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The dipole blockade of Rydberg excitations is a hallmark of the strong interactions between atoms in
these high-lying quantum states [M. Saffman, T. G. Walker, and K. Mglmer, Rev. Mod. Phys. 82, 2313
(2010); D. Comparat and P. Pillet, J. Opt. Soc. Am. B 27, A208 (2010)]. One of the consequences of the
dipole blockade is the suppression of fluctuations in the counting statistics of Rydberg excitations, of
which some evidence has been found in previous experiments. Here we present experimental results on
the dynamics and the counting statistics of Rydberg excitations of ultracold rubidium atoms both on and
off resonance, which exhibit sub- and super-Poissonian counting statistics, respectively. We compare our
results with numerical simulations using a novel theoretical model based on Dicke states of Rydberg
atoms including dipole-dipole interactions, finding good agreement between experiment and theory.

DOI: 10.1103/PhysRevLett.109.053002

Atoms excited to high-lying quantum states, so-called
Rydberg atoms, are highly polarizable and, therefore, can
interact strongly with each other at large distances [1,2].
The study of ultracold gases has opened up new avenues for
the investigation of strong atomic interactions. A wealth of
potential applications is associated with the manipulation
of ultracold atoms excited to Rydberg states interacting
through strong van der Waals (vdW) or long-range dipolar
interactions, ranging from studies of strongly correlated
quantum systems to quantum information [3]. A key sig-
nature of interactions between Rydberg atoms is the sup-
pression of fluctuations in the number of excitations due to
the dipole blockade. While evidence of the dipole blockade
has been observed in several experiments [4—7], prior stud-
ies were unable to demonstrate sub-Poissonian behavior
with a statistically significant confidence level. Also, those
studies were carried out for resonant excitation only, leav-
ing open the question of how Rydberg excitations in the
strongly interacting regime evolve for finite detuning from
resonance.

The dipole blockade is a hallmark of the strong inter-
actions between Rydberg atoms in an ultracold atomic gas.
When an ensemble of atoms is irradiated by laser light
resonant with a Rydberg excitation (either using a single
laser or a multistep excitation scheme), due to the interac-
tion between Rydberg atoms, the excitation of a particular
atom can be suppressed by a neighboring one that is already
in a Rydberg state. The radius of influence of an atom in this
sense is called the blockade radius, which depends on the
interaction strength and the linewidth of the Rydberg exci-
tation. As a result of the dipole blockade the excitation
dynamics of the atoms are strongly correlated, leading to a
cutoff in the excitation when all the available blockade
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volumes in the sample have been exhausted [8]. Another
way of describing the phenomenon is to view the atoms
within a blockade volume as a “‘superatom,” meaning that
rather than individual atoms, collective states of several
atoms are excited [9]. In the regime where the size of the
sample is larger than the blockade radius, quantum corre-
lations are expected to interconnect the whole sample. The
description of this fully correlated regime is complex and
the role of the atomic correlations on the atomic observ-
ables has recently received much attention [2]. In a simple
mean field-type model for the interacting Rydberg atoms
[10], each Rydberg atom experiences only an average
interaction energy, which corresponds to neglecting all
quantum correlations in the system. In order to reproduce
the observed fluctuations and spatial correlations of the
Rydberg excitations, however, more sophisticated ap-
proaches are needed [11-15].

While the full dynamics of Rydberg excitations in a cold
gas of thousands of atoms is difficult to access experimen-
tally, a number of experiments have observed signatures
of the dipole blockade [9], such as the suppression of the
excitation of a single atom in the presence of a nearby
Rydberg atom [6,7], the spatial correlations between
Rydberg excitations [16], and indications of a suppression
of fluctuations in the counting statistics near a Forster
resonance [5]. In this Letter, we present a comprehensive
experimental and theoretical study of the counting statistics
of Rydberg excitations of ultracold rubidium atoms in a
magneto-optical trap (MOT).

As a full quantum mechanical treatment containing the
states of all the atoms in the MOT is not feasible, the results
of our experiments are analyzed using an original theoreti-
cal model based on the well-established Dicke model of

© 2012 American Physical Society
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quantum optics. The Dicke model, originally introduced
for describing cooperative spontaneous emission or super-
radiance [17] and subradiance [18], is here modified by
including the vdW interactions between the Dicke collec-
tive states (DCSs). Our approach leads to a manageable
size of the basis set for the simulations, which is only on
the order of the number of Rydberg excitations expected,
that is, around 10-20 for our parameters, to be compared to
our experimental numbers of ultracold atoms between tens
and hundreds of thousands. The collective Dicke states
contain the full statistical information about the collective
Rydberg excitation, not only the average quantities, and
therefore allow calculation of all the moments of the
excitation statistics, in particular the measured variance
of the Rydberg excitations. Furthermore, including a cou-
pling between Dicke states of different symmetry leads to a
partially non-Markovian dynamics, which results in better
agreement with experimental findings.

In our experiments, rubidium atoms in a MOT are ex-
cited to Rydberg states with principal quantum number n
between 50 and 80 using a two-photon scheme and de-
tected, after field ionization, by a channeltron charge multi-
plier [19] (for details, see Supplemental Material [20]).
The detuning of the resulting coherent excitation from
the ground state to a highly excited Rydberg state can be
varied by changing the frequency of the second step laser at
around 1015 nm (the first step laser at 421 nm is detuned by
around a gigahertz from an intermediate resonance in order
to avoid population of that state). In the limit of vanishing
interactions between the Rydberg atoms each excitation to
a Rydberg state is independent of all the others, leading to a
Poissonian excitation process. When the interactions are
strong, however, the excitation processes are highly corre-
lated and one expects sub-Poissonian counting statistics.
These two regimes can be quantified through the Mandel O
parameter [21] defined as

2
0- - 1)

where ((AN)?) and (N) are the variance and mean,
respectively, for the number N of Rydberg excita-
tions. Experimentally, we determine Q by repeating an
excitation-detection cycle for a fixed set of parameters
between 50 and 100 times and extract the mean and the
variance from that counting distribution. Clearly, for
Poissonian processes Q = 0, while sub-Poissonian pro-
cesses are characterized by a negative Mandel parameter
0 <0 (as, for example, in the case of the photon arrival
statistics of squeezed light), with Q = —1 in the limit of
complete suppression of fluctuations. When Q >0 one
speaks of a super-Poissonian counting statistics, which
can be the result of technical noise or of enhanced fluctua-
tions intrinsic to the dynamics of the system (see discussion
below). For detection efficiencies np << 100%, the observed
value of the Mandel parameter is Qp = nQ [4,5]. This

detected value is used in all experimental figures in this
Letter. The Supplemental Material [20] reports our experi-
mental verification that a Poissonian distribution Qp, = 0is
measured in the direct photoionization process, in which
case no suppression of fluctuations is expected.

In Fig. 1, an example of the excitation dynamics to the
71Ds, state for atoms on resonance is shown. Initially, a
rapid increase in the average detected ion number is con-
comitant with a decrease in Qp. After 0.5 ws the growth in
the detected ion number slows down while Qp, fluctuates
around —0.4. Taking into account our detector efficiency
of = 40% [19], the measurements indicate that on reso-
nance a value close to Q = —1 is obtained. In the long time
limit the effect of a varying Rabi frequency across the
sample, due to both the distribution of atoms and the spatial

(Np)

o
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FIG. 1 (color online). Rydberg excitation dynamics in an ultra-
cold gas. The mean number of detected ions (Nj) and Q,, are
shown, in (a) and (b), respectively, as a function of pulse duration
for the resonant excitation of the 71Ds/, state. The blue laser
detuning from the intermediate 6P3,, F = 3 state is 1 GHz. The
number of ground state atoms is 8 X 103, the average density is
1.2 X 10'° cm™3, and the two-photon Rabi frequency is 40 kHz.
The error bars are derived from 50 experimental realizations.
The continuous lines are the prediction of our complete model,
while the dashed line in (a) is the theoretical prediction of a
model based on the Dicke symmetric states only. All quantities
are rescaled by the detection efficiency.
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of detected ions, leading to a large variance. Our theoreti-
cal model discussed below, however, indicates that the
measured positive value of the Mandel parameter off reso-
nance is also intrinsic to the excitation dynamics of the
system.

For a better understanding of the physics underlying our
experimental observations we need a theoretical treatment
of our system that gives access to the full counting statis-
tics, and hence to the Q parameter, both on and off reso-
nance. Although recent theoretical work has addressed the
expected counting statistics for on-resonant excitation of
collective Rydberg states [11,12], so far there have been no
predictions for the off-resonant case. We describe our
system as an ensemble of N, indistinguishable atoms, for
which the laser excitation results in a single wave function
superposition of a two level system composed of the
ground state |g) and the Rydberg state |R), driven by a
laser with Rabi frequency () and detuning . Our approach
is based on the DCS [17,22], characterized by the coop-
erative number r defining the symmetry and the number N
of Rydberg excited atoms, |r, N). As the laser excitation
preserves the DCS symmetry, only states with the same
symmetry number r are excited when starting from an
ultracold atomic sample described by a totally symmetric
DCS. When vdW interactions are taken into account, states
with the same symmetry and those with different symme-
tries can be coupled.

Assuming for the initial atomic wave function the fully
symmetrical nondegenerate DCS |r = N,/2, N) = |N),
and neglecting the vdW coupling between symmetri-
cal and antisymmetrical DCS, we write the atomic wave

-15  -10 -5 0 5 10 15
Detuning (MHz)

FIG. 2 (color online). Detuning dependence of collective
Rydberg excitations. The mean number of detected ions (Np)
and Qp are shown for a range of frequencies around the two-
photon excitation of state 71D/, in (a) and (b), respectively. The
(Np) data are well fitted by a top truncated Lorentzian line shape,
except in a frequency range around the maximum. The continu-
ous and dashed lines are the predictions of our complete model,
with the calculated average coupling strength and 100 times that
coupling strength, respectively. The black dot-dashed line sim-
ulates the effect of the laser jitter (assumed to be 0.5 MHz) on
QOp, assuming that Q = 0 independently of the detuning, based
on the data of (a). The blue laser detuning from the intermediate
6P3/, F = 3 state is 1 GHz. The number of ground state atoms is
5 X 10%, the average density is 4 X 109 cm™3, the two-photon
Rabi frequency is 40 kHz, and the excitation pulse duration is
0.3 us.

function as |P(z)) = %0:0 ay(?)|N),. The time evolution

of the amplitudes ay is given by the following coupled
equations [23] (with i = 1):

aN = iNBClN - l%[J(NO - N)(N + l)aN+1

+ NNy — N + Day_, ] 2)

The vdW interaction WY = WyN(N — 1)/[2(Ny — 1)]
introduces an additional term

—iWlhay (3
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to the equation of motion for ay, where W, is the sum over
all the interaction energies between pairs of Rydberg atoms
[10]. The number of excitations in the Dicke ladder is equal
to the number of Rydberg excitations, that is, a few tens in
our experiment. The solution of the above equations allows
one to calculate the cooperative mean and variance values,
and all higher moments of the number of Rydberg ex-
citations. It leads to the Rydberg excitation depicted by
the dashed line of Fig. 1, in reasonable agreement with
the experimental observations for short times, but not in the
long time limit. In addition, it predicts asymmetric pro-
files for the laser detuning dependence in the blockade
regime, not matching previous observations [24] and our
data on the detected ions vs the laser detuning shown in
Fig. 2(a).

The problem is that the vdW interaction couples the
fully symmetrical DCSs to the remaining DCSs within
a fixed N subspace, which has a large degeneracy given
by the binomial coefficient C%O. The most appropriate
orthonormal basis within that subspace is composed of
the symmetrical DCSs |N), and the superposition of
nonsymmetrical states {|N, ¢),,}, with 1 = ¢ = Cy — 1,
for which the vdW interaction matrix is diagonal. This
original basis construction, detailed in the Supplemental
Material [20], is far more general than the treatment of
the vdW interactions provided we know the basis diago-
nalizing the coupling. Within this basis the vdW matrix
contains the terms WX, W), WY (see Supplemental
Material [20]).

By writing the enlarged atomic wave function as a
superposition of symmetric and nonsymmetric states, we
obtain that the a, time evolution of Eq. (3) is completed by
terms describing the vdW coupling to the amplitude b%, of
the nonsymmetrical state. As a first approximation, we
neglect the laser excitation of the amplitudes b}, because
of their large degeneracy and the resulting weak occupa-
tion for each of them. After the elimination of the equa-
tions for b7,, the temporal evolution of the symmetric states
determined by the coupling with a bath, made up of
the remaining collective states, therefore contains both
Markovian and non-Markovian memory function contri-
butions. For our experimental conditions, this quite general
result can be simplified when calculating the memory
functions (see Supplemental Material [20]). In the end,
for each number N of Rydberg excitations, the evolution
is described by a system of two equations, one for ay and
one for a single level cy defined as the superposition of all
asymmetric DCSs of the fixed N subspace. Thus the bath is
modeled by a number of states equal to that of the sym-
metric DCSs and the total required basis set required for
the simulations is approximately twice the number of
Rydberg excitations. The bath is Markovian and produces
a shift of the symmetric DCS energy precisely compensat-
ing the vdW eigenenergy of Eq. (3). This compensation
leads to symmetric excitation profiles as in Fig. 2. The vdW

interaction for the symmetric DCS finally replaces Eq. (3)
by the following one:

— iWlcy. 4)
For the nonsymmetrical DCS

Notice that within the above equations the vdW interaction
acts as a coherent coupling between symmetrical and
antisymmetrical states, leading to a variety of coherent evo-
lution features, for instance the revivals appearing as narrow
peaks in the Q dependence on parameters as the laser detun-
ing (see Fig. 2) or the laser pulse duration. However, for each
N manifold the revival conditions are slightly different, and
for a large number of Rydberg excitations, the revivals are
washed out. The last step of this theoretical analysis is the
introduction of the laser excitation into evolution of cy. We
treat it perturbatively, with a limitation on the temporal
evolution imposed by the spectral linewidth Aw of the
excitation laser. The final equations are reported within the
Supplemental Material [20].

Typical results of numerical simulations using the Dicke
model are shown in Figs. 1 and 2 together with our experi-
mental data. Clearly, the salient features of the experiment
are reproduced well by our model, both in the dynamics
and in the dependence on the detuning. In particular, the
off-resonant behavior of the Q factor, which in the experi-
mental data features two symmetric peaks, is also visible in
the simulation. The variation in the interatomic interaction
curves (see Supplemental Material [20]) is reflected in the
uncertainty in our determination of the coupling strength
for the theoretical curves in Fig. 2. Perfect quantitative
agreement between experiment and theory is not expected
as the Dicke model does not, at this time, include the
spatially varying atomic density of the MOT, Doppler
broadening, the spatial inhomogeneity of the excitation
lasers, the full manifold of sublevels of the Rydberg states,
and the effects of magnetic and possible residual electric
fields, all of which might contribute to the larger linewidth
observed experimentally. In particular, the dip in the
Rydberg number around zero detuning seen in Fig. 2(a)
could be smoothed out when taking into account the den-
sity variation over the cloud. In fact, Fig. 3 shows that the
variation of Q with the detuning depends strongly on the
density (or, equivalently, on the Cq coefficient that de-
scribes the van der Waals interaction between Rydberg
atoms). As the density is increased, the value of Q on
resonance goes from zero to a limiting value of around
—0.7, whereas the position and height of the off-resonant
peaks symmetric around zero detuning increase steadily.
In order to get better agreement, one could either perform
experiments with close to uniform atomic densities (e.g.,
using flattop excitation beams much smaller than the
atomic sample) or develop a theoretical description that
allows for the nonuniform density to be included.
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FIG. 3 (color online). Predictions for the detuning dependence
of collective Rydberg excitations. (a) Theoretical dependence of
the Q parameter on the laser detuning for a range of atomic
densities (in cm™3): 1 X 10'° (thin blue line), 4 X 10'° (dashed
green line), 10 X 10'° (dot-dashed orange line), and 40 X 10'°
(thick red line), respectively. (b) Dependence on the density of
the on-resonant Q (blue line) and the value of Q (dot-dashed red
line) and position (black dashed line, right-hand scale) of the first
off-resonant peaks.

In summary, we have shown clear evidence of sub-
Poissonian counting statistics of Rydberg excitations in
an ultracold atomic sample, which are a clear signature
of many-body quantum correlations in such a system. We
have characterized both the dynamics and the dependence
on the detuning of the Q parameter and reproduced the
main features of both using a novel model. In future
studies, it will be interesting to look directly at the spatial
correlations between Rydberg excitations [16], at the
counting statistics for the antiblockade regime of [25], and
at other, more indirect, signatures of Rydberg-Rydberg
interactions, for example in electromagnetically induced
transparency experiments [26].
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