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We experimentally realize Rydberg excitations in Bose-Einstein condensates of rubidium atoms loaded

into quasi-one-dimensional traps and in optical lattices. Our results for condensates expanded to different
sizes in the one-dimensional trap agree well with the intuitive picture of a chain of Rydberg excitations.
We also find that the Rydberg excitations in the optical lattice do not destroy the phase coherence of the
condensate, and our results in that system agree with the picture of localized collective Rydberg

excitations including nearest-neighbor blockade.
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Rapid progress in cold atom physics in recent years has
led to ambitious proposals in which the strong and control-
lable long-range interactions between Rydberg atoms [1]
are used in order to implement quantum computation
schemes [2—6] and quantum simulators [7-9]. One central
ingredient of these schemes is the dipole blockade, which
has been observed for pairs of atoms [10,11] and disor-
dered ultracold atomic clouds [12—-17]. In the dipole block-
ade mechanism, the excitation of an atom to a Rydberg
state is inhibited if another, already excited, atom is less
than the so-called blockade radius r, away [1].

In the case of a large number of atoms, a simple physical
picture is that of a collection of superatoms [18] in which a
single excitation is shared among all the atoms inside the
blockade radius [14,19,20]. As pointed out in Ref. [3], this
suggests that experiments requiring single atoms excited to
Rydberg states can also be performed with such collective
Rydberg excitations of hundreds or thousand of atoms,
making it possible to work with, e.g., Bose condensates
(BECs) loaded into optical lattices (OLs) without the need
for single-atom occupation of the lattice sites.

Here we demonstrate the realization of one-dimensional
chains of collective Rydberg excitations in rubidium
BECs. In addition, we study the excitation dynamics of
up to 50 Rydberg excitations in a BEC occupying around
100 sites of a one-dimensional optical lattice. Classical and
quantum correlations and highly entangled collective
states are expected to be created, as pointed out in
Ref. [21] for one-dimensional Rydberg gases and in
Ref. [22] for one-dimensional OLs. Our experiments
make it necessary to combine techniques for obtaining
BEC:s in dipole traps and OLs with those for creating and
detecting Rydberg atoms. While the former require a vac-
uum apparatus with large optical access, the latter demand
precisely controlled electric fields. In our setup (see Fig. 1),
we reconciled these requirements by adding external field
electrodes to the quartz cell of our cold atom apparatus and
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carefully studying the operating conditions under which
the best field control and highest detection efficiency of the
Rydberg atoms was achieved.

In our experiments we first create BECs of up to 10° 87-
Rb atoms in a crossed optical dipole trap. Quasi-one-
dimensional atomic samples of length / are then created
by switching off one of the trap beams and allowing the
BEC to expand inside the dipole trap for up to 500 ms.
Rydberg states with principal quantum number n between
55 and 80 are subsequently excited by using a two-color
coherent excitation scheme with one laser at 420 nm
(obtained by frequency doubling of a 840 nm beam;
beam waist 120 gm, maximum power 20 mW) blue-
detuned by 0.5-1 GHz from the 6P;, level of

Lattice Beams

Rydberg
excitation .

beam§_,,..--" !

Electrode

Channeltron

|
Quartz cell
Electrode

FIG. 1 (color online). Experimental setup. The Bose-Einstein
condensates are created in the optical dipole trap (only one arm
of the trap is shown here) and can then be expanded in the dipole
trap by switching off one of its arms and/or being loaded into the
optical lattice. The Rydberg excitation beams are almost parallel
to the horizontal arm of the dipole trap, and field ionization and
detection of the Rydberg excitations is achieved by using the
electrodes (outside the quartz cell) and the channeltron, respec-
tively.
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87-Rb, and a second laser at 10'°-10%° nm (beam waist
150 pm, maximum power 150 mW). Both lasers are
locked via a Fabry-Perot cavity to a stabilized reference
laser at 780 nm. Finally, the Rydberg atoms are detected
with efficiency n = 35 = 10% [23] by field ionization
followed by a two-stage acceleration towards a channeltron
charge multiplier. The electrodes for field ionization and
acceleration are placed outside the glass cell in which the
BEC is created (the numbers of Rydberg atoms given
throughout this Letter are corrected for 7). In previous
experiments using Rydberg states with n = 30-85, we
demonstrated field control at the mV cm™! level [24].
The highly elongated atomic clouds thus created are up
to / = 1 mm long, while their radial dimensions are on the
order of 1-2 um (radial dipole trap frequencies are around
100 Hz). Since the expected blockade radii for the Rydberg
states used in our experiments range from 5 to 15 wm, this
suggests that at most one excitation fits radially into the
BEC and that the total number of Rydberg excitations
should depend on /. In order to test this picture, we align
the two excitation lasers so as to be almost parallel to the
dipole trap beam in which the BEC expands. After the
expansion, Rydberg atoms are created by using pulses of
up to 1.5 us duration (during which the expansion is
frozen and Penning and blackbody ionization [25] were
found to be negligible) and finally detected by field ion-
ization. The pulse duration is chosen such that the system is
in the saturated regime in which the number of Rydberg
atoms levels off after an initial increase on a time scale of
hundreds of nanoseconds [14]. Figure 2(a) shows typical
results of such an experiment for excitation to the 66Ds ,
state using a | ws excitation pulse, in which a linear
increase of the number of Rydberg atoms with the length
of the condensate is visible. This result agrees with the
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FIG. 2 (color online). Rydberg excitation in an expanded con-
densate. (a) Number of 66Ds,,-Rydberg excitations (derived
from the number of detected ions and the detector efficiency)
for an excitation pulse of 1 ws duration as a function of the
condensate length. The error bars indicate the standard deviation
of the mean. (b) Measured blockade radius r;, as a function of the
principal quantum number n. The dashed line is the theoretically
predicted value assuming a total laser linewidth of 300 kHz.

simple intuitive picture of superatoms being stacked in a
one-dimensional array. The highly correlated character of
the Rydberg excitations thus created is further demon-
strated by analyzing the counting statistics of our experi-
ments, which are strongly sub-Poissonian for short
expansion times of a few milliseconds with observed
Mandel Q factors [26] of Q. = —0.3, where Q. =
AN/{N)— 1 with AN and (N) the standard deviation
and mean, respectively. By taking into account our detec-
tion efficiency 7, this indicates actual Q factors close to
—1 (since the observed Q factor Qs = 10 ,c0)-

From the data in Fig. 2(a), we can extract the mean
distance between adjacent superatoms, assuming a close-
packed filling of the one-dimensional atomic cloud. To this
end we take into account that in the saturated regime the
individual superatoms perform Rabi oscillations between
their ground and excited states and that hence on average
only half of the superatoms are in the excited state. In
Fig. 2(b), the blockade radius measured in this way is
shown for different Rydberg states, together with the theo-
retically expected value [1] for a pure van der Waals inter-
action following an n''/® scaling (due to the n'! scaling of
the Cy coefficient and the r~® dependence of the interac-
tion on the atomic distance r) and assuming a total line-
width (intrinsic plus Fourier-limited) of our excitation
lasers of around 300 kHz. The measured values for r;, of
5-15 pm confirm our interpretation of an essentially one-
dimensional chain of Rydberg excitations. For high-lying
states with n > 75 we find deviations from the theoretically
expected scaling with n, which may be due to small electric
background fields. By deliberately applying a small elec-
tric field during the excitation pulse, we have checked that,
for large n, an electric field on the order of a few mV/cm
can lead to a dipole-dipole interaction energy contribution
(scaling as n*/3) on the order of the usual van der Waals
interaction, resulting in an effective blockade radius that is
substantially larger than what is expected for the pure
van der Waals case. These observations confirm that, in
spite of the compromise made in our setup in order to
accommodate the necessary laser beams as well the elec-
tric field plates and the channeltron, we are able to avoid
background electric fields larger than around 1 mV/cm by
carefully choosing the parameters for our pulse sequences.

Having demonstrated the one-dimensional character of
the Rydberg excitation in the elongated condensate, we
now add an optical lattice along the direction of the one-
dimensional sample by intersecting two linearly polarized
laser beams of wavelength A; = 840 nm at an angle 6,
leading to a lattice with spacing d; = A; /[2sin(6/2)]. The
optical access in our setup allows us to realize spacings up
to = 13 um. For the smallest spacing d; = A\, /2 =
0.42 pm, the maximum depth V,, of the periodic potential
V(x) = Vysin(2wx/d;) measured in units of the recoil
energy E,. = h*m*/(2md?) (where m is the mass of the
atoms) is V,/E,. ~ 20, whereas for the largest lattice
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spacing Vy/E,.. ~ 5000. By varying d; between 0.42 and
=~ |3 um, we interpolate between the extremes d; << ry,
in which the Rydberg excitation on one site interacts
strongly with other excitations many sites away, and d; =
rp,, where only nearest neighbors interact significantly [see
Fig. 3(a)]. Since in the lattice direction the size Ax of the
on-site wave function is around Ax = d; /[7(Vy/Ew)"*],
the depth of the OL is chosen to ensure that the ratio Ax/d;
is less than = 0.1 and hence Ax < ry,.

In a preliminary experiment we test the effect of several
Rydberg excitation cycles on the condensate phase coher-
ence between the lattice sites for d; = 0.42 um and hence
d; < rp. After creating Rydberg excitations with a 1 us
pulse, we perform a time-of-flight experiment by suddenly
switching off the dipole trap and the optical lattice and
imaging the atomic distribution after 23 ms of free fall.
The resulting interference pattern confirms that, even after
the projective Rydberg measurement by field ionization,
the degree of phase coherence of the ground-state conden-
sate wave function is not modified by the short-range
correlations among the atoms created by the collective
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FIG. 3 (color online). Rydberg excitation in an optical lattice.
(a) Schematic representation of the experiment. Depending on
the lattice spacing d; and the blockade radius r,, a collective
Rydberg excitation (indicated by the blue spheres) can either be
confined to a single lattice site (above) or extend over several
lattices sites (below). (b) Time-of-flight profile of a condensate
released from an optical lattice with d; = 0.42 um, Vy/E,.. ~
10, and r, = 6 um before (blue line) and after ten cycles of
Rydberg excitation to the 53Ds , state (pulse duration 1 wus) and
subsequent detection of the Rydberg atoms by field ionization
(red line). The virtually identical interference profiles show that
the overall phase coherence of the condensate is not affected by
the collective Rydberg excitations.

Rydberg excitations. As shown in Fig. 3(b), more than 10
excitation-detection cycles can be performed on the same
condensate without a noticeable loss of phase coherence or
atom number, allowing us to enhance the statistical sample
size in our experiments.

In order to study the dynamics of Rydberg excitations in
the lattice in the regime d; = r,, we create a one-
dimensional sample of well-defined length with a reason-
ably uniform atom distribution, sharp boundaries, and a
controllable average atom number per lattice site by ex-
panding the condensate for a given time, then ramping up
the power of the lattice beams, and ramping down the
power of the dipole trap beam to a value for which outside
the lattice region atoms are lost from the trap. In the over-
lap region of the lattice and the dipole trap (whose length is
given roughly by the lattice beam diameter), the combined
radial trap depth is sufficient to hold the atoms against
gravity. The n; =~ 100 filled lattice sites (d; = 2.27 umis
chosen for this experiment) each contain on average
N; = 50-500 atoms. Since the dimensions of an on-site
wave function are around 2 pm radially and 0.2 pm in the
lattice direction, we expect each lattice site to contain at
most one single collective Rydberg excitation in effec-
tively “‘zero-dimensional” atomic clouds. In this system
we measure the number of atoms in the 53Ds,, Rydberg
state as a function of time by varying the duration of the
excitation pulse [see Fig. 4(a)]. Our observations can be
interpreted by using a simple numerical model that con-
tains a truncated Gaussian distribution N; of atom numbers
on the lattice sites labeled by i leading to a distribution of
on-site collective Rabi frequencies \/a@N; o1, Where the
single-particle Rabi frequency (e ~ 27 X 30 kHz for
our experimental parameters. Here a = [r,/d; ] is the
nearest (larger) integer number to r,/d; and describes
the number of sites taking part in a collective excitation.
Another way of putting this is to observe that, since «
Rydberg excitations of neighboring lattice sites are
suppressed by the dipole blockade, on average only 1/«
of the lattice sites can contain an excitation. (The inter-
actions between more distant neighbors through the
van der Waals interaction are smaller by a factor of 2°
compared to nearest-neighbor interactions.) Taking into
account the average over the Rabi-flopping cycle of each
excitation, when o = 2 we expect to have around ;{nL
collective excitations present in the lattice in the saturated
regime.

In order to visualize the scaling of the collective Rabi
frequency with /N;, in Fig. 4(b) we plot the results of our
experiments as a function of the pulse duration normalized
to the collective Rabi frequency for the largest N;. By using
that scaling, all the curves of Fig. 4(a) collapse onto a
single curve. One also sees a distinct change in the slope
of the excitation curves at a normalized pulse duration of
0.5 ws, where the fraction of lattice sites containing a
Rydberg excitation is around 0.25. This point indicates
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FIG. 4 (color online). Dynamics of Rydberg excitations in an
optical lattice. (a) Number of 53Ds,, Rydberg excitations as a
function of the pulse duration 7, for different average atom
numbers per lattice site: (N;) = 500 (filled circles), (N;) = 200
(open squares), and (N;) = 50 (filled triangles). (b) Here the
experimental results of (a) are plotted against the renormalized
pulse duration 74/(Np.<)/{N;), with (N,..) the largest atom
number. The vertical axis is scaled in terms of the fraction of
lattice sites containing a collective excitation. For clarity, in (b)
error bars have been omitted. The dashed line is the numerical
simulation for a = 2 (see the text).

the crossover to the saturated regime in which the number
of excitations should, in principle, level out but in practice
continues to grow. We believe this slow increase for long
excitation times to be due to dephasing effects induced by a
coupling between the superatoms. That coupling can be
introduced into our model via a small dephasing rate &
between the lattice sites, chosen such as to reproduce the
observed long-term increase in the number of collective
excitations. Finally, in the transient regime we see the
remnants of a coherent Rabi oscillation, which is washed
out due to the different local collective Rabi oscillations
adding up. The expected number of Rydberg excitations as
a function of time P(r) is then given by

1
P(t) = — E sin? (v a N Qgpgre? + ONgi), (1
ass

where N, = D ;N; is the total number of atoms and the
best fit is found for § = 1073, The factor a outside the
summation accounts for multiple counting when o > 1. As

can be seen in Fig. 4(b), this model reproduces the basic
features observed in our experiment.

We have demonstrated the controlled preparation of
Rydberg excitations in large ensembles of ultracold atoms
in one-dimensional dipole traps and in optical lattices. Our
results can straightforwardly be extended to two- and
three-dimensional lattice geometries, and the lattice spac-
ings realizable in this work should allow single-site ad-
dressing as well as selective control of the Rydberg
excitations. In particular, it will be important to verify
whether long-range crystalline order can be created by
implementing adiabatic transfer protocols as recently pro-
posed in Refs. [27,28] and what kinds of effects on the
condensate coherence are to be expected, e.g., due to the
Rydberg-Rydberg interactions or due to the ions created
during detection. Furthermore, appropriate ion detection
techniques such as those involving microchannel plates
should allow direct observation of the distribution of
Rydberg excitations in the Ilattice and in the one-
dimensional trapping geometry.
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