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Time-resolved interplay between superradiant and subradiant states in superradiance lattices
of Bose-Einstein condensates

Chengdong Mi ,1,2 Khan Sadiq Nawaz ,1,2 Liangchao Chen,1,2,* Pengjun Wang,1,2 Han Cai ,3,† Da-Wei Wang,3,4

Shi-Yao Zhu,3 and Jing Zhang1,2,‡

1State Key Laboratory of Quantum Optics and Quantum Optics Devices,
Institute of Opto-Electronics, Shanxi University, Taiyuan 030006, China

2Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China
3Interdisciplinary Center for Quantum Information,

State Key Laboratory of Modern Optical Instrumentation,
and Zhejiang Province Key Laboratory of Quantum Technology and Device,

Department of Physics, Zhejiang University, Hangzhou 310027, Zhejiang Province, China
4CAS Center for Excellence in Topological Quantum Computation,
University of Chinese Academy of Sciences, Beijing 100190, China

(Received 28 May 2021; accepted 12 October 2021; published 28 October 2021)

The collective spontaneous emission of many atoms is significantly different from that of a single atom,
depending on the geometry and the phase correlation of atomic ensembles. However, experimental observation
of arbitrary superradiant and subradiant states of atoms remains challenging due to the difficulties in both
preparation and detection of those states. Here we report the time-resolved observation of superradiance from
a timed Dicke state in a momentum-space superradiance lattice of Bose-Einstein condensates, which enables
an in situ measurement of the coherent lattice dynamics involving both superradiant and subradiant states. The
long-lasting oscillation in the superradiant emission is contributed by population transport from the subradiant
states in the superradiance lattice. This work paves the way to prepare and observe subradiant states, which has
promising applications in quantum information processing.
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I. INTRODUCTION

Superradiance [1,2] is an important phenomenon of col-
lective light-matter interaction. The decay rate of an atomic
ensemble with a proper phase correlation can be significantly
enhanced by the cooperativity between atoms. Such atomic
coherence can be spontaneously generated either by inverting
the population of the atoms [3,4] or by collectively exciting
the atoms with a weak light field [5–10]. In the latter case, the
coherence is transferred from light to atom by the collective
absorption of a single photon in an extended ensemble of
atoms, such that the atoms are prepared in a timed-Dicke state
(TDS) [5,6] (also known as the spin-wave state [11]) |k〉 =
1/

√
N

∑
j exp (ik · r j )|g1, g2, . . . , e j, . . . , g j〉, where r j is the

position of the jth atom with ground state gj and excited state
e j . The term “timed” indicates the phase correlation factor
exp(ik · r) which carries the excitation time of the atom at
position r [5].

The most straightforward approach to investigate the decay
dynamics of a TDS is to measure the cooperative emission
right after the excitation. The superradiant TDS with |k| =
ω/c, with ω being the atomic transition frequency and c being
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the speed of light, is featured by a directional emission along
k with a superradiant decay rate proportional to the number
of atoms. These states can be directly prepared and have been
extensively investigated in atomic ensembles [12–17]. How-
ever, the complete description of the cooperative emission
will include those TDSs with quasimomenta |k| �= ω/c. These
states are called subradiant TDSs with smaller decay rates
compared to that of a single atom [18]. Temporal observation
of subradiant TDSs [19,20] is difficult because those states
cannot be prepared directly or detected efficiently since their
radiation direction is random. In a recent work [20,21], ultra-
fast switching between a pair of superradiant and subradiant
TDSs was realized by successively applying two counterprop-
agating coupling fields to steer phase correlation [22].

Here we report the time-resolved observation of superra-
diance from a one-dimensional bipartite superradiance lattice
(SL) [19,23]. The coherent transport of excitations along the
lattice depends on the band structure and the site-dependent
cooperative decay rates, for superradiant and subradiant de-
cay. After exciting the atomic ensemble with a nanosecond
excitation pulse, we collect the directional emission to mea-
sure the population of the corresponding superradiant TDS.
The typical signal contains two temporally separable parts:
(1) the enhanced exponential decay immediately after the
excitation and (2) the oscillating decay due to the population
transport from the subradiant states. The first part demon-
strates the enhanced collective decay of the superradiant TDS,
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and the latter part manifests the energy-band structure, as well
as the cooperative dissipation of the subradiant TDSs in the
coherent lattice dynamics.

II. EXPERIMENTAL SCHEME

In our experiment, we prepare a pure Bose-Einstein con-
densate (BEC) with typically 5 × 105 87Rb atoms in the
|g〉 ≡ |F = 2, mF = 2〉 hyperfine ground state confined in a
cross-beam dipole trap at a wavelength near 1064 nm. The
geometric mean of trapping frequencies is ω � 2π × 80 Hz.
The atomic size is estimated in the Thomas-Fermi regime
to be 20 μm according to the scattering length for the |g〉
state at zero magnetic field with about 100a0, corresponding
to an optical thickness b ≈ 80 for the excitation beam with
zero detuning. A homogeneous bias magnetic field along the
z axis (gravity direction) is provided with B0 = 2 G by a pair
of coils operating in the Helmholtz configuration. We choose
the D1 line (around 795 nm) of the 87Rb atom with a simple
three-level �-type model. The D1 transition between |g〉 and
an atomic excited state |e〉 ≡ |F ′ = 1, mF ′ = 1〉 is pumped
by a weak excitation laser pulse with wave vector k f , whose
4-ns pulse width is much shorter than the single-atom lifetime
1/γ = 27 ns. Two coupling beams with wave vectors k1 and
k2 are continuously applied to couple |e〉 to a hyperfine ground
state |m〉 ≡ |F = 1, mF = 1〉.

The experimental setup, atomic configuration, and time
sequence of the coupling and excitation lasers are shown in
Fig. 1. After the preparation of BEC in the crossed-beam
dipole trap, the two coupling beams are turned on (using an
acousto-optic modulator as a switch) for 380 μs to form an in-
terference pattern at the position of the BEC. During this time,
1000 shots of 4-ns excitation pulses are sent to the atoms,
controlled by the electro-optical modulator for amplitude
modulation (EOM-AM; EOSPACE, fiber-coupled broadband
10–40+ GHz, low-loss LiNbO3 modulator model AZ-0S5-
20-PFU-780-UL). The EOM-AM is controlled through an
arbitrary function generator by a 3-MHz pulse signal which
also triggers the single-photon counting module for synchro-
nization. The coupling laser beams have a waist (1/e2 radius)
of about 280 μm at the BEC position. The weak excitation
light used to pump the atoms from |g〉 to |e〉 has a waist of
about 600 μm. The frequencies of the coupling and excita-
tion laser are locked, which was described in our previous
work [19]. After 1000 shots of the excitation laser, 24% of
the atoms are left in the cloud near the critical temperature of
the BEC. This is one run of the experiment, after which we
prepare a new sample of the BEC in 45 s. The photon number
is around 0.083 per shot as counted by the single-photon
detector. Each time-resolved decay curve of the scattering
light in this work is obtained by a total of 300 runs of such
sequences.

A photon detector with a solid angle ∼0.02 sr is used to
collect the emission along the backward direction kb = k f −
k1 + k2. Owing to the small solid angle, we can neglect the
contributions from other TDSs with k �= kb [24]. Hence, the
emission is approximately proportional to the probability of
TDSs with a quasimomentum kb [20],

I (t ) ∝ 〈
â†

kb
âkb

〉
, (1)

FIG. 1. Experimental setup and the atomic levels. (a) The exper-
imental setup. A pair of strong coupling laser beams (lattice 1 and
lattice 2) drives the transition between |m〉 ≡ |F = 1, mF = 1〉 and
|e〉 ≡ |F ′ = 1, mF ′ = 1〉 and forms a superradiance lattice. The exci-
tation light illuminates the BEC, and the scattering light is detected
by the single-photon detector and recorded by the TCSPC method.
The inset panel shows the schematic TCSPC wave-form generation.
The inset wave-vector configuration of ki shows the phase match-
ing between the excitation, coupling, and scattered lights. (b) The
energy-level scheme of the 52S1/2-52P1/2 D1 line transition of 87Rb.
The weak excitation light drives the transition between the ground
state |g〉 ≡ |F = 2, mF = 2〉 and the excited state |e〉. Atoms are
initially prepared in the ground state |g〉. (c) Schematic timing of
the light-pulse sequences, with blue (dark gray) for the coupling
lights and red (light gray) for the excitation light. EOM-AM: Electro-
optical amplitude modulator; TCSPC: Time-correlated single-photon
counting.

where â†
k = 1/

√
N

∑
j eik·r j |e j〉〈g j | is the TDS creation op-

erators for the |e〉 state and 〈·〉 is the expectation value. The
temporal profile of the collected emission is resolved by the
time-correlated single-photon counting (TCSPC) method with
a time bin of 64 ps, which enables a subnanoscale resolu-
tion in the time domain. The inset in Fig. 1(a) schematically
shows the distribution of the detected photons as a func-
tion of time. Typical signals are shown in Figs. 2 and 3,
which contain a fast exponential decay and a subsequent
oscillation.

III. MODEL AND RESULTS

The exponential decay curve shaded yellow in Fig. 2(b)
represents the superradiant decay of the TDS with |kb〉 pre-
pared by the excitation pulse. The Hamiltonian involving the
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FIG. 2. Atomic state preparation and the time-resolved decay of
the scattered light. (a) The spatially attenuated excitation field cre-
ates a superposition of superradiant TDSs with a momentum-space
distribution centered around k f . (b) The power of each coupling
field is (i) and (iv) 30, (ii) 20, and (iii) 10 μW, and the frequency
detuning with atomic transition is (i)–(iii) 0 and (iv) 400 MHz.
(c) The time-dependent superradiant signal is plotted in logarith-
mic scale and linearly fitted to obtain the superradiant decay rate
�super = (7.03 ± 0.33)γ . Throughout the experiment, we keep the
power of the excitation field at 3 μW and its frequency resonant with
the atomic transition between |g〉 and |e〉.

excitation field is

V =
∑

j

A(r j )e
ik f ·r j |e j〉〈g j | + H.c.

=
∫

dkÃ(k)â†
k + H.c., (2)

where the excitation pulse collectively prepares a single-
excitation state with a local amplitude A(r j ) and a local phase
factor exp(ik f · r j ) for the jth atom. Meanwhile, Ã(k) is the
corresponding momentum-space distribution of the prepared
excitation in the basis of the TDS. In previous studies [12–17],
the optical depth was usually kept low to ensure the amplitude
profile of the excitation field was nearly uniform across the
atomic ensemble A(r) = �0, where �0 is the Rabi frequency
of the excitation field. In that case the excitation pulse excites
only a single TDS with k f , i.e., Ã(k) ≈ √

N�0δ(k − k f ).
Here we use a resonant field to pump a dense atomic medium
in the experiment. The excitation field, whose amplitude is
attenuated exponentially along the propagation, prepares a
superposition of TDSs with momentum-space distribution
around k f , as schematically shown in Fig. 2(a). Along the
propagation direction, the power of the excitation laser is
exponentially attenuated A(r) = �p exp(−ηk f · r) with the
attenuation factor η, and the momentum-space distribution

is Ã(k) ∝ 1/[η − i(k − k f ) · n||/|k f |], where n|| is the unit
vector along the propagation direction. One remark is that a
thick optical depth is not a requirement to observe the band
dynamics, as discussed below, but excites the |kb〉 TDS so
that we are able to observe exponential decay in the backward
direction immediately after the excitation pulses.

In Fig. 2(c), we plot the signal in logarithmic scale to
highlight the exponential decay. By linearly fitting the sig-
nal between 2 and 5 ns, we obtain the superradiant decay
rate �super = (7.03 ± 0.33)γ . �super is the same for different
configurations of the coupling fields. Following the superra-
diant signal, the slow oscillation shaded green in Fig. 2(b)
is determined by the coherent dynamics of the excitation in
a bipartite one-dimensional lattice [19,23,25]. The formation
of the momentum-space lattice can be understood by con-
sidering the phase switching between TDSs. Either lattice
beam can drive the atomic transition from the atomic internal
state |e〉 to |m〉, simultaneously assigning a local phase factor
e−ik1(2)·r in the transition. The lattice beams provide a “hop-
ping” of the excitation between the site with momentum k and
two neighbouring sites with momentum k − k1 and k − k2.
The Hamiltonian of the SL reads H = ∑

l 
b̂†
l b̂l + �(â†

l b̂l +
â†

l b̂l+1 + H.c.), where b̂†
k = 1/

√
N

∑
j eik·r j |mj〉〈g j | is the

TDS creation operator for the |m〉 state. For notational conve-
nience, we denote âl ≡ âk f +l (k1−k2 ) and b̂l ≡ b̂k f −k1+l (k1−k2 ).

 = ν − ωem is the frequency detuning between the coupling
fields and the atomic transition, and � is the Rabi frequency.

The signal of the SL dynamics can be separated from
the fast decay signal in the time domain. The timescale of
the SL dynamics is determined by the band structure, i.e.,
the power and frequency of the coupling fields � and 
. In
Fig. 2(b), lines (i)–(iii) show the SL dynamics for different
energy powers of the resonant coupling laser with 30, 20, and
10 μW, which correspond to � = 4.0, 3.3, and 2.3 MHz �
�super, respectively. The signal decreases when the coupling
strength in the SL decreases since the excitation decays while
being transferred to the site of |kb〉. For comparison, we also
tune the frequency of the lattice beam away from resonance
between |e〉 → |m〉 with a detuning 
 = 400 MHz and keep
� = 4 MHz in line (iv) in Fig. 2(b). The green-shaded signal
is completely suppressed. It can be used to exclude the grating
effect induced by the atomic density modulation [26] since the
potential depth for the |g〉 level �2/(6.8GHz + 
) changes
less than 5% from 
 = 0 to 400 MHz, which cannot account
for the complete disappearance of the oscillation. However, a
400-MHz on-site energy difference between two sublattices
of the SL is large enough to inhibit lattice transport with a
hopping strength � � 
.

The oscillation in the superradiance signal results from the
quantum beating between the two energy bands of the SL. In
Fig. 3, we present the SL dynamics with different detunings

 and keep � = 4 MHz. The energy difference between the
two bands determines the oscillation period, which is similar
to the Autler-Townes splitting [27,28]. For 
 = 0, two en-
ergy bands of the SL touch, and the wide bandwidth leads
to a quickly collapsing oscillation, which corresponds to a
single peak for 
 = 0 in Fig. 3(g) and a strongly damped
oscillation for 
 = ±10 MHz in Figs. 3(e) and 3(f). On the
contrary, we notice a single frequency oscillation owing to a
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FIG. 3. Time-resolved decay of the scattering light for different detunings of the coupling laser. The coupling laser is detuned from the
|e〉 to |m〉 transition by (a) 30, (b) −30, (c) 20, (d) −20, (e) 10, (f) −10, and (g) 0 MHz. The power of each coupling field is 10 μW. In the
simulation, �super = 7γ and � = 4 MHz are taken according to the experimental parameters. The attenuation factor η = 0.5 is the only free
parameter in the fitting. The numerical computing results with �sub = 0 (blue solid), γ (yellow dashed), and 2γ (red dotted), are plotted for
comparison.

bandwidth much smaller than the band gap when 
 � � in
Figs. 3(a)–3(d).

We also notice that the coherent band oscillation for oppo-
site detunings exhibits an approximately π -phase difference,
as shown in Fig. 4(a). We attribute this shift to the interference
between different TDSs. It can be reproduced in the numeri-
cal simulation by considering the excitation field attenuation,
which is characterized by the parameter η. In order to de-
termine the attenuation factor, which is the only free fitting
parameter, we depict the numerically computed results with
various η for � = ±30 MHz in Figs. 4(b)–4(g). The phase
difference appears when η is around 0.1 to 1, and we conclude
the optimal fitting parameter is η = 0.5. We also need to
point out the unexpected asymmetry between the amplitudes
of positive and negative detunings in Fig. 3. The asymmetry
can be attributed to the atom-atom interaction in the BEC [19],
which is neglected in the current model.

The superradiant and subradiant TDSs are not eigenstates
of the atoms. Nevertheless, in the numerical simulation it
is reasonable to make the approximation that the TDSs de-
cay exponentially with two different cooperative decay rates,
�super for the two superradiant TDSs and �sub for subradiant
TDSs [18,20,21,29]. The state of the atoms is written as
|ψ (t )〉 ≈ [1 + ∑

j α j (t )a†
j + β j (t )b†

j]|G〉, where α j, β j � 1
in the weak-excitation approximation and |G〉 = |g1g2 · · · gN 〉.
The equations of motion are obtained as

α̇l = −i�(βl + βl+1) − �lαl + Ãlθ (t ),
(3)

β̇l = −i�(αl + αl−1) − i
βl ,

where �l = �super for l = 0,−1 and �l = �sub otherwise,
Ãl ≡ Ã[k f + l (k1 − k2)], τ = 4 ns is the pulse width, and
θ (t ) = 1 when −τ < t < 0 and θ (t ) = 0 otherwise.
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FIG. 4. The attenuation factor η and the phase difference. The
coupling laser is detuned from the |e〉 to |m〉 transition by −30 MHz
[blue (dark gray)] and 30 MHz [red (light gray)]. (a) Experimentally
measured photon counts. (b)–(g) Numerically simulated |α−1|2 with
η = 0, 0.01, 0.1, 0.5, 1, and 5. The phase difference between the
time-resolved signals for opposite coupling field detunings appears
when η is between 0.1 and 1. �sub = 0. Other parameters are the
same as in Fig. 3.
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FIG. 5. Numerically simulated |α j |2. The coupling laser is de-
tuned from the |e〉 to |m〉 transition by −30 MHz [blue (dark gray)]
and 30 MHz [red (light gray)], η = 0.5, and �sub = 0.5γ . Other
parameters are the same as in Fig. 3.

The oscillation amplitude of the coherent band dynamics
strongly depends on the decay rate �sub of the subradi-
ant TDSs [18,20,21]. As shown in the experimental data
in Fig. 3, the band oscillation continues for a time much
longer than 1/γ , which is a signature of subradiance, i.e.,
�sub < γ [13,29–36]. Moreover, the oscillation strength de-
pends on the value of �sub. In the numerical simulation we
vary �sub = 0, γ , and 2γ . Although the exponential decay
envelope is almost the same, the oscillation is smoothed out
for �sub � γ , which is more evidence of the subradiant nature
of the phase-mismatched TDS.

We also plot the dynamics of |α j |2 ( j = −3, . . . , 2) for
comparison in Fig. 5. The result indicates that the subradiant

TDSs have a larger probability than the superradiant ones dur-
ing the oscillation, owing to their smaller decay rate. It is used
to validate that we observe the dynamics of one-dimensional
lattices rather than only a few sites. Experimentally, the prob-
ability of the subradiant TDSs |α j |2 ( j �= 0,−1) cannot be
obtained by measuring the emission within a certain angle
since they do not emit directionally.

IV. CONCLUSION

In this paper, we observed the temporal dynamics of the
SL formed by collectively excited states with different phase
correlations. The superradiant emission from a superradiant
TDS in the SL was measured with subnanosecond resolu-
tion. The emission features a fast superradiant emission and
a subsequent long-time oscillation. In the backward direction,
the early superradiant emission comes from the superradiant
TDS initially prepared by the attenuated excitation field, and
the oscillation results from the band structure of the SL. The
long oscillation time and strong oscillation strength are signa-
tures of the subradiant TDSs in the SL. Our results provide
a platform for simulating non-Hermitian lattices with site-
dependent decay rates [37–39] and exotic Bloch bands based
on atomic cooperativity.
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