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The interaction between light and cold atoms is a complex phenomenon potentially featuring many-body
resonant dipole interactions. A major obstacle toward exploring these quantum resources of the system is
macroscopic light propagation effects, which not only limit the available time for the microscopic
correlations to locally build up, but also create a directional, superradiant emission background whose
variations can overwhelm the microscopic effects. In this Letter, we demonstrate a method to perform
“background-free” detection of the microscopic optical dynamics in a laser-cooled atomic ensemble. This
is made possible by transiently suppressing the macroscopic optical propagation over a substantial time,
before a recall of superradiance that imprints the effect of the accumulated microscopic dynamics onto an
efficiently detectable outgoing field. We apply this technique to unveil and precisely characterize a density-
dependent, microscopic dipolar dephasing effect that generally limits the lifetime of optical spin-wave
order in ensemble-based atom-light interfaces.
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Interactions between light and atomic ensembles
are generically complex phenomena. Even in the weak
optical excitation limit, microscopic correlations can build
up through resonant dipole interactions and multiple
scattering, leading to highly nontrivial anomalous optical
response [1–8] or even wave localization [9–15]. For
stronger excitations [16–21], the many-body dynamics
may start to span the exponentially large Hilbert space
and become difficult to understand. Nevertheless, our
prevailing theory of quantum light-atom interfaces, the
Maxwell-Bloch equations (MBE) [22–27] that largely
ignore microscopic correlations, remains highly successful.
To experimentally quantify the microscopic correlations,
the measurements need to be carefully designed to
isolate any effects being well-described by the standard
MBE [3–6,15,28,29]. Although methods to elucidate inter-
actions beyond MBE have also been developed in the field
of nonlinear optics [30–37], their utility clearly lags behind
the level at which microscopic degrees of freedom are
controlled and measured in the microwave domain, such as
in nuclear magnetic resonance (NMR) [38–43].
Why is there a significant difference between NMR and

atom-light interfaces in resolving microscopic correlations?
A key answer was provided in a seminal paper more than
70 years ago [44] where Van Vleck suggested that his
treatment of many-body spin-relaxation dynamics in NMR

may not be applicable to light, due to Doppler and radiation
broadening. Indeed, in the optical domain the atomic
motion and radiation effectively smooth away and damp
out the microscopic correlations. Today, while laser-
cooling techniques can freeze out the atomic motion, the
collective radiation [45–48] and more generally the propa-
gation of light itself remain an effective damping mecha-
nism to suppress local optical dipolar correlations from
freely building up. Furthermore, to resolve the micro-
scopically driven effects from the typically much stronger
collective radiation background often requires detailed
knowledge of optical propagation for a side-by-side com-
parison between experimental measurements and numeri-
cal modeling [3–6,49].
In this Letter, we probe microscopic correlations in a

quantum atom-light interface by completely suppressing
the macroscopic light propagation and the associated
collective damping of atomic dipoles in free space. The
atomic ensemble is laser-cooled to be effectively motion-
less. The collective damping suppression is achieved by
shifting an optically excited spin wave in k-space beyond
the light cone [48]. This reversible suppression of collective
dynamics allows the interaction associated with micro-
scopic dynamics to accumulate over a long “interrogation
time” T i, before a backward k-shift to map the effects onto
collective radiation for efficient measurement. Importantly,
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the suppression of collective radiation during T i makes
our measurement “background-free,” i.e., immune to false
signals associated with inaccurate modeling of light propa-
gation itself [3–6,49]. By applying the method to an atomic
ensemble, we unveil a fundamental density-dependent
dipolar dephasing effect, with a rate that matches precisely
with a first-principles theory based on strong near-field
optical interactions.
Our experimental method relies on generating and mon-

itoring optical excitations that are free from collective
emission. As illustrated in Fig. 1, we consider N 3-level
atoms at locations frjg, j ¼ 1;…; N subjected to a pulsed
far-field optical excitation (or a CW excitation that is
rapidly switched off). Spin waves associated with the col-
lective raising operator ŜþðkÞ ¼ 1=

ffiffiffiffi
N

p P
j e

ik·rj jejihgjj
can be excited if the wave vector k of the light satisfies
jkj ¼ ωeg=c, i.e., if the associated frequency is resonant to the
atomic transition. Conversely, the same jkj ¼ ωeg=c phase-
matching condition ensures that the SþðkÞ excitation radiates
collectively into that light mode. To monitor the spin-wave
dynamics, one simply collects the directional emission IkðtÞ
over a superradiant solid angle Ωs [45,46,50] [see Fig. 1(c),
also see Ref. [51] for rigorous definitions]. The superradiant
emission leads to collective damping of the optical excitation
with a rate Γk ≈ ½1þ ODðk̂Þ=4�Γe that can be substantially
larger than the natural linewidth Γe, where ODðk̂Þ is the
average optical depth of the sample along k [50].
It is important to note that the collective damping

associated with phase-matched radiation exists ubiquitously

in macroscopic optical phenomena and is well described by
MBE in continuous media [22]. In fact, the macro-
scopic control of superradiant emission relies on the
associated damping to limit microscopic interaction effects
from building up inside quantum interfaces [70]. Here,
as we hope to unveil such effects, the collective radiation
becomes an enormous background to easily obscure
our intended observation. To circumvent the collective
damping, we exploit a time-domain phase-matching control
technique [48,52] to make rapid and efficient conversion
between SðkÞ and Sðk0Þ spin-wave excitations, with
jk0j > ωeg=c strongly mismatched from radiation [53]. In
absence of collective damping, one expects decay of the
optical excitation to be slowed down substantially toward
Γe [52]. More formally, we define a “survival ratio,”

Ok0 ðtÞ ¼ jhψk0 jψðtÞij2; ð1Þ

where the spin-wave state jψðtÞi is initialized with a singly
excited jψk0 i≡ Sþðk0Þjg1;…; gNi and evolves under
the effective non-Hermitian Hamiltonian Heff ¼

P
i;j V̂

i;j
DD

[54,71] with

V̂i;j
DD ¼ −

ω2
eg

ε0c2
d�
ge ·Gðrij;ωegÞ · dgeσ

þ
i σ

−
j : ð2Þ

Here, σ−j ¼ jgjihejj and σþj ¼ ðσ−j Þ† are the single-atom
spin-lowering and raising operators, respectively, and dge is
the transition dipole matrix element. The complex symmet-
ric free-space electromagnetic Green’s tensor Gðrij;ωegÞ
with rij ≡ ri − rj describes how light propagates from one
dipole point source to another.Heff thus encodes both purely
coherent interactions, such as those arising from the
optical near-field component GnearðrijÞ ∼ 1=r3ij, and collec-
tive emission, which arises purely from the far-field,
radiating component GfarðrijÞ ∼ 1=rij and gives Heff its
non-Hermitian nature. In the following, we demonstrate that
the decay rate Γk0 ¼ Γe þ γ for Ok0 ðtÞ not only contains a
well-known contribution from radiation (Γe) [52], but also a
dephasing rate γ ¼ Cρλ3eg that depends on the atomic density
ρ and arises from GnearðrÞ, in close analogy to NMR
magnetic dipolar relaxation [40,44,72,73].
We follow the control and measurement protocol in

Ref. [48] to investigate decay of optical spin-wave order in
laser-cooled 87Rb atoms. The spin waves are defined on the
5S1=2, F ¼ 2 to 5P3=2, F0 ¼ 3 hyperfine transition, with the
Zeeman sub-levels labeled as jgi and jei, respectively
[Fig. 1(e)]. As in Fig. 1(f), a short probe pulse with wave
vector kp (jkpj ¼ ωeg=c) is applied to resonantly excite the
optical spin wave defined on the jgi − jei transition.
We then successively drive population inversions from
jgi → jai and back jai → jgi with a pair of pulses on the
5S1=2, F ¼ 2 to 5P1=2, F0 D1 transition, with the first
and second pulses having wave vectors �kc and ∓ kc,

FIG. 1. Probing optical spin wave relaxation in a random gas. (a),
(b) illustrate the spin-wave order initiated in a Gaussian distributed
random 2-level gas for jkj ¼ ωeg=c and jk0j ¼ 2.9ωeg=c,
respectively. The corresponding electric fields jReðεkðrÞÞj, calcu-
lated over a two-dimensional cut at the sample center, are simulated
with the coupled dipole model (CDM) and plotted in (c),(d).
See Ref. [51] for details of the simulation. (e) and (f) outline the
general spin-wave control scheme and the timing sequence in this
work [51], respectively, to unveil microscopic interaction by a
reversible suppression of the collective damping with coherent
spin-wave control.
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respectively [Fig. 1(e)]. Although all atoms initially in jgi
wind up back in the same state, the difference in local
phases of the pulses seen by each atom causes each to pick
up a nontrivial, spatially dependent geometric phase. It can
be readily shown [50] that this phase patterning exactly
leads to a wave vector shift kp → kp ∓ 2kc for the spin-
wave excitation SþðkpÞ. The control direction kc is finely
aligned to ensure that the new direction k ¼ kp − 2kc is
also phase-matched, jkj ¼ ωeg=c, and thus the spin wave
preferentially emits in the k direction, as illustrated in
Fig. 1(c). This has the advantage that the spin-wave
population can be read out by the detection of superradiant
emission without risking detector saturation by the exci-
tation pulse [45–47,74,75].
After the preparation of the SþðkÞ excitation, we

investigate the dynamics of phase-mismatched spin waves
by immediately applying a second pair of control pulses to
shift the spin wave vector to k0 ¼ k − 2kc, where
jk0j ¼ 2.9ωeg=c. This large wave vector mismatch from
free-space radiation ensures the complete suppression of
collective emission for our system sizes σ ≫ λ [53]. After
an interrogation time T i for the Sþðk0Þ spin wave to
accumulate dynamics, a backward shift k → kþ 2kc is
applied to recall the superradiance [Figs. 1(c) and 1(f)]. The
peak amplitude of the exponentially decaying superradiance
signal IkðtÞ after the recall [interval III in Fig. 1(f)] is
proportional to the survival ratio, ĪkðT iÞ ∝ Ok0 ðT iÞ defined
by Eq. (1) [51]. The decay of ĪkðT iÞ vs T i therefore directly
reveals the decay of phase-mismatched spin waves during
the interrogation time.
Experimentally, the 87Rb samples are released from a

compressed dipole trap, before being subjected to a
weak probe excitation and repeated spin-wave controls
[Figs. 1(c) and 1(f)], during which the superradiance IkðtÞ
is recorded by multimode fiber coupled single photon
counters with 0.5 ns temporal resolution [48,50]. The
superradiance collection optics has a numerical aperture
of NA ¼ 0.06, capable of collecting a substantial fraction
of Ik spanning Θ ∼ λeg=πσ [Fig. 1(c)], even for the most
compressed samples with a Gaussian radius σ ≈ 3 μm in
this work [Figs. 3(a) and 3(c)] [51]. The detection effi-
ciency for the collected photons is around Q ∼ 0.1 after all
the fiber coupling losses [50,51]. The probe and control
pulse durations are τc ¼ 0.6 and τp ¼ 5 ns, respectively,
short enough to uniformly address the dilute samples with
negligible absorption and dispersion [51]. The probe
pulse area θp ¼

R
0
−τp Ωpdt is kept below π=10 with less

than 3% population in jei, to ensure the linear excitation
criterion [55] so that the dynamics governed by Eq. (2) can
be efficiently simulated with a coupled dipole model
(CDM) [51,56], and also to avoid saturating the single-
photon counters during the superradiant measurements.
To investigate the spin-wave dynamics under various
conditions, the samples are shaped with different aspect

ratios initially, see the absorption images in the insets
of Figs. 2 and 3, for example. The spherical “A” samples
can transiently reach a peak density as high as
ρ0 ≈ 4 × 1013=cm3. The type “B, C” samples are elongated
along z for reaching a high ODðk̂Þ while maintaining a
moderate ρ0. In addition, the ballistic expansion naturally
serves to continuously tune the peak ρ0 and ODðk̂Þ
parameters, during a 70 μs time-of-flight (TOF) when
typically Nrep ¼ 100 independent measurements are made
for each sample. Data from these repeated measurements
are grouped according to the sequence parameters and
estimated density distributions, to average and enhance the
IkðtÞ signals for the following analysis [51].
We first investigate dynamics of superradiant emission

associated with the phase-matched SþðkÞ spin wave. For
this purpose, the atoms are allowed to evolve freely after the
SþðkÞ spin-wave preparation [The “I” interval in Fig. 1(f)
with long enoughΔt2.]. Typical IkðtÞ are given in Figs. 2(a)
and 2(b) collected from type A,C samples over the same
number of measurement repetitions under otherwise nearly
identical experimental conditions [51]. The relative ampli-
tudes of the superradiance signals are therefore decided by
the atomic number N and the optical depth OD [50]. It is
known that the IkðtÞ superradiance signal deviates from the
decay of the spin wave itself as a result of small-angle
diffraction that reshapes the superradiance profile [50,57].
The reshaping effect generally leads to a rapid initial decay
of IkðtÞ, beyond the ½1þ ODðkÞ=4�Γe rate for OkðtÞ,
followed by a nonexponential tail. The accuracy of the
Ik measurements is confirmed by both CDM and MBE
simulations that reproduce the nontrivial collective dynam-
ics, with no freely adjustable parameters [51]. The tiny

FIG. 2. Superradiant dynamics for phase-matched SþðkÞ
spin-wave excitation. Time-dependent fluorescence counts are
histogrammed into intensity data IkðtÞ in (a) and (b). Blue
solid (dashed) curves are predictions by CDM (MBE). Red
solid (dashed) curves are the expected nearly exponential

decay dynamics of the spin wave survival ratio, OkðtÞ ≈
e−ð1þODðk̂Þ=4ÞΓet obtained by CDM (MBE) for jkj ¼ ωeg=c.
The gray dashed lines indicate the e−Γet spontaneous emission
of an isolated atom. The insets are absorption images of the type
A, C samples [51]. Red arrows highlight the spin-wave k
direction along which IkðtÞ is collected.
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difference between the CDM and MBE predictions, origi-
nating from the microscopic interaction captured by CDM,
is hardly visible in Fig. 2 and impossible to distinguish
through the IkðtÞ measurements in presence of such
collective dynamics background.
To unveil the microscopic dephasing dynamics predicted

by CDM, we now proceed with the full spin-wave control
sequence [Fig. 1(f)]. Typical IkðtÞ with interrogation times
T i ¼ ½1.2; 2.5; 25.8; 27.0� ns are plotted in Figs. 3(a)–3(c)
with colored curves. As detailed in Ref. [51], this timing
suppresses a systematic bias to the spin-wave recall
efficiency due to a T i-dependent hyperfine interference
effect [50]. The samples are from the initial TOF with
negligible expansion [51]. At each T i, the signal IkðtÞ has
two peaks. The first peak corresponds to the interval I in
Fig. 1(f), and arises immediately following the preparation
of the spin wave SþðkÞ. The signal then effectively
vanishes once the second pair of control pulses is applied
to shift the spin wave to a phase-mismatched Sþðk0Þ,

remains for T i, until it is recalled back to SþðkÞ to produce
the second superradiance peak (interval III). Not surpris-
ingly, once the spin wave is recalled back to the phase-
matched state, the intensity IkðtÞ decays at a superradiant
rate enhanced by ODðkÞ, similar to the Fig. 2 data.
More important, however, is the decay of the recalled
amplitude peaks ĪkðT iÞ, which, with the precise timing
knowledge [48,51], are retrieved by fitting the recalled
IkðtÞ with exponentials in interval III [Fig. 1(f)].
We now examine the decay of ĪkðT iÞ vs T i in Figs. 3(a)–

3(c) for possible deviation from the single atom rate Γe [52]
prescribed by MBE (dashed black lines). The deviation is
hardly seen in Fig. 3(a) type A samples with reduced
N ≈ 8 × 103, but becomes apparent when the atom
number is increased to N ≈ 2 × 104 in Fig. 3(c) so that
ρ0 ≈ 4 × 1013=cm3 is reached. Notice both the Figs. 3(a)
and 3(c) samples are during their initial TOF with essen-
tially identical spatial distributions [51]. On the other hand,
for the elongated B samples in Fig. 3(b), the deviation is
substantially reduced, due to the smaller density, even
though the recalled IkðtÞ decays almost as rapidly as those
in Fig. 3(c). Similar observation is made for the type C
samples [Fig. 2(b)] with even larger OD. For all the
measurements, we fit the fĪkðT iÞ; T ig data according to
ĪkðT iÞ ∝ Ok0 ðT iÞ ¼ e−Γk0T i . The decay rates Γk0 are plotted
in Fig. 3(d) vs the corresponding dimensionless density
parameter η0 ¼ ρ0λ

3
eg. From Fig. 3(d), a density-dependent

dephasing rate γ ≈ 0.013ð3Þη0Γe can be extracted.
The density-dependent deviation of Γk0 from the

MBE-predicted rate Γe in Fig. 3(d) is our main measure-
ment result. The additional decay may not be a complete
surprise [52], since the spin-wave state jψk0 i is not an
eigenstate of Heff by Eq. (2) for a random gas. In the
following we clarify that the 1=r3 scaling of the near-field
interaction in Eq. (2) determines the exponential form of the
additional spin-wave decay. We then provide an analytical
expression of γ to be compared with the measurement. We
focus on the initial spin-wave dynamics within δt ≪ 1=Γe,
where the effects by the anti-Hermitian part Ha associated
with far-field radiation can be separated from the Hermitian
partHr ofHeff ¼ Ha þHr (see Sec. S1A of Ref. [51]). The
impact of dephasing to Ok0 ðδtÞ is formally captured by
considering the decomposition of jψk0 i in the eigenstate
basis of Hr, fjnig, and evaluating the spectrum PðωÞ≡P

n jhnjψk0 ij2δðω − ωnÞ [76]. In order to arrive at a simple
effective theory, the key realization is that in a random gas
and for the resonant dipole interaction of Eq. (2), the high-
frequency tails ofPðωÞ are governed not by the entiremany-
atom system, but only by a small fraction of atomic
pairs with separations r ≪ λeg=2π. This results in strong
frequency shifts of each pair due to near-field interactions
ωn ∝ 1=r3, which dominate over the interactions of the
pair with all other atoms combined [58]. As detailed in
Ref. [51], these pairwise interactions yield a PðωÞ ∝ 1=ω2

FIG. 3. Decay of the jk0j ≠ ωeg=c spin wave. (a)–(c): Super-
radiance IkðtÞ during the full control sequence [Fig. 1(f)] with
T i ¼ ½1.2; 2.5; 25.8; 27.0� ns (red, purple, blue, and yellow
curves), for three typical, fairly dense samples. Exponential fits
to the recalled IkðtÞ curves leads to Γk ≈ f1.9; 2.8; 3.2gΓe for
(a)–(c) respectively. A black dashed line with −Γe slope is added
as a reference to compare with the peak ĪkðT iÞ decay. Substantial
deviation of IkðT iÞ from the MBE-predicted line is highlighted
with an arrow in (c). The atomic distribution is inferred from
strong-exposure absorption images [51], as in the insets (white
scale bar ¼ 20 μm). (d) The Γk0 estimated from the four ĪkðT iÞ
peaks [51] is plotted vs the estimated dimensionless peak density
parameter η0 ¼ ρ0λ

3
eg in different colors. The y-error bars reflect

the statistical and systemmatic uncertainties. The x-error bars
Δη0 ¼ �25%η0 are associated with uncertainties in the sample
preparation and characterization. The solid black line gives the
prediction from the dipolar dephasing theory of Eq. (3), with
η̄ ¼ η0=2

ffiffiffi
2

p
as the mean density of a Gaussian distribution. The

horizontal dashed line, Γk0 ¼ Γe, based on MBE, ignores micro-
scopic effects associated with atomic granularity.
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large-frequency scaling in a random gas [59]. Its Fourier
transform leads to an initial decay of Ok0 ðδtÞ ¼ e−ðΓeþγÞδt,
with

γ ¼ ξηΓe: ð3Þ

Here η ¼ ρλ3eg is the dimensionless density, while ξ is a
numerical factor that depends on details of the dipolar
interaction. Beyond the 2-levelmodel, in Ref. [51]we derive
the value of ξ for various models including those taking into
account hyperfine interactions. In particular, ξ ¼ 0.64=6π
for the F ¼ 2 − F0 ¼ 3 transition of 87Rb. We further
account for the fact that the atomic ensemble has a
Gaussian rather than uniform density distribution. Defining
η̄ ¼ η0=2

ffiffiffi
2

p
as the mean density, one can show that the

dephasing rate becomes Γk0 ¼ Γeð1þ ξη̄Þ for the Gaussian
distribution. In Fig. 3(d) we see excellent agreement
between the experimental measurements with this model
which suggests γ ¼ 0.012η0Γe. We refer readers to
Refs. [51,53] for a general discussion on the long-term
behavior of the survival ratio beyond the initial decay.
The near-field relaxation mechanism shares the same

physics origin with that regularly observed in NMR, where
similar line shape analyses were made in frequency and
time domain spectroscopy [40,44,72,77,78]. Here, for
atom-light interactions, the observation is made possible
by suppressing the collective radiation damping which
becomes significant in the optical domain [44]. We expect
similar dephasing effects arise in solid-state ensembles,
such as rare-earth doped systems [79,80] with typically
orders-of-magnitude larger emitter densities. Importantly,
for a macroscopic sample with size L ≫ λeg, the collective
dynamics associated with Γk ∼ ODðkÞΓe is stronger than
the typical microscopic rate γ ∼ η̄Γe by a factor of L=λeg.
The transient suppression of the collective dynamics back-
ground is thus essential for accurate measurements of the
microscopic interactions in the far field. We note that
similar suppression of light propagation can be achieved by
controlling the electromagnetic environment, for example,
by periodically dressing a slow-light medium [81–83].
By measuring superradiance following a transient sup-

pression of light propagation, we identify and quantify a
density-dependent dephasing effect arising from the
near-field optical dipolar interaction. This dephasing effect
is universal in dense atomic ensembles [1,7,84–86].
Straightforward extension of our observation to atomic
gases near degeneracy would help to uncover spin-depen-
dent correlations related to quantum statistics [1–3,87,88].
To overcome the dephasing effect one might resort to
atomic arrays [89] where the fluctuations of near-field
interactions are controlled [90,91]. The suppression of
collective radiation brings an atom-light interface
closer to its NMR counterpart in terms of controllable
microscopic interactions. After more than 70 years
since the first observation was made in the microwave

domain [44,72,77,78], we hope that the observation of
optical dipolar spin-wave relaxation will contribute to
novel developments of many-body physics in quantum
optics [3,12,14,15,87,88,90–95].
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