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uperradiance is a collective radiation phenomenon by a number of quantum emitters (1). In the original prediction, exchange
symmetry is present in closely packed emitters whose interparticle distance is much
smaller than the transition wavelength, and therefore dipole-dipole correlation emerges during their
spontaneous decay process. The correlation makes
the ensemble behave collectively and induces enhanced interaction with the vacuum fields, leading
to stronger and faster radiation emission compared
with the ordinary spontaneous emission. Early
experiments performed with a large number of
emitters (as in a dense atomic vapor or in a beam)
reported observations consistent with the prediction (2, 3). Recent technical advances have enabled
the realization of superradiance in various systems,
such as a Bose-Einstein condensate (4), quantum
dots (5), and trapped atoms coupled to a cavity (6).
The mutual phase correlation among atoms is
the key to superradiance: It can make the ensemble behave as a single macrodipole. Moreover,
direct control of atomic phases enables controllable collective atom-field interactions. In recent
experiments, the phase of atoms in an ensemble
was imprinted by a single-photon pulse (7–9) or a
frequency-swept laser pulse (10). The ensemble
then started superradiant emission without a
threshold or an initial time delay. The output field
in this case follows the given imprinted phase,
and thus its spatial mode overlaps with the input
mode, making it hard to spatially distinguish the
input and output fields. This approach works only
in the pulsed regime. Observation of a superradiant
state in a Bose-Einstein condensate coupled to a
cavity was another notable discovery (11). However, this work relied on self-organization of atoms
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on the basis of a thermodynamic principle, and
thus further tunability could not be attained.
Another approach to achieve controllable superradiance is preparation of emitters in a cavity and
manipulation of the quantum state of individual
emitters. Ions (12), neutral atoms (13), and artificial
atoms based on superconducting circuits (14) have
been used in this approach. The results include
immediate strong and fast radiation emission
and controllability between superradiance and
subradiance. However, technical difficulties have
limited the number of emitters involved in the
superradiance to only two.
We present an approach to realize phasecontrolled superradiance whereby single atoms
are prepared in the same quantum superposition
of ground and excited states and traverse a cavity one by one. The long-lived cavity field then
mediates collective interaction among the phasecorrelated single atoms separated in time, leading to superradiance. The collective interaction is
one-sided in that the emission of a particular
atom in the cavity is cooperative only with the
preceding atoms. Even when, at most, only one
atom is present in the cavity, tens of atoms participate in the superradiance, and the emission
intensity is proportional to the square of the
number of the participating atoms.
Our system, adapted from (15), consists of a
supersonic barium atomic beam and a high–
quality factor optical cavity with which the atoms
resonantly interact (Fig. 1A). The 138Ba atoms are
prepared in a superposition state of the ground
and excited states just before they enter the
cavity mode by a pump laser propagating perpendicular to the cavity axis as well as to the
atomic beam direction. The atomic phase imprinted by the pump laser depends on the position at which the atom traverses the pump laser.
The phase of the atom-cavity coupling also alternates 0 and p rad, following the standing wave
structure of the cavity mode. A checkerboardpattern nanohole array is used as an atomic
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hni≈

hNc iree ðgtÞ2
þ ðhNc ijreg jgtÞ2 ð1Þ
2  ð2ree  1ÞhNc iðgtÞ2

where hNc i ≡ r=gc is the mean number of atoms
injected into the cavity during the cavity-field
decay time 1/gc, with r the atomic injection rate;
ree and reg are the density matrix elements of
atomic state, with the subscripts e and g representing excited and ground states, respectively; g is
the atom-cavity coupling constant; and t is the
atom-cavity interaction time.
The first term, approximately proportional to
2
1
=2 hNc i when hNc iðgtÞ ≪ 1, is due to the noncollective emission of atoms, including spontaneous
and stimulated emission as well as the cavity
quantum electrodynamics effect. The second term,
exhibiting a quadratic dependence on hNc i, is due
to collective emission—that is, the superradiance.
Compared to the case with a lossless cavity (16),
the number of atoms participating in the superradiance is identified to be hNc i in our study (17).
When hNc i≫1, the second term dominates the emission, and the field state approximately becomes
a coherent state jai with a ¼ ihNc ireg gt.
The mean intracavity atom number hN i is related tohNc i ashNc i ¼ hN i=ðgc tÞ. If the cavity-field
decay time 1/gc is much larger than t ðgc t ≪ 1Þ, hNc i
can be much greater than unity, even when
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Superradiance is a quantum phenomenon emerging in macroscopic systems whereby
correlated single atoms cooperatively emit photons. Demonstration of controlled collective
atom-field interactions has resulted from the ability to directly imprint correlations with an
atomic ensemble. Here we report cavity-mediated coherent single-atom superradiance:
Single atoms with predefined correlation traverse a high–quality factor cavity one by one,
emitting photons cooperatively with the N atoms that have already gone through the cavity
(N represents the number of atoms). Enhanced collective photoemission of N-squared
dependence was observed even when the intracavity atom number was less than unity.
The correlation among single atoms was achieved by nanometer-precision position control
and phase-aligned state manipulation of atoms by using a nanohole-array aperture. Our
results demonstrate a platform for phase-controlled atom-field interactions.

beam aperture to localize and control the atomic
position. The localized atoms then selectively
pick up the phase of the pump laser as well as
the cavity field corresponding to their positions
prescribed by the array structure. As a result,
the atom-field relative phase is the same for
every atom traversing the cavity (Fig. 1B). The
desired atomic internal state is prepared by the
pump laser with a pulse area of Q ¼ ∫½Wp ðxÞ=vdx,
where Wp ðxÞ is the Rabi frequency due to the
pump laser and v is the velocity of the atom. The
atomic state can then be expressed as jyatom i ¼
sinðQ=2Þjei þ cosðQ=2Þ expðifÞjgi, where f is
the atomic phase imprinted by the pump laser.
Atomic correlation between any two of the in
jected atoms is then given by hs†i sj i ¼ 1 4 sin2 Q
(where si ¼ jgihej is the lowering operator of
the ith atom, sj corresponds to the jth atom,
and † indicates the Hermitian conjugate), showing that the atom-atom correlation is maximized
when Q ¼ p=2.
Injected atoms then emit photons into the
cavity mode and build up the cavity field. A previous study assuming a lossless cavity expected
enhanced collective emission by consecutively
injected N atomic dipoles to show explicit N2
dependence (N, number of atoms) (16). The longlasting cavity field links the atoms together, and
the expected photon number is exactly the same
as that of simultaneously injected N dipoles
(fig. S1).
When a cavity has a finite decay, the gain
(emission by atoms) and the loss (absorption by
atoms, as well as the cavity decay) of the cavity
field would be balanced in its steady state. The
averaged cavity photon number hni in the steady
state can be obtained from the quantum master
equation (17) and is approximately given by
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reducing jreg j by 6%. In addition, the pump laser
has a phase uncertainty: the laser phase diffuses
in time with a finite laser linewidth. If we intentionally make the pump laser linewidth larger,
the superradiant enhancement becomes smaller
(fig. S3). We performed quantum-trajectory simulation as well as quantum master equation calculation with the experimental parameters, and
our data correspond to the numerical results (17)
(fig. S4).
Figure 3 shows the mean intracavity photon
number hni versus the excited-state atom number
hN iree. When the atoms have no dipole moment
(Fig. 3B), only the noncollective emission is
present. With a small number of atoms, the cavity
field is primarily made by spontaneous emission
of atoms (dashed line), and its photon number
increases linearly with the atom number. As the
accumulated photon number gets larger, stimu-

lated emission and absorption become dominant
over the spontaneous emission, and the system
lases for positive inversion (ree – rgg > 0) or the
photon number plateaus for negative inversion
(ree – rgg < 0). Especially for positive inversion,
a rapid growth of the photon number starts to
occur at hni ≈ 1, which is the well-known lasing
threshold in conventional lasers (22).
However, when atoms have the same phase
(Fig. 3A), photon emission is enhanced nonlinearly, with its log-log slope becoming steeper
than unity. The measured intracavity photon
numbers are consistently larger than the photon number made only by the cavity-enhanced
spontaneous emission (dashed line). When the
pump pulse area is 0.5p, pcorresponding
to
ﬃﬃﬃ
jyatom i ≈ ½jei þ expðifÞjgi= 2 , the observed
log-log slope is 1.66 ± 0.01. After subtracting
the contribution by the noncollective emission
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the mean intracavity atom number hN i is less
than unity, and thus the collective effect can
take place. The cavity field mediates the collective behavior among the time-separated hNc i
atoms that are going through the cavity individually during the cavity-field decay time,
leading to the single-atom superradiance. On
average, 22 atoms are involved in the collective
emission when a single atom is present in the
cavity mode.
In our experiment, the phase-aligned atomic dipoles prepared with the aforementioned nanohole
array were injected into the cavity, and the mean
intracavity photon number in the steady state
was measured with a single-photon–counting
module. The atom-cavity interaction was in
the strong coupling regime with (g, g, gc) = 2p ×
(290, 25, 75) kHz, where g is the atom-cavity
coupling averaged over the atomic distribution
centered around the antinodes of the cavity and
g (gc) is the atomic polarization (cavity-field)
decay rate. The single-atom cooperativity was
C = g2/ggc = 44. The mean travel time of atoms
from the pump to the cavity field was ~200 ns,
whereas the mean atom-cavity interaction time
t = 101 ns. As a comparative counterpart, we also
performed the experiment with a rectangular
atomic beam aperture (dimensions: 250 mm by
25 mm) for the case of atoms with random phases.
In the latter scenario, the atomic beam was injected
into the cavity mode with a small tilt angle to
induce Doppler shifts so as to achieve a uniform
atom-field coupling (18–21), whose strength is
half of the maximum coupling strength.
The collective emission described by the second
term in Eq. 1 is expected to have the quadratic
dependence on two parameters: the induced
atomic dipole moment ºjreg j and the atom
number hNc i. First, we investigated jreg j dependence of collective emission by varying the
pump pulse area (Fig. 2). Owing to the relation
jreg j ¼ j1 =2 sinQj for the prepared superposition
state, the atomic dipole moment would be maximized with equal ground- and excited-state
populations (Q = 0.5p or 1.5p) and so would be
the collective emission. Clear enhancement was
observed when the atoms were prepared in the
phase-aligned superposition states. The enhancement was more than a factor of 10 for Q < 0.3p
(fig. S2). Combined contributions by ree (noncollective) and jreg j (collective) make hni maximized near Q ≈ 0.7p. Owing to the small overlap
between the pump laser field and the cavity mode
(both are Gaussian), the collective emission process is somewhat disturbed by the stray pump
field in the cavity when the pump intensity is
strong, which results in the enhancement reduction for Q > p. On the other hand, in the randomphase scenario, the photon number is given by the
noncollective emission only, and thus it is maximized with fully inverted atomic states (Q = p).
The enhancement is strongly dependent on
the atomic phase purity. In reality, there are
several sources of phase noise. Finite atomic localization sets the lower bound of atomic phase
variance. Atomic spontaneous emission into free
space also contributes to phase diffusion of atoms,

Fig. 1. Phase-controlled atom-cavity interaction with a nanohole-array aperture. (A) Barium
atoms (yellow “flying” spheres) go through a nanohole-array aperture and are prepared in a desired
state by a pump laser (blue beam). The atoms interact with the cavity field in a given interaction
time t and emit photons into the cavity mode in both collective and noncollective ways. The inset shows
a focused ion beam image of the nanohole-array aperture (17). The nanohole-array dimension is 25l by
25l, spanning 19.8 mm both horizontally and vertically. Here, l = 791 nm is the atomic transition
wavelength. (B) The atom-cavity relative phase is prescribed by the array structure. Consider three atoms
going through nanoholes 1, 2, and 3, as indicated in (A), and then exiting the pump field at times t1, t2,
and t3, respectively. The pump laser phase at one of the zero-phase planes is shown with the imprinted
atomic phases. Although atom 3 has the opposite imprinted phase compared with the others, it goes
through an antinode that is opposite in phase to the antinodes through which atoms 1 and 2 travel. As a
result, all three atoms would have identical atom-cavity relative phases. (C) Varying the nanohole-array
position along the cavity axis changes the atomic trajectory from crossing nodes to crossing antinodes,
and therefore the cavity mean photon number (black square) varies sinusoidally when pumped by fully
excited atoms.The signal visibility is 0.54, and the corresponding effective atomic distribution has a full
width at half maximum of 0.29l. The red solid line is a sinusoidal fit to the data. Error bars indicate SD.
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value of gt is 0.18 rad for the phase-aligned atoms, averaged over the finite
atomic distribution around the antinode of the cavity field, and 0.10 rad
for the random-phase atoms with a traveling-wave atom-cavity coupling.
Solid (dashed) lines are theoretical predictions for the case of phase-aligned
(random-phase) atoms with the actual experimental parameters (17).
Error bars indicate SD.

Fig. 3. Intracavity photon number dependence on the number of atoms. (A and B) Intracavity mean photon number hni versus excited-state mean
atom number hNiree for (A) the phase-aligned case and (B) the random-phase case. We use hNiree instead of just hNi for the horizontal axis to align the
noncollective emission contribution as a common baseline. The inset in (A) shows hni with the noncollective contribution subtracted for Q = 0.5p cases and a
linear fit to data with a log-log slope of 1.94 ± 0.04. Dashed lines correspond to the expected photon number made only by the cavity-enhanced
spontaneous emission of atoms. Solid lines denote theoretical predictions with the actual experimental parameters (17). Error bars indicate SD.

corresponding to the dashed line, the recalculated
log-log slope becomes 1.94 ± 0.04 (inset of Fig.
3A), which indicates that the observed emission
is dominantly superradiance-proportional to the
square of the number of atoms. A near-quadratic
growth appears even in the negative inversion
case of Q = 0.3p, in which only 21% of atoms are
in the excited state with the rest in the ground
Kim et al., Science 359, 662–666 (2018)

state. When Q > 0.5p, the atoms have positive
population inversion, and thus the photon number grows further by stimulated emission beyond
the level reached by the collective emission. In
this case, it is impossible to isolate the collective
emission effect clearly in the log-log plot.
It is also notable that the log-log slope is
almost invariant for a large range of hNc i for
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Q ≤ 0.5p. The theory predicts that the quadratic
dependence on hNc i would be dominant in
the region of ð1 þ cosQÞ1 < hNc i < ðgtÞ2 for
the perfectly phase-aligned atoms, although the
practical phase noise would make the domain
somewhat reduced. Such a broad-range quadratic
growth, occurring independently of hni values,
including hni ≪ 1 as in (23), is a distinctive feature
3 of 4
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Fig. 2. Intracavity photon number dependence on the atomic state.
(A and B) Intracavity mean photon number hni versus pump pulse area Q
for various mean atom numbers hNi in the cavity with (A) phase-aligned
atoms and (B) atoms with random phases. The vacuum Rabi angle gt
is associated with the cavity-enhanced spontaneous emission probability
sin2(gt) during the atom-cavity interaction time t for a single atom. The
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The time-separated atoms linked by such onesided interaction can form atom-atom interaction systems, which can serve as a testbed for
various quantum many-body physics (25).
The present study deepens our understanding
on matter-light collective interaction and provides
insight into field-mediated long-range (26, 27)
interactions. In addition, the phase-controlled
many-atom–field interaction based on the nanoholearray technique can be used in nonclassical field
generation such as optical Schrödinger cat states
and highly-squeezed vacuum states (28), even in
a lossy cavity, contrary to previous studies in the
microwave region (29), as well as in realizing
superabsorption (30). The greatly enhanced singleatom emission may be useful in constructing
efficient quantum interfaces (31).
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of the present superradiance compared with the
marked slope change occurring near the threshold condition of hni ≈ 1 in the ordinary lasing
case. The absence of the usual lasing threshold
or thresholdless lasing in the present superradiance cannot be explained in terms of the
so-called b factor in ordinary lasers based on
noncollective emission (24). In our experiment,
b = (gt)2 ≈ 0.034 in the nanohole-array–aperture
case (Figs. 2A and 3A) and 0.011 in the rectangularaperture case (Figs. 2B and 3B) (17). The latter is
consistent with the large mean photon number
change occurring at the threshold in Fig. 3B
(Q > p/2). Additionally, the range of superradiance or the maximum number of atoms participating in the collective emission can be easily
scaled up by choosing smaller gt values (fig. S5).
This feature may provide a new approach in
building thresholdless lasers.
The present single-atom superradiance can
be viewed as a consequence of one-sided interaction among a series of atoms separated by tens
of meters. The photon emitted by a preceding
atom interacts with the next atom after traveling
ct=hN i (about 30 m for hNi ¼ 1; c, speed of light
in a vacuum) when we unfold mirror reflections,
although their average distance in real space is
only hundreds of micrometers. Due to causality,
only the preceding atoms can then affect the
quantum states of the following atoms. This
interaction induces the emission rate of the atom
in the cavity to be twice the emission rate per
atom in the usual superradiance (17) (fig. S6).
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Building up to superradiance, one by one
Superradiance is a quantum phenomenon that occurs when emitters are sufficiently close to change spontaneous
emission. Controlling the position and state of emitters within an atomic ensemble, however, is technically challenging.
Kim et al. show that spatial correlations can be replaced by temporal correlations to achieve superradiance (see the
Perspective by Meschede). They dropped prepared atoms into a high-quality optical cavity and found that the number of
photons within the cavity built up superradiantly as the atoms dropped through one by one. The method provides a
versatile platform for generating nonclassical states of light.
Science, this issue p. 662; see also p. 641

