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We demonstrate the coherent excitation of a mesoscopic ensemble of about 100 ultracold atoms to
Rydberg states by driving Rabi oscillations from the atomic ground state. We employ a dedicated beam
shaping and optical pumping scheme to compensate for the small transition matrix element. We study the
excitation in a weakly interacting regime and in the regime of strong interactions. When increasing the
interaction strength by pair state resonances, we observe an increased excitation rate through coupling to
high angular momentum states. This effect is in contrast to the proposed and previously observed
interaction-induced suppression of excitation, the so-called dipole blockade.
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Rydberg atoms, with their rich internal structure, have
been in the focus of atomic physics for more than a century
[1]. In the past decade, Rydberg physics was extended to
laser-cooled atomic gases which allowed the study of a
frozen system with controllable, strong interactions and
negligible thermal contributions. This has opened a wide
field in both experiment and theory covering such diverse
areas as resonant energy transfer [2,3], plasma formation
[4,5], exotic molecules [6,7], and quantum random walks
[8,9]. In addition, these frozen Rydberg systems have been
proposed as a possible candidate for quantum information
processing [10,11]. However, the coherent excitation of
Rydberg atoms, an important prerequisite for quantum
information protocols, has proven a challenging task.
While Rabi oscillations between different Rydberg states
have been demonstrated and thoroughly analyzed before
[12], Rabi oscillations between the ground state and
Rydberg states of atoms have not been observed directly
so far, mainly owing to the small transition matrix element.

In this Letter, we report on the experimental realization
and observation of Rabi oscillations between the ground
and Rydberg states of ultracold atoms. We demonstrate
how strong interatomic interactions influence the coherent
excitation of a mesoscopic cloud of atoms. We show that an
interaction-induced coupling to a larger number of internal
states can be used to trap the excitation. Employed in a
controlled way, this effect offers future applications in the
experimental realization of quantum random walks with
exciton trapping [9].

Our experiments are performed with a magneto-optical
trap (MOT) of about 107 87Rb atoms at densities of
1010 cm�3 and temperatures below 100 �K. Rydberg ex-
citation is achieved with two counterpropagating laser
beams at 780 and 480 nm (see Fig. 1). The laser at
780 nm is collimated to a waist of 1.1 mm ensuring a
constant Rabi frequency of 2�� 55 MHz over the excita-
tion volume as determined from Autler-Townes splittings
[13]. The laser at 480 nm (typical power 40 mW) is
referenced to a temperature-stabilized ZERODUR resonator.

Its beam is shaped with a diffractive optical element that
produces a flattop beam profile, characterized with a CCD
camera (spatial resolution 5:6 �m) [14]. The measured
flattop is depicted in Fig. 1(b). This setup allows a tightly
focused beam with high intensity and at the same time
overcomes the limits of a Gaussian beam shape. Gaussian
beams have been used for stimulated adiabatic passage to
high Rydberg states [13,15] but do not allow the observa-
tion of synchronous Rabi floppings in a mesoscopic sample
due to the wide range of intensities across the beam [13]. In
order to address only atoms in the flattop region, we use
spatially selective optical pumping (see Fig. 1): The mag-
netic field of the MOT is turned off 3 ms before excitation
[16]. After turning off the trapping lasers, all atoms are
pumped to the F � 1 hyperfine component of the 5S1=2

ground state within 300 �s. A small tube of atoms per-
pendicular to the excitation beams is transferred to the
F � 2 hyperfine component with a 1 �s pulse of a tightly

FIG. 1 (color online). (a) Relevant level scheme for two-
photon excitation of rubidium. (b) Preparation of a mesoscopic
subensemble. All atoms are pumped to the F � 1 hyperfine
component of the ground state. Only a tight tube of atoms is
pumped to F � 2 whence the excitation originates. Within this
tube, a mesoscopic subensemble containing about 100 atoms is
excited to Rydberg states with two counterpropagating laser
beams at 780 and 480 nm. The latter has a flattop intensity
profile shown in the inset, to ensure a constant Rabi frequency.
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focused repumping beam (waist 10 �m, 10 nW). Only
these atoms are resonant with the excitation lasers. They
are optically pumped to the stretched F � 2, mF � 2 state
by a 1 �s pulse of a ��-polarized pumper beam super-
imposed with the excitation lasers. From this state we can
excite both stretched nS and nD states depending on the
helicity of the excitation laser polarization; n denotes the
principal quantum number. By maintaining the two-photon
resonance but detuning from the intermediate state 5P3=2

by typically �=2� � 140 MHz, this state experiences neg-
ligible population and atoms are directly transferred to the
Rydberg state [13]. The overlap between the repumping
laser and the 480 nm laser defines the excitation volume of
about 10 �m� 10 �m� 100 �m, corresponding to
�100 atoms [see Fig. 1(b)]. Rydberg atoms are detected
by field ionization and accelerated onto a microchannel
plate detector. There is no signal for electric fields below
the ionization threshold; therefore, we can rule out the
presence of spurious ions during excitation. After detec-
tion, the MOT is turned back on, and the whole cycle is
repeated every 70 ms. Our setup allows us to compensate
electric fields E? in a direction perpendicular to the exci-
tation lasers. Field components parallel to the field plates
cannot be compensated and are determined from Stark
shifts to be Ek � 160 mV=cm [17]. The field values given
in the text represent the total field E � �E2

k
� E2

?�
1=2.

Figure 2 shows the measured fraction of excited
Rydberg atoms in the 31D5=2 state as a function of excita-
tion time. Rabi oscillations are clearly visible. We observe
the same temporal dependence for both nS and nD states
with n < 40 at both low and high atom densities. This
indicates that for these small n values the observed Rabi
oscillations are not affected by Rydberg-Rydberg interac-
tions and that all atoms perform identical Rabi oscillations
simultaneously. The solid line in Fig. 2 is a theoretical
prediction with a blue Rabi frequency of 2�� 27 MHz
which takes the measured time dependence of the excita-

tion pulses into account. It incorporates three sources of
dephasing: the remaining admixture of the intermedi-
ate state, the residual intensity distribution of the flat-
top beam profile, and a finite laser bandwidth of 2.4 MHz.
With increasing importance, these three sources lead to the
observed damping of the measured Rabi oscillations. A
detailed discussion together with quantitative comparisons
between measured and calculated Rabi frequencies and
other systematic verifications has been published in
Ref. [14]. For longer times (*200 ns), the excitation
probability reaches a steady state value of 0.5. This value
is used to calibrate the detector signal [18].

The observation of Rabi oscillations between ground
and Rydberg states is a first step towards the implementa-
tion of quantum information protocols with cold Rydberg
gases. The most promising protocols further rely on the so-
called dipole blockade [10,11]. The dipole blockade de-
scribes a system in which the excitation of more than one
atom is inhibited due to interaction-induced energy shifts.
It allows one to store a single excitation in a mesoscopic
cloud of atoms and is accompanied by an increased col-
lective Rabi frequency, evidence of which was observed
only recently [19]. The first experimental signatures of the
blockade were observed as a suppression of excitation
[20,21] due to the extraordinarily strong van der Waals
interactions at large values n. Recently, a similar effect was
observed at lower values of n by using pair state resonances
to switch from van der Waals to the stronger resonant
dipole-dipole interaction with an external electric field
[22].

For rubidium, nD states offer similar resonances.
Figure 3 shows the electric field dependence of the in-
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FIG. 2. Rabi oscillations between the 5S1=2 and 31D5=2 states
of 87Rb. Each dot is an average of measurements over 28 experi-
mental repetition cycles. The solid line shows the simulated
excitation probability taking the measured intensity distribution,
the residual 5P3=2 admixture, and our finite laser linewidth into
account. The scaling between the detector signal and simulated
excitation probability is a free parameter that represents the
detector efficiency.
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FIG. 3 (color online). Stark shift of dipole-coupled pair states
around the 47D5=2 � 47D5=2 asymptote. The two arrows mark
the total electric field at which the two spectra of Fig. 5 are taken.
The inset shows a simplified level scheme for this system
involving the coherent excitation of an atom pair from jgDi to
jDDi with a Rabi frequency �R, a laser detuning �, and an
effective linewidth �. jDDi is dipole coupled to an almost
degenerate pair jPFi with an interaction energy @�F and a
field-dependent energy difference @��E�. The dephasing of the
dipole coupling is phenomenologically described by a decay rate
� (see text).
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volved pair states. At vanishing electric field, two 47D5=2

atoms experience van der Waals interaction. At an electric
field of �260 mV=cm, the 47D5=2 � 47D5=2 pair state
becomes energetically degenerate with the dipole-coupled
49P3=2 � 45FJ (J � 5=2, 7=2) pair state. This changes the
interaction to long-range resonant dipole interaction. In
contrast to the picture of the dipole blockade, however,
the increased interaction strength does not translate into a
reduced excitation probability at the atomic resonance:
Figure 4 shows the temporal evolution of the 47D5=2

population for two different densities. For the lower den-
sity of 4:7� 109 cm�3 (gray points), we observe damped
Rabi floppings similar to low-n states. For the higher
density (1010 cm�3, black points), we observe an increased
excitation that clearly exceeds 0.5. This means that part of
the atoms accumulate in Rydberg states which are not
coupled to the ground state by the laser field. The effect
is clearly density-dependent and must therefore be
interaction-induced.

We can heuristically reproduce the observations with an
analytical model illustrated in Fig. 3. It incorporates the
coherent excitation of a pair jgDi of a ground state atom
jgi and a 47D atom jDi to a pair jDDi of two 47D atoms as
well as the coupling to the jPFi state with a field-
dependent energy shift relative to jDDi. We introduce a
dephasing by a decay rate � from the jPFi state out of the
three-level system. This system is an analog of the excita-
tion of an optical three-level system and can be fully
described by the according optical Bloch equations [23].
When only coherent couplings are considered (� � 0), the
system exhibits the dipole blockade, and the excitation
probability is reduced when increasing the density [24].

This is the case discussed in Ref. [22], where a resonance
between well-defined pair states [nP3=2 � nP3=2 and
nS1=2 � �n� 1�S1=2 with jmj � 1=2] is used to suppress
the Rydberg excitation. When including an additional in-
coherent coupling (�> 0), the behavior of the system
changes drastically. Instead of an excitation suppression,
the model now predicts an increased excitation as shown in
Fig. 4.

The nature of such an incoherent coupling can be ex-
plained in the following way: In contrast to the well-
defined pair states of the system in Ref. [22], the 45FJ
state involved in our system is highly degenerate. As each
substate has a different coupling strength, this leads to a
dephasing. The residual electric field in our setup enhances
this dephasing as it mixes differentmJ levels and thus leads
to a dipole coupling with all possible values of mJ, which
involves 14 substates of the two values of J � 5=2 and 7=2
for the 45FJ state and 6 substates for the 47D5=2 state. This
dephasing suppresses the coupling back to 47D and ac-
cumulates atoms in 45F=49P. Our detection cannot dis-
tinguish between 47D, 49P, and 45F, and thus they all
contribute to the excitation signal.

The solid line in Fig. 4 corresponds to model calcula-
tions with parameters for the excitation that are scaled from
measured low-n Rabi oscillations. We have set � to the
theoretical value ��E � 160 mV� � �2�� 150 MHz
(see Fig. 3). This leaves two free parameters: The coupling
strength �F � 2�� 40 MHz and the dephasing rate � �
2�� 30 MHz were chosen to achieve a good overlap with
the experimental data. Both values are consistent with the
theoretical value �max

F � 2�� 64 MHz for the strongest
coupling between the stretched states (mJ � J � ‘� 1=2)
at the most probable interatomic distance of 2:6 �m. The
dashed line corresponds to a low-density model where �F
and � are scaled down proportional to the density (as
expected for a 1=R3-dependent interaction).

With the same values for �F and �, our model also
explains spectral measurements shown in Fig. 5. By chang-
ing the electric field, we tune the energy difference be-
tween the jDDi and jPFi pair states. Figure 5(a) shows a
measured spectrum of the 47D5=2 line at E � 160 mV=cm
(E? � 0) together with model calculations. All model
parameters are the same as those for the excitation time
scan in Fig. 4. Figure 5(b) shows a spectrum at E �
260 mV=cm corresponding to � � 0. The dashed line
shows the model result in the low-density limit (�F �
0), and the solid line includes a coupling with �F � 2��
5 MHz and � � 2�� 30 MHz, both chosen to yield the
best overlap with the experiment. We attribute the reduced
coupling strength �F to the increased electric field which
splits the involved states, effectively reducing �F from
40 MHz at 160 mV to 5 MHz at 260 mV. There are three
distinct features of the measured spectra at higher den-
sities: line broadening, an enhanced excitation probability,
and an electric field-dependent shift. The model qualita-
tively describes all of these features.
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FIG. 4 (color online). Temporal evolution of the excitation
probability for the 47D5=2 state at an electric field E �
160 mV. For the smaller density of 4:7� 109 cm�3 (gray
dots), we see a damped Rabi oscillation similar to Fig. 2. For
the higher density of 1010 cm�3 (black dots), the stimulated
emission is suppressed leading to a constantly increasing
Rydberg population. The lines are the solution of the model
schematically shown in Fig. 3 for weak (dashed line) and strong
(solid line) interactions. The excitation probability is derived
from the detector signal with the scaling factor determined for
Fig. 2 [18].
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We want to emphasize that the excitation trapping de-
scribed here is not due to state redistribution by collisions
with ions [25], since we have verified that there are no ions
produced during the short excitation time. Furthermore, the
excitation volume is too small to support avalanche ion-
ization. The excitation enhancement is also different from
the antiblockade for the case where the Autler-Townes
splitting of the lower transition matches the Rydberg-
Rydberg interaction energy [26]. The mechanism pre-
sented here can be seen as an energy diffusion inside the
atom rather than a spatial diffusion which relies on internal
state swapping between atoms and is the source of a differ-
ent dephasing mechanism for energy transfer processes
[2,3]. The internal energy dissipation can even counteract
spatial diffusion by transferring the excitation into states
with different angular momenta. This can result in pair
states which are not dipole-coupled to other pair states,
thus stopping spatial diffusion. This effect can be exploited
as an exciton trap for continuous time quantum random
walk experiments [9]. It also constitutes another constraint
to states that are suited for dipole-blockade experiments
besides the already identified zeros in Rydberg-Rydberg
interactions for certain internal states [27] and atom pair
alignments [28].

We thank T. Pohl for fruitful discussions and C. Pruss
and W. Osten from the Institute for Technical Optics in
Stuttgart for the production of the beam shaping element.
The project is supported by the Landesstiftung Baden-
Württemberg within the ’’Quantum Information
Processing’’ program and by a grant from the Ministry of
Science, Research and Arts of Baden-Württemberg
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Note added.—After submission of this Letter, we be-
came aware of a complementary work which demonstrates
Rabi oscillation with an interaction-dependent damping in
microscopic samples of 1–10 atoms [29].
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133004 (2002).
[7] C. H. Greene, A. S. Dickinson, and H. R. Sadeghpour,

Phys. Rev. Lett. 85, 2458 (2000).
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FIG. 5 (color online). (a) The 47D5=2 line at an electric field of E � 160 mV=cm at densities of 1010 (solid blue line) and 4:7�
109 cm�3 (dashed red line). For the higher density, we observe a line shift and broadening and an increased excitation probability. The
smooth lines are the result of model calculations. The line shift is a result of an energy difference between jDDi and jPFi. (b) The
same for E � 260 mV=cm. The line shift is reduced to zero, while broadening and increased excitation remain. All spectra are taken
by scanning the 480 nm laser (fixed detuning from the intermediate level) with an excitation time of 400 ns.
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