the side resonance is always located at
lower frequencies with respect to the frequency of transi-
tions corresponding to two-photon resonances, which indeed
was observed in experiments.

The dependences of the (5D3=2 or 5D5=2) upper-level
population on the detuning d776 at 776 nm, obtained by
the convolution of the solution of system (3.11) from

Figure 3. Dependences of the 5D5=2 level population on the detuning d776 (the solid curve is experiment, the dashed curve is calculated by using
model [21] for d780=2p � ÿ12 MHz, O776=2p � 1 MHz, and O780=2p � 17 MHz) (a); dependences of the Rabi splitting on the detuning d780 (points are
experiment, the solid curve is calculated by using model [21] for O780=2p � 17 MHz and O776=2p � 1 MHz, the dashed curve is calculated by
expression (1) for O780=2p � 17 MHz) (b); dependences of the Rabi splitting on the Rabi frequency O776 for the probe laser (points are experiment, the
solid curve is calculated by using model [21] for O780=2p � 17 MHz and d780=2p � ÿ12 MHz) (c); dependences of the Rabi splitting on the
Rabi frequency O780 for the cooling laser [points are experiment, the solid curve is calculated by using model [21] for O776=2p � 1 MHz and
d780=2p � ÿ12 MHz, the dashed curve is calculated by expression (1)] (d). The zero detuning of the radiation frequency of the 776-nm laser
corresponds to the exact two-photon resonance with the 5S1=2 (F � 2)! 5P3=2 (F � 3)! 5D5=2 (F � 4) transition frequency.
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[21]� with a Lorentzian with the FWHM of 1.5 MHz, which
takes into account the laser linewidth, are presented in
Figs 3a and 4a. One can see that by and large the model well
describes the observed spectra; however, the intensity of the
lines differs from the calculated intensity, especially for the
5D3=2 level. Such a difference, which was also pointed out in
[11], can be explained by the fact that the system under
study considerably differs from the three-level system and
also by the speciéc features of the experiment geometry and
polarisation of light, which were neglected in [21].

Figures 3b and 4b present the dependences of the Rabi
splitting of the cascade 5S1=2 (F � 2)! 5P3=2 (F

0 � 3)!
! 5D5=2 (F

00 � 4) transition on the cooling laser frequency
detuning d780. The splitting was measured by approximating
experimental curves by four Lorentzian curves. As expected,
distances between the lines corresponding to the hyperéne
structure remained constant in all experiments, while the
line corresponding to the side resonance of the Rabi spitting
shifted. The Rabi splitting was calibrated by the known
hyperéne splitting of the upper level. The Rabi splittings
found in this way are well described both by the expression

Otot �
�����������������������������������������������������
O 2

780 � d 2
780 ÿ �g5D ÿ g5P�2

q
(1)

(where g5D and g5P are the decay probabilities of the 5D
and 5P levels, respectively) and the dependence obtained by
using the three-level model [21] (Figs 3c, d and 4c, d). In the
latter case, the calculation was performed by determining the

dependence of the upper-level population on the detuning
d776 (Fig. 1b) and then approximating the obtained curve by
a sum of two Lorentzian curves, the distance between them
being treated as the Rabi splitting.

By and large based on the experimental dependences, we
can conclude that the model proposed in [21] adequately
describes the Rabi splitting, although it does not predict
correctly the line intensities. The strong dependence of the
position of the line corresponding to the side resonance on
the cooling radiation parameters and the known calculated
shape of the resonance curve (taking into account the
measured corrections for the amplitude) will allow us to
exclude completely the contribution of the Rabi splitting in
the planned measurements of the Stark shift of optical
resonances.

4. Conclusions

We have studied experimentally the Rabi splitting of
spectral lines corresponding to the 5S1=2 ! 5P3=2 ! 5D5=2

and 5S1=2 ! 5P3=2 ! 5D3=2 in the 87Rb atom. The depend-
ences of the splittings of the Rabi frequencies have been
considered for each of the light éelds and on the frequency
detuning of the cooling laser from the atomic 5S1=2 ! 5P3=2

transition frequency. It has been shown that the obtained
proéles of resonance curves are satisfactorily described by
the three-level model of an atom interacting with two light
éelds. The model correctly describes the splitting of
resonances, while their calculated amplitudes differ some-
what from experimental values.

Figure 4. Dependences of the 5D3=2 level population on the detuning d776 (the solid curve is experiment, the dashed curve is calculated by using
model [21] for d780=2p � ÿ12 MHz, O776=2p � 0:3 MHz, and O780=2p � 15:2 MHz) (a); dependences of the Rabi splitting on the detuning d780 [points
are experiment, the solid curve is calculated by using model [21] for O780=2p � 13:4 MHz and O776=2p � 0:3 MHz, the dashed curve is calculated by
expression (1)] (b); dependences of the Rabi splitting on the Rabi frequency O776 for the probe laser (points are experiment, the solid curve is calculated
by using model [21] for O780=2p � 15:2 MHz and d780=2p � ÿ12 MHz) (c); dependences of the Rabi splitting on the Rabi frequency O780 for the
cooling laser [points are experiment, the solid curve is calculated by using model [21] for O776=2p � 0:3 MHz and d780=2p � ÿ12 MHz, the dashed
curve is calculated by expression (1)] (d). The zero detuning of the radiation frequency of the 776-nm laser corresponds to the exact two-photon
resonance with the 5S1=2 (F � 2)! 5P3=2 (F � 3)! 5D3=2 (F � 3) transition frequency.

� Note that it seems that expressions presented in appendix in [21] contain a
misprint because calculations based on them lead to complex populations.
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