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Atom Counting Statistics in Ensembles of Interacting Rydberg Atoms
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We show that the probability distributions for the number of Rydberg excitations in small ensembles of
cold atoms, excited using short (100 ns) laser pulses, can be highly sub-Poissonian. The phenomenon
occurs if the atom density and the principal quantum number of the excited Rydberg level are sufficiently
high. Our observations are attributed to a blockade of the Rydberg atom excitation.
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Excitation of ensembles of cold atoms into Rydberg
states produces collective quantum states in which
Rydberg excitations are coherently distributed among all
atoms. For instance, the first excited state of an N-atom
ensemble
p P is a state with one shared excitation, jN; 1i 
1= N  N
i1 jg1 ; g2 ; . . . ; ri ; . . . ; gN i, where the subscripts
are atom labels, and jgi denotes an atom in the ground and
jri an atom in the Rydberg state. Because of interactions
between Rydberg atoms, such as van der Waals and dipoledipole interactions, the energy levels of the system deviate
from an equidistant ladder Ek  kERyd , where k is the
number of Rydberg excitations and ERyd the energy of a
single, isolated Rydberg atom. In the illustration in
Fig. 1(a), the energy of the second excited state, jN; 2i, is
lowered by an interaction energy VInt . If the laser excitation
is tuned to the lowest transition jN; 0i ! jN; 1i and the
excitation bandwidth is less than jVInt j=h, there is negligible excitation of all but the first collective excitation
jN; 1i. Such a blockade effect of Rydberg atom excitation
has recently received much attention because it can be
useful in quantum information processing [1,2], quantum
cryptography [3], and in improving spectroscopic resolution [2]. Experimental evidence of a suppression of
Rydberg excitation in large samples has been obtained
[4,5]. Moreover, additional studies of Rydberg systems
have been carried out to characterize the blockade [6–10]
and to design a quantum phase gate [11,12]. In this work
we present evidence for a blockade effect using an atom
counting approach, in which the blockade manifests itself
via sub-Poissonian Rydberg atom counting statistics. The
statistical method differs from previous work [4,5] in that it
is particularly well suited for the study of few-atom
samples rather than large atom clouds. If the Rydberg
blockade is to be used in quantum information processing
applications, it will be important to learn how to employ
the blockade in small atomic systems.
Within an extended atomic ensemble with a Rydbergexcitation blockade, it is expected that there will be multiple uniform regions in which only one collective excitation occurs; such regions are represented by the bubbles in
Fig. 1(b). The radius Rb of these bubbles is determined by
the strength of the Rydberg-Rydberg interaction and the
0031-9007=05=95(25)=253002(4)$23.00

laser bandwidth, which is 5 MHz in our experiment [13].
The number of Rydberg excitations in the whole ensemble
approximately equals the number of bubbles that fit into
the excitation volume. Thus, from one realization of the
excitation process to another, the number of Rydberg excitations does not fluctuate greatly. Therefore, a Rydbergexcitation blockade is expected to result in a subPoissonian distribution of the number of Rydberg excitations. We observe this effect by repeated generation and
measurement of Rydberg excitations in identically prepared atomic ensembles. We thereby establish a close connection between the Rydberg atom counting statistics and
the presence of a blockade in the Rydberg atom excitation.
A recent simulation of strongly interacting atoms by
Robicheaux [14] appears to be consistent with our findings.
In our experiment, 85 Rb atoms are collected in a vapor
cell magneto-optical trap (MOT) and excited into nD
Rydberg states using two-photon excitation. The lower
(5S ! 5P,   780 nm) and the upper transitions (5P !
nD,   480 nm) are excited using coincident, counterpropagating, on-resonant laser pulses of 100 ns duration.
The laser pulses are formed by passing frequencystabilized continuous-wave lasers through amplitudemodulated acousto-optic modulators. The laser beam driving the lower transition has a linewidth of 1–2 MHz and is
collimated to about 3 mm, which is much larger than the
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FIG. 1 (color online). (a) Lowest collective states of an ensemble of N atoms containing k Rydberg excitations. RydbergRydberg interaction causes an energy shift VInt of the state
jN; k  2i. (b) Model of an extended atomic ensemble with a
Rydberg-excitation blockade of a range Rb . Each ‘‘bubble’’
represents a region in which, ideally, there exists exactly one
Rydberg excitation.
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MOT size. We use Rabi frequencies of the lower transition
in a range from 3 to 9 MHz, as determined by AutlerTownes measurements [13]. The beam driving the upper
transition is derived from a frequency-doubled 960 nm
diode laser (Toptica Laser DL-100) that is locked to a
pressure-tuned Fabry-Perot cavity [15] and has a linewidth
of 5 MHz (at 480 nm). To achieve sufficiently large Rabi
frequencies on the upper transition, the 480 nm beam is
focused into the MOT with a full width at half maximum
diameter of the intensity distribution of 16 m  1 m,
which is much less than the MOT size. The Rayleigh
length of the 480 nm beam is 1:1 mm  0:1 mm, which
is larger than the MOT size. The MOT was run at a higherthan-usual field gradient (50 G=cm) and with quite smalldiameter laser beams in order to limit the MOT diameter to
500 m while still having a central atom density of about
5  109 cm3 . In this configuration, we achieve densities
of a few times 108 cm3 of high-lying Rydberg states
(principal quantum numbers n  54–84) in a cylindrical
volume of about 20 m in diameter and about 500 m in
length that contains of order 1000 ground-state atoms.
The Rabi frequency on the lower transition is practically
constant in this volume, while the Rabi frequency on the
upper transition falls off with the distance from the beam
axis. As the target Rydberg state is varied from 54D5=2 to
84D5=2 , the Rabi frequency of the upper transition at a
beam power of 1.2 mW varies from 5 to 2:5 MHz. To
avoid detector saturation and ionization, which are discussed below, we typically reduce the intensity of the
upper-transition beam such that only about 50 Rydberg excitations are generated in the above specified volume. Each
excitation is associated with a bubble such as in Fig. 1(b).
As n varies from 50 to 90, the number of ground-state
atoms in each bubble increases from roughly one to ten.
About 700 ns after the excitation pulses, the Rydberg
excitations are field ionized using an approximately linear
field ionization ramp. The liberated electrons are detected
using a micro-channel plate (MCP) detector, and the MCP
pulses are counted. This sequence is repeated up to 5000
times. The resultant probability distributions for the counting results yield the Rydberg atom counting statistics.
In Fig. 2(a), we show a typical Rydberg atom counting
statistics for excitation into the 84D5=2 Rydberg level. A
comparison between the measurement result [histogram in
Fig. 2(a)] and a Poissonian distribution with the same
average [line in Fig. 2(a)] shows that the Rydberg atom
counting statistics is sub-Poissonian. The degree of subPoissonian character is a measure of blockade effectiveness. As a quantitative parameter characterizing the width
of the distribution we use the Mandel Q parameter, defined
as the variance in the count distribution divided by the
2
2
 1 [16].
mean number of counts minus one, Q  hN ihNi
hNi
Values of Q > 0 correspond to super-Poissonian, Q  0 to
Poissonian, and Q < 0 to sub-Poissonian distributions. The
distribution in Fig. 2(a) is found to have a Q value of
0:51  0:04, which qualifies as highly sub-Poissonian.
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FIG. 2. (a) The histogram shows the probability distribution of
the number of detected 84D5=2 Rydberg atoms, obtained from
5000 realizations of the experiment. A highly sub-Poissonian Q
value of 0:51  0:04 is found. To make the sub-Poissonian
character of the measured distribution more apparent, the histogram is compared with a Poissonian with the same average
(line). (b) Reference experiment at a Rydberg atom density
that is 100 times lower than in (a). A close-to-Poissonian
QD value of 0:08  0:04 is found.

It is noted that the Q value of the detected number of
Rydberg atoms, henceforth referred to as QD , is not the
same as the Q value of the number of Rydberg atoms
present in the sample before detection, referred to as QA .
While QD is what we measure, QA actually is of higher
fundamental interest. If each Rydberg atom produces a
count with a fixed probability , which is a physical
property of the utilized MCP detector, then QD  QA .
Since QA 1, our measurement result QD  0:51
implies that  0:51. An  value of 0.51 is at the lower
limit of the range of typically specified MCP detection
efficiencies for low-energy electrons. The range 0:5 &
 & 0:85 given in Ref. [17] corresponds to 1 & QA &
0:60 for a measured QD  0:51. It is concluded that
with certainty QA 0:51, and that QA 0:60 for the
likely case that the  value of the MCP installed in our
system lies within a typical range.
In the low-density reference experiment shown in
Fig. 2(b), the diameter of the upper-transition (5P3=2 !
84D5=2 ) laser beam was increased by about a factor of 10
while adjusting its intensity to yield an average of 30
detected Rydberg atoms. The excitation volume in the
reference experiment was about a factor 100 larger than
under the conditions of Fig. 2(a), and the Rydberg atom
density about a factor 100 lower. The reference experiment
yields a Rydberg atom counting statistics that is close to
Poissonian, with a QD value of 0:08  0:04. This result
reflects the fact that the average Rydberg-atom separation
R in the reference experiment is a factor of order 4 larger
than under the conditions of Fig. 2(a). Consequently, vander-Waals and dipole-dipole interactions —which scale as
1=R6 and 1=R3 , respectively —do not contribute significantly to the results of the reference experiment [Fig. 2(b)].
There, the observed counting statistics is determined by the
variation in ground-state atom number and the low excita-
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tion probability of an isolated atom rather than by the
number of ‘‘bubbles’’ contained in the excitation volume
(as suggested in Fig. 1).
We have investigated the dependence of the QD values
on n. For each data point in Fig. 3, the powers of the
excitation lasers were adjusted such that the average number of counted Rydberg atoms was 30. For n & 58, the
QD values approach zero. Thus, for n & 58 the excitation
process appears to be random. In the range 58 & n & 77,
the QD value drops from 0 to 0:5 and levels out at 
0:5 for n * 77. We attribute this behavior to an excitation blockade in the Rydberg atom excitation process that
becomes increasingly important for larger n. Figure 3
demonstrates the transition between the uncorrelated domain (n & 58) and the blockade domain (n * 77).
The observed blockade originates most likely from a
few near-elastic resonances of the type jn; li jn; li !
jn0 ; l0 i jn00 ; l00 i with large matrix elements hn; ljrjn0 ; l0 i
and hn; ljrjn00 ; l00 i (jn; li is the initial state). For simplicity,
we assume that only one such coupled state is important
and that it differs in energy by E from the initial state.
The perturbed energy levels of a pair of atoms in Rydberg
states, located at a separation RRyd , are obtained by diagonalizing a 2  2 matrix with values E=2 and E=2
on the diagonal and a value of order n4 =R3Ryd on the offdiagonal elements [6]. There, the off-diagonal elements
account for the dipole-dipole interaction. The bubble diameter 2Rb of Fig. 1(b) is approximately obtained by
equating the interaction-induced level shift with the laser
p
E=22 n4 =2Rb 3 2 
linewidth L , i.e., by
E=2  L . In our experiment L  h  5 MHz (in
laboratory units). For rubidium nD5=2 Rydberg states with
50 & n & 90, E typically is of order h  100 MHz.
Using this estimate, level shifts of order L require coupling terms n4 =2Rb 3 of order h  20 MHz. The corresponding bubble diameters are 2Rb  8 m for n  58
and 2Rb  12 m for n  77. Since the average separation between ground-state atoms is R  6 m, from these
bubble-size estimates it appears reasonable that the block-

FIG. 3. QD values as a function of principal quantum number
n. The average number of detected Rydberg atoms is kept
constant at about 30.
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ade gradually develops over the observed range 58 & n &
77.
A question of some interest is whether the Rydberg
interactions in the blockaded ensemble are of dipole-dipole
or van der Waals character. Following Ref. [6], we compare
the off-diagonal and the diagonal elements of the above
mentioned matrix and note that the interaction has dipoledipole character if n4 =R3Ryd > E and van der Waals character if n4 =R3Ryd < E. In the previous paragraph we have
estimated E  h  100 MHz and, for atom pairs with
separations of the order of the bubble diameter, n4 =R3Ryd 
h  20 MHz (in laboratory units). Therefore, atom pairs
that are close enough to be ‘‘just about blockaded’’ mostly
interact via van der Waals interaction, regardless of n. On
the other hand, in the deeply blockaded domain there exist
many atom pairs at distances
2Rb , for which the interaction takes dipole-dipole character. For instance, for n 
84 we estimate a bubble diameter of 2Rb  13 m and a
critical separation below which the interaction leans towards dipole-dipole character of about 8 m. In this case,
a fraction of 8=133  25% of the blockaded atom pairs
are blockaded by dipole-dipole interaction. It is noted that
all estimates in this and the previous paragraph are strictly
qualitative. The exact values of E and the dipole-dipole
interaction matrix element can shift the balance towards
either side. Also, the assumption that there exists a single,
dominant dipole-dipole interaction channel is not expected
to hold in generality.
Varying the frequency of the upper-transition (5P3=2 !
nD5=2 ) laser, we studied the width of the Rydbergexcitation lines as a function of the intensity of the
upper-transition laser. Over the full range of intensities
we were able to realize with our laser, the FWHM linewidth was observed to slightly increase from  12 MHz to
 14 MHz. This result is in strong contrast to Ref. [5],
where substantial line broadening is reported. We attribute
this difference to the absence of secondary effects in our
experiment, as discussed in the next paragraph. We have
further observed that the average number of detected
Rydberg atoms versus the intensity of the upper-transition
laser exhibits a saturation behavior similar to that reported
in Ref. [4], which has been attributed to a Rydbergexcitation blockade. Finally, we have investigated how
the QD values depend on the detuning of the uppertransition laser from the center of the Rydberg-excitation
line. On both sides of the line the QD values increase from
about 0:5 to zero, and the increase occurs more rapidly
on the blue-detuned side than on the red-detuned side. A
full understanding of the line shapes and the dependence of
QD on detuning awaits a theoretical analysis.
While the high susceptibility of Rydberg atoms to external fields and other Rydberg atoms makes the blockade
effect possible, it also leads to experimental challenges in
distinguishing the blockade from other effects. Long excitation pulses inevitably cause Rydberg atom ionization and
plasma formation when large densities of Rydberg atoms
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FIG. 4. State-selective field ionization spectra taken under the
same conditions as in Fig. 3 for the indicated principal quantum numbers. The linear field ionization ramp pulse starts at time
t  0. Only the case n  79 shows a very small free-electron
component.

are excited [6,18,19]. If plasma formation occurs during
the course of the excitation pulse, plasma electric fields
could cause line broadening and saturation of Rydberg
atom excitation due to Stark shifts, thus mimicking a
blockade effect. To exclude this possibility, we have verified by state-selective field ionization that between excitation and detection the number of free electrons generated
is negligible (see Fig. 4). The main peaks in Fig. 4 are
adiabatic field ionization signals of the initial state. The
broad signals, which are only present at very high n, are
likely to be diabatic field ionization signals (as opposed to
collision-induced features) because they did not noticeably
depend on the number of excited Rydberg atoms. The field
ionization ramp reaches 110 V=cm, which is sufficient to
ionize all initial-state atoms with n as low as 42. Even if
there were l- or m-changing collisions, for which we have
found no indication under the conditions used, we could
have detected all high-l states for n as low as 59. It needs to
be stressed that we had to use excitation pulses as short as
100 ns in order to achieve ionization- and collision-free
conditions. Moreover, transform-limited pulses with temporal widths shorter than 10 ns should not be used, because the bandwidth of these pulses would be too large to
resolve the interaction-induced energy level shifts that give
rise to the blockade phenomena discussed in this Letter.
Therefore, the range in pulse length  suitable for the reported experiments is limited to about 10 ns &  & 100 ns.
Another important aspect to be considered is that detector saturation may lead to a sub-Poissonian counting distribution, even if the underlying atom distribution were
Poissonian. In our experiments, the Rydberg atoms are
field ionized with field ionization pulses having ramp
speeds ranging from 0:35 V=cm=s to 1:1 V=cm=s
and are then detected by the MCP detector. The MCP
pulses have a width of about 5 ns and are detected using
a gated discriminator/pulse counter. The field ionization
ramp speeds were chosen slow enough that, for an average
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number of 30 detected Rydberg atoms, the probability that
any of the MCP pulses would overlap was deemed negligible. To test this assertion experimentally, we have taken
data such as those shown in Fig. 2(a) for 100, 60, 30, 20,
and 10 average Rydberg counts and at n  84. In this test,
the average number of Rydberg counts was adjusted by
varying the lower-transition Rabi frequency. The uppertransition Rabi frequency and geometrical parameters such
as spot sizes were fixed. The QD values did not change
more than 0:04, with QD values becoming slightly less
negative for higher average counts. Therefore, we are
certain that at an average count of 30, used in most data
shown, detector saturation did not systematically reduce
the measured QD values.
Using pulsed laser excitation of cold-atom clouds, we
have shown that a blockade due to Rydberg-Rydberg interactions can be used to produce collective Rydberg atom
excitations characterized by a highly sub-Poissonian
number-state distribution. We have estimated that the
blockade is predominantly caused by van der Waals interactions. Future work will include detailed studies of the
spectral structure of the Rydberg resonance line and of the
dependence of Q on the detuning of the excitation laser
from the center of the resonance. Also, it is planned to
study smaller atomic samples and interactions between
such samples, as these will be appropriate for further
development of this research towards applications in quantum information processing.
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