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Superradiance decoherence caused by long-range Rydberg-atom pair interactions
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This Research Letter reports on the observation of superradiance decoherence caused by long-range dipole-
dipole interactions between Rydberg atoms. A cold atom cloud is prepared in the mode volume of a weakly
driven optical cavity and excited to a Rydberg state. The cavity transmission monitors the Rydberg dynamics
in real time and detects superradiant enhancement of the transition rates between neighboring Rydberg states.
The observed enhancement is reduced for increasing Rydberg atom density: a signature of atom pair interactions.
The observations are explained within a model based on the idea of Rydberg blockade reducing the atom number
participating in the Dicke state, responsible for superradiance.
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I. INTRODUCTION

Rydberg atoms offer important prospects for realizing
quantum gates [1,2], quantum memories [3], single-photon
devices [4,5], and long-range interacting many-body quantum
systems [6]. A key step is the efficient coherent excitation
of Rydberg atoms [7,8]. At room temperature, black-body
radiation (BBR) couples neighboring Rydberg states. As a
result, the coherent excitation of Rydberg atoms is spread over
several states [9]. Furthermore, superradiance (SR) can lead
to a speedup of this process as observed with atomic beams
in a superconducting microwave cavity [10] or triggered in
free space by a weak microwave pulse [11]. Nonetheless,
BBR-induced superradiance in clouds of cold atoms has
been controversially discussed in the Rydberg community, as
some experiments have reported its direct or indirect observa-
tion [12–15], whereas others have reported its absence [16].
Atomic interactions, already known to lead to line broadening
of Rydberg states [17,18], also offer a possible explanation of
superradiance suppression. In particular, a recent theoretical
work [19] has shed light on the debate by considering the
influence of dephasing, induced by dipole-dipole interactions,
on superradiance, and the competition between superradiant
transitions.

This Research Letter experimentally addresses the ques-
tion of why superradiance is observed in some cold Rydberg
experiments and not in some others. It investigates the in-
fluence of dipole-dipole interactions on superradiance by
tracking the time dynamics of a Rydberg state for various
Rydberg atom densities. It turns out that superradiant en-
hancement is favored by more dilute atom clouds. In order
to explain the observations, a model based on the idea of
Rydberg blockade is introduced [Fig. 1]. The conclusions
from this Research Letter reconcile the former contradicting
observations.

*sebastian.slama@uni-tuebingen.de

II. REAL-TIME DETECTION OF RYDBERG DYNAMICS

An optical cavity is used as a real-time detector of the Ry-
dberg dynamics [Fig. 2(a)]. This method extends recent work
where optical cavities have been used as real-time monitors
for the expansion of an atomic cloud [20], for a dynamical
phase transition [21], and for evaporative cooling [22]. A
complementary approach using a superconducting microwave
cavity has been recently demonstrated for counting Rydberg
atoms [23]. Real-time detection of a two-photon Rydberg
excitation has also been realized in hot vapor cells [24,25].
In this Research Letter, cold 87Rb atoms interact with the op-
tical cavity in the collective strong-coupling regime [26], i.e.,
featuring a collective normal mode splitting [Fig. 2(b)]. Then,
the transmission on the side of the fringe of one of the normal
modes depends on the number of atoms interacting with the
cavity. Since Rydberg atoms cannot interact with the cavity,
as it is near resonant only with the lower transition shown in
Fig. 2(c), the transmission probes the internal state dynamics
of the atoms in real time, while they are pumped to a Rydberg
state. This allows us to detect and quantify also superradiant
decay from the Rydberg state to neighboring states.

III. EXPERIMENTAL SETUP

In the experiment, 87Rb atoms are laser cooled in a
magneto-optical trap (MOT) overlapped with a confocal cav-
ity of 50 mm length and full width at half maximum νFWHM =
13.4 MHz, corresponding to a finesse F = 224. The single
atom-cavity coupling is g0 = 2π × 206.8 kHz. The cavity
length is controlled with a piezoelectric transducer (piezo)
by stabilizing it to a far-detuned external cavity diode laser
(ECDL) using the Pound-Drever-Hall technique, i.e., the lock
laser with 786 nm wavelength. The lock laser itself is stabi-
lized to a high-finesse reference cavity. Light from another
ECDL is divided into two beams: the probe beam (frequency
ωp) probes the atom-cavity system, and the pump beam (fre-
quency ω1) drives the 5S1/2-to-5P3/2 transition with Rabi
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FIG. 1. Representation of a set of interacting Rydberg atoms.
Superradiant decay from state |r〉 to a neighboring Rydberg state |l〉
is possible as long as they form a coherent many-body state: a Dicke
state (in blue, dashed lines, shaded region). If the distance z to the
next neighbor is smaller than the critical radius rcr (in red, unshaded)
the transition is tuned out of resonance due to the dipole-dipole
interaction potential Udd(z) making those atoms unable to link to the
Dicke state. Effectively, fewer atoms take part in the superradiant
decay.

frequency �1 [see Fig. 2(a)]. Each beam is activated by
different acousto-optic modulators (AOMs), allowing for a
relative detuning between them. Both beams are coupled into
the cavity with linear (perpendicular) polarizations and excite
different transverse modes of the cavity. Then, in order to
detect probe light in transmission only, an interference filter
together with an optical single-mode fiber is used. This fiber
is connected to an avalanche photodiode (APD) with 10 MHz
bandwidth that detects time tracks of the transmitted probe
light power delivering atom-cavity spectra as in Fig. 2(b) and
information on the internal state dynamics as in Fig. 3. Excita-
tion of atoms to the Rydberg state is achieved in a two-photon
process using the pump light field and a coupling light field
(frequency ω2) at 480 nm wavelength coupling the interme-
diate 5P3/2 state to the 30D5/2 state with Rabi frequency �2.
Both beams counterpropagate along a direction transverse to
the cavity axis and share the same linear polarization with the
probe field: perpendicular to the plane given by the cavity
axis and the propagation direction. Their beam waists are
ωz ∼ 700 μm along the cavity axis and ωr ∼ 125 μm per-
pendicular to it in order to match the density profile of the
atoms in the cavity mode. The coupling light field is generated
by frequency-doubling a 960-nm amplified ECDL using a
lithium triborate (LBO) crystal inside a homemade bow-tie
cavity. The frequency of this laser is controlled by electro-
magnetically induced transparency (EIT) in a Rb cell, and its
power (120 mW maximum) is controlled with an AOM. The
MOT laser beams are switched off during the measurements
such that the atom cloud is freely expanding.

IV. ATOM-CAVITY SYSTEM

The atom-cavity system is well described by a widely
used set of Maxwell-Bloch equations under the semiclassical

FIG. 2. (a) Experimental setup. The pump and coupling laser
beams counterpropagate transversely to the cavity axis performing
two-photon Rydberg excitation. Rydberg dynamics is tracked by
weakly driving the cavity and monitoring its transmission with an
APD. An interference filter (IF) and a single-mode fiber (SMF)
filter out the 786-nm lock laser used to control the cavity length.
(b) The probe laser frequency ωp is scanned over the atom-cavity
resonance, with cavity resonance ωcav tuned to the atomic transition
frequency. The measured empty cavity resonance is used to fit the
cavity linewidth νFWHM. With atoms inside the cavity, normal mode
splitting �nms and cavity Rydberg EIT are observed and fitted in
order to benchmark the system. (c) Atomic levels, laser frequencies,
and decay rates involved in the Rydberg excitation. Positive and
negative detunings are indicated by ↓ and ↑, respectively.

approximation [27]. In this Research Letter, the weak-probe
limit is a good approximation to derive the steady-state equa-
tions. Of main interest is the normalized intracavity photon
number (i.e., the cavity transmission) given by

T =
∣∣∣∣

1

1 + i(� − 2C1Neffχ )

∣∣∣∣
2

, (1)

where � = 2(δcav − δp)/κ and C1 = 2g2
0/κ
e with κ being

the cavity field decay rate and 
e being the inverse lifetime of
the 5P3/2 state. The detunings δcav and δp are that of the cavity
and probe field relative to the atomic resonance, respectively.
Neff is the effective number of atoms interacting with the
standing wave pattern of the cavity mode [26]. The factor
χ = i/(1 − i2δp/
e) is proportional to the atomic suscepti-
bility. By scanning the probe field frequency the atom-cavity
spectrum is obtained in transmission [Fig. 2(b)]. The empty
cavity resonance is fitted using Eq. (1) to measure the cavity
linewidth νFWHM. Enough atoms are loaded for the spectrum
to exhibit a normal mode splitting: The cavity resonance splits
into two smaller peaks with a frequency difference given by
�nms = 2g0

√
Neff , valid for δcav � �nms. Again, with Eq. (1)
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FIG. 3. Resulting time signals from monitoring the cavity trans-
mission. Main plot: averaged data over ten repetitions of the
experiment. Inset: a single (real-time) measurement. The coupling
field Rabi frequency is kept fixed at �2 = 2π × 7.6 MHz while
increasing �1 = 2π × 0.9 MHz (orange, in the middle) up to �1 =
2π × 2.9 MHz (blue, lower curve). The black curve at the top corre-
sponds to �1 = 2π × 2.9 MHz and �2 = 0 and is vertically shifted
(+0.05) for clarity. The solid and dashed red lines are simulations
with and without superradiance, respectively. The red dash-dotted
line is simulated with reduction factors β1,2 taken from the fit of the
orange curve. The slow decrease of the dashed lines during the pulse
corresponds to shelving of the atoms due to BBR-induced transitions.
Small jumps observed in the simulations at the end of the pulse are
due to the fact that the coupling laser modifies the steady state of the
atom-cavity system.

the effective atom number in the cavity is derived to be
Neff = 6.5(2) × 103. When the coupling laser is on during the
recording of the spectrum, an additional narrow feature ap-
pears, i.e., cavity Rydberg EIT. This is described by a modified
susceptibility of the probed transition:

χ ′ = i

1 − i2δp/
e + �2
2/γR
e

1−i2δeit/γR

, (2)

replacing the χ in (1). Here, we introduce a broadened
linewidth γR = 
r + γd , where 
R = 2π × 8.3 kHz is the
natural linewidth of the Rydberg state and γd accounts for in-
homogeneous broadening mainly caused by stray electric and
magnetic fields, as well as by laser noise. With the definition
of the EIT detuning δeit = δp + δ2, the condition δeit = 0 cor-
responds to the cavity Rydberg EIT resonance [28–30]. Here,
following Ref. [30], we use cavity Rydberg EIT with δ2 = 0 to
benchmark our system and get values of �2 = 2π × 7.6 MHz
and γR = 2π × 650 kHz.

V. TRACKING RYDBERG DYNAMICS

We will now describe the Rydberg excitation. The Hamil-
tonian for the closed three-level system interacting with two
classical beams [Fig. 2(c) with γio,t,4 = 0] leads to well-
known three-level Bloch equations [31], which we use to
simulate the dynamics of the three levels. However, note

that for large detuning δ1, the intermediate state can be
adiabatically eliminated, leading to an effective two-level
system [32]. In this context, and fulfilling the two-photon
resonance condition δ1 = −δ2, an effective Rabi frequency
�eff = �1�2/2δ1 and detuning δeff = (�2

1 − �2
2)/4δ1 are in-

troduced. The parameters for exciting Rydberg atoms in
the present experiment are as follows: δ1 = −δ2 = 2π ×
31.8 MHz, �2 = 2π × 7.6 MHz, and �1 is varied with a
maximum value of �1 = 2π × 3.9 MHz, corresponding to
�eff = 2π × 350 kHz, slightly smaller than the broadened
linewidth of γR = 2π × 650 kHz. As a result, the atomic
three-level system reaches its steady state on a timescale of
2 μs, much longer than what it takes for the atom-cavity sys-
tem to reach its steady state (on the order of 200 ns). Therefore
the cavity field adiabatically follows the Rydberg dynamics.

From the point of view of the atom-cavity system, Ryd-
berg excitation can be considered as atom loss. Intuitively,
a Rydberg atom is unable to absorb or emit cavity pho-
tons. Thus Rydberg dynamics is introduced into Eq. (1) by
making the change Neff → Neff P, where P = Pe + Pg is the
time-dependent probability of an atom to be either in the
excited state or in the ground state. Consequently, the nor-
mal mode splitting �nms follows the time evolution of P. To
observe the change in �nms, the probe detuning is fixed at
δp = +24 MHz on the side of the fringe of one of the normal
modes [Fig. 2(b)], while the cavity transmission is monitored.
The resulting time signals are shown in Fig. 3 after performing
a moving average over bins of 0.9 μs length.

Rydberg excitation is accomplished by a pulse of the trans-
verse beams with 50 μs length, starting at t = 10 μs. Before
the pulse, the signal corresponds to the steady state of the
atom-cavity system. This piece of the signal is used to de-
termine a value for δcav, which together with the atom number
(determined independently from the normal mode spectrum)
is assumed to be constant for the full length of the signal. It
turns out that technical atom number shot-to-shot variations
do not influence the dynamics substantially. The step �T in
the transmission signal at the beginning of the pulse corre-
sponds to the coherent Rydberg excitation. Rabi oscillations
are not observed due to the large dephasing rate γd . An in-
creasing �1 leads to a larger �eff and a smaller δeff , and thus
to a larger production of Rydberg atoms. This is observed in
Fig. 3 as an increased step in the blue data compared with the
orange data. A closed three-level system would have reached
its steady state after this step. The measurements, instead,
show a slower but continuous decrease even after �T . Since
the signal goes back to its initial value after the end of the laser
pulse, the slow decrease cannot be due to the loss of atoms
out of the cavity, for instance caused by the expansion of the
cloud. Furthermore, by setting �2 = 0 and �1 to its maximum
value, a constant signal is observed (black data), showing that
light scattering of the pump laser does not contribute to the
observed behavior.

VI. BBR-INDUCED TRANSITIONS AND SR

The slow decrease observed in Fig. 3 during the pulse
can be explained by BBR-induced transitions. Here, atoms
decay from the initial Rydberg state to long-lived neighboring
Rydberg states, where they are shelved [13,14,16]. For this,
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various decay channels from the 30D5/2 state are described
with a set of rate equations


̇N = A 
N . (3)

Here, 
N is a vector containing the populations of all states
considered, and A is a matrix containing the transition rates
coupling them. The Alkali Rydberg Calculator (ARC) [33]
is used to build the matrix A including spontaneous decay
transitions (to and beyond 5P3/2) and BBR-induced transitions
from 30D5/2 and its closest neighbors. An ionization loss rate
of γio = 500 Hz [34] is also included, but negligible compared
with the other rates. The rate equations (3) are solved together
with the Bloch equations of the three-level system, to obtain
P(t ) and, using Eqs. (1) and (2), the time evolution of the
cavity transmission. The results are plotted as red dashed
lines in Fig. 3. They qualitatively agree with the experimental
curves but do not fully explain the observed slow decrease
quantitatively.

Instead, the curves suggest a speedup of the shelving pro-
cess. We attribute this speedup to superradiance [35]. SR is
particularly influenced by the atomic system geometry: It is
favored by situations when its transition wavelength is larger
than the size of the ensemble. This is gauged by the coopera-
tivity parameter [14]

Crl = 9( sin(krlR) − krlR cos(krl R))2

(krlR)6
, (4)

valid for an ideal spherical atomic cloud of homogeneous
density and radius R, where krl is the wave number for the
transition from state r to state l . For the initial 30D5/2 Rydberg
state and a MOT radius of R = 0.5 mm, two final states
are identified for featuring a superradiant decay: 31P3/2 and
28F7/2. We verified theoretically that BBR decay is almost
exclusively concentrated in these decay channels. The corre-
sponding transition wavelengths are 3.6 and 1.5 mm, while
the transition rates including BBR from 30D5/2 to 31P3/2 and
28F7/2 are 1.7 and 4.1 kHz, respectively. Superradiant decay
is included in the rate Eqs. (3) by adding a nonlinear term:

dNr,l

dt
= ∓
rlCrlβrl Nr (Nl + 1), (5)

where Nr,l is the number of atoms in state r, l and 
rl is the
BBR-induced transition rate. The factor βrl describes the ac-
tion of decoherence and is introduced in the following model.

VII. DECOHERENCE MODEL

SR is based on the emission of photons by a collection
of indistinguishable atoms (it is unknown which atom has
emitted a given photon). This leads to the buildup of an
extended coherent many-body state, i.e., the Dicke state. The
Dicke state is susceptible to dephasing due to inhomogeneities
in the transition energies across the sample [36]. A rigorous
theoretical method to include dipole-dipole interactions in
superradiant systems is presented in Ref. [19], where dipole-
dipole interactions are introduced in the master equation,
which is then numerically solved after truncation of higher-
order correlations. We introduce here a simpler model based
on the idea of Rydberg blockade [37]. Given the Rydberg
densities of our experiment, it is well justified to neglect the
1/r6 van der Waals interaction between two atoms in equal

FIG. 4. Obtained parameters after fitting time signals as in Fig. 3.
Circles (left axis) denote the reduction factors β1 and β2 for the two
superradiant decays down to the 31P3/2 and 28F7/2 states, respec-
tively. Stars (right axis) denote the length scale R of the superradiant
cloud. Vertical error bars represent a 95% confidence interval, and
horizontal error bars represent a 5% uncertainty in the atom number.
Solid lines are exponential fits [Eq. (7)] to the reduction factor’s
dependence on Rydberg atom density ρr . Data for R are shifted to
the right by one data width for clarity.

Rydberg states. However, the transition of one of the atoms
to a neighboring Rydberg state experiences an additional in-
teraction shift by the 1/r3 dipole-dipole interaction. If the
interaction shift is larger than the broadened linewidth of
the transition, given by an interatomic distance smaller than
the critical radius (i.e., the blockade radius), the atom pair
is distinguishable from the rest of the atoms and cannot par-
ticipate in the Dicke state [Fig. 1]. Essentially, the number
of atoms Nr participating in the superradiant transition is
reduced. We account for this reduction of atoms in the sim-
ulations by introducing factors β1,2 < 1 in (5) for the two
superradiant transitions that we consider. These factors are fit-
ted to the measured curves, together with the cloud size R that
enters (5) via (4). We obtain the red solid lines in Fig. 3. Those
exhibit a speedup of the shelving process and quantitatively fit
to the measurements. We include also a simulation based on
the parameters of the blue data, but with β1,2 taken from the
fit of the orange data (red dash-dotted line). It clearly deviates
from the blue data, confirming that the reduction factor is
different for each curve.

Long-range dipole-dipole interactions between Rydberg
atoms, unlike inhomogeneous electric or magnetic fields, in-
troduce a dephasing that strongly depends on the distance
between the atoms. Thus, in order to investigate their role in
SR, we record time signals for different values of �1 and plot
the fitted parameters β1, β2, and R in Fig. 4 as a function of the
corresponding Rydberg atom density ρr = Prρ. Here, Pr is the
steady-state probability for an atom in the closed three-level
system to be in the Rydberg state. The reduction factors in
Fig. 4 show that superradiance is suppressed for growing
Rydberg atom density. This observation proves that atomic
interactions are responsible for this effect. The functional de-
pendence that we expect for βrl is given by the probability that
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the nearest neighbor of a Rydberg atom is outside a spherical
volume of radius rcr:

p(ρr, rcr ) = e− 4π
3 ρr r3

cr . (6)

Thus the atom number participating in SR is reduced to
p(ρr, rcr )Nr . Following Eq. (5), the experimentally deter-
mined values of β1,2 in Fig. 4 are fitted with an exponentially
decaying function

β1,2 = A1,2e− 4π
3 ρr r3

cr,1,2 , (7)

resulting in experimentally determined values for the critical
radii of rcr,1 = (8.4 ± 1.4

1.6 ) μm and rcr,2 = (4.6 ± 1.0
1.9 ) μm.

Uncertainties are based on the 1σ confidence interval of the
fit. Equation (7) includes also constant prefactors A1,2 to in-
corporate a further reduction of superradiant atoms for each
transition, with fitted values of A1 = 0.18 ± 0.09

0.07 and A1 =
0.48 ± 0.06

0.07 . This kind of reduction is density independent and
is thus not caused by atom pair interactions.

We estimate theoretical values for the critical radii to com-
pare them with the experimental results. The critical radius
is defined by the distance where the dipole-dipole potential
strength Udd = C3/z3 equals the linewidth of the transition,
which we assume to be identical to the broadened linewidth
γR of the initial 30D5/2 Rydberg state, resulting in

rcr,k = 3
√〈C3,k〉/γR. (8)

Here, 〈C3,k〉 denotes an average over the C j, j′
3,k coefficients of

the dipole-allowed transitions from the mj sublevels of 30D5/2

down to the m′
j sublevels of state |k〉:

〈C3,k〉 = 1

n j

∑

j′ 
= j

C j, j′
3,k G2

j, j′ , (9)

which are weighted with the squared Clebsch-Gordan coef-
ficients G2

j, j′ of the corresponding transitions. The values of

C j, j′
3,k and Gj, j′ are taken from Ref. [33]. The normalization

factor n j = ∑
j, j′ G2

j, j′ equals the number of mj sublevels.
In addition, we average also over the angle dependence of
the dipole-dipole potential ∝ |1 − 3 cos2 θ | [38], with angle
θ between the quantization axis and the internuclear axis. The
modulus is included in order not to balance positive frequency
shifts with negative ones, as both signs lead to a detuning from
the superradiant transition. Thus we derive values of rth

cr,1 =
7.9 μm and rth

cr,2 = 5.4 μm, respectively. They agree with the
experimentally determined values within their uncertainties.

The observed reduction of the length scale R for decreasing
ρr in Fig. 4 is explained by the Gaussian spatial profile of
�1,2 ∝ exp(−r2/w2

0 ) with 1/e beam radius w0, together with
the nonlinear dependence of the Rydberg atom density on the
Rabi frequency. For weak driving, it scales as ρr ∝ �2

1. Thus

the 1/e radius of the Rydberg cloud is given by r0 = w0/
√

2.
As the peak Rabi frequency is increased (but still below satu-
ration), Rydberg excitation scales linearly as ρr ∝ �1. In this
case, cloud radius and beam radius are equal: r0 = w0. The
factor of

√
2 difference in r0 matches the observation in Fig. 4.

VIII. CONCLUSION

In conclusion, based on the atom number dependence of
the collective atom-cavity coupling, a method has been intro-
duced to track Rydberg dynamics in real time. The method
has been used to detect the excitation of rubidium atoms to the
30D5/2 state and their BBR-induced decay to neighboring Ry-
dberg levels. The measurements are quantitatively explained
by a model that includes superradiance to two adjacent levels
and, in particular, decoherence, which effectively lowers the
number of superradiant atoms. The observed decoherence de-
pends on the Rydberg atom density in a way that is consistent
with long-range dipole-dipole interactions between an atom in
the initial Rydberg state and an atom in the final Rydberg state.
These results reconcile previously reported contradicting ob-
servations: The observation of superradiance in the decay to
neighboring Rydberg states requires, on one hand, sufficiently
large numbers of Rydberg atoms for enhancement. This is the
reason why superradiance is elusive in experiments with few
atoms. On the other hand, it requires low enough densities
to avoid dipole-dipole interactions. Our experiment with a
dilute MOT operates just in the right density range to probe
the growing influence of dipole-dipole interactions. A further
perspective is to investigate competition between different
superradiant decay channels.
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