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We experimentally study resonant light scattering by a one-dimensional randomly filled chain of cold
two-level atoms. By a local measurement of the light scattered along the chain, we observe constructive
interferences in light-induced dipole-dipole interactions between the atoms. They lead to a shift of the
collective resonance despite the average interatomic distance being larger than the wavelength of the light.
This result demonstrates that strong collective effects can be enhanced by structuring the geometrical
arrangement of the ensemble. We also explore the high intensity regime where atoms cannot be described
classically. We compare our measurement to a mean-field, nonlinear coupled-dipole model accounting for
the saturation of the response of a single atom.
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Two scatterers illuminated by a resonant light field are
coupled to each other as the field radiated by one acts on the
other, giving rise to a light-induced resonant dipole-dipole
interaction. In a disordered ensemble containing many
emitters, the random relative phases of the radiated fields
lead to destructive interferences suppressing the effect of
interactions. Structuring the sample could allow recovering
constructive interferences, thus, enhancing dipole inter-
actions and shaping its collective coupling to resonant light
[1–5]. Cold atoms provide an interesting platform for
studying collective light-matter interaction, exhibiting neg-
ligible inhomogeneous broadening. Experiments on disor-
dered samples of cold atoms already led to the observation
of collective effects in near-resonant light scattering [6–15].
Realizing ordered atomic arrays to enhance the collective
coupling to light requires controlled positioning of the
individual atoms with subwavelength precision. This sets
stringent experimental requirements, but provides new
pathways for engineering strong collective light-matter
coupling. For example, the interactions can lead to
enhanced reflectivity for a single atomic layer [2,3,16],
an effect recently demonstrated using ultracold atoms in
two-dimensional optical lattices [17]. In 1D arrays, it was
predicted that interactions induce subradiant transport in
atomically thin wires [18–22]. These predictions rely on
models based on linear coupled dipoles (e.g., [23]), or small
scale full quantum models [22,24,25]. This restricts the
analysis either to the weak driving limit where a classical
model is valid, or to small ensembles of up to about a dozen
atoms, where full quantum calculations can be done.
Experimentally, collective scattering with one-dimensional
systems has been observed with atoms trapped near nano-
photonic waveguides or nanofibers [26–30], and with
chains of up to eight trapped ions [31].
In this Letter, we study resonant light scattering by a

one-dimensional chain of two-level atoms as considered

theoretically, e. g., in [21,32,33]. For this, we present a
platform realizing a free-space, 1D partially filled chain of
up to 100 atoms. We measure the intensity spectrum of the
light scattered perpendicular to it. By local and global
measurements of the resonance frequency shift, we show
that collective constructive interferences in resonant dipole-
dipole interactions lead to an enhancement of the shift with
respect to random dense ensembles [7,11,14,15]. Finally,
we extend our experiments beyond the weak driving limit
and observe a suppression of the interaction-induced shift.
We compare our findings to a model based on nonlinear
coupled dipoles [34].
To illustrate how the dimensionality of the atomic ensem-

ble enhances collective scattering, consider a 1D chain of
atoms excited by a plane wave (frequency ω ¼ kc) propa-
gating along the chain axis ẑ (Fig. 1) as proposed in [32].
In the low-intensity limit, the dipoles respond linearly to the
field E [35], i. e., the dipole of atom n at position zn is
dn ¼ ε0αEðznÞ, with α ¼ ið6π=k30Þ=ð1 − 2iΔ=Γ0Þ the
atomic polarizability. Here, k0 ¼ 2π=λ0 is the transition
wave vector, Δ ¼ ω − ω0 the detuning with respect to the
single-atom resonance frequency ω0, and Γ0 the linewidth.
Bypropagating along ẑ, the driving field accumulates a phase
kzn on atom n. The induced dipole dn scatters a field phase
shifted byϕ ¼ ArgðαÞwith respect to the driving planewave
[36–39]. This scattered field accumulates a phase kjz − znj
by propagating along z. Therefore, in the forward direction
(z > zn), the phase accumulated by the field scattered by one
atom is kzþ ϕ, independent of the position of the atom.
Now, considering all atoms, the fields scattered in the
forward direction are all in phase at first order (single
scattering) and, thus, interfere constructively, as represented
in Fig. 1(a). This conclusion only relies on the 1D geometry
and holds even in the presence of position disorder along the
chain. On the contrary, if the atoms are not aligned along the
ẑ axis, the phases accumulated by the scattered fields do
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depend on their position, and their superposition in the
forward direction does not lead to constructive interference.
To realize a 1D atomic chain and observe this effect, we

introduce a new platform. We produce an optical lattice by
retroreflecting a tight optical tweezer focused by two in-
vacuum aspheric lenses with numerical aperture NA ¼ 0.5
[Fig. 1(a)]. It yields a chain of traps with small intertrap
spacing (trapping wavelength λtrap ¼ 940 nm resulting in
470 nm spacing), similar to [40], but with tight transverse
confinement. The trap beamwaistwtrap ¼ 3.3 μm (Rayleigh
range zR ≃ 36 μm) is chosen to avoid strong variations of the
radial confinement along the chain while keeping small trap
volume [41]. The dipole trap depth at the waist is ∼3 mK,
corresponding to peak transverse and longitudinal oscillation
frequencies of, respectively, ωρ ¼ 2π × 50 kHz and ωz ¼
2π × 750 kHz. Another asset of our setup is the introduction
of a second pair of aspheric lenses on a transverse axis as used
in [42] for trapping and probing single atoms, here, allowing
for local measurements along the lattice axis. The resolution
of this system is ∼1 μm.
We load the lattice with 87Rb atoms using the following

sequence: We start from a 3D magneto-optical trap (MOT)
superimposed to the lattice and, then, apply a 200 ms
Λ-enhanced grey molasses on the D1 line [43–45] with the
lattice tweezer on. We found, empirically, that applying the
molasses results in a more reliable loading of the chain with
respect to direct MOT loading. Thanks to the low photon

scattering rate of grey molasses, the lattice is filled with an
average of more than one atom per site. Then, we switch the
MOT beams back on for 5 ms. This pulse induces strong
light-assisted collisions and ejects atoms out of shallow
traps. The atoms are then optically pumped in the j52S1=2;
F ¼ 2; mF ¼ 2i state, with the quantization axis set by a
0.5 G magnetic field aligned with the chain. At the end of
the loading sequence, the 200 central lattice sites are
loaded with an average filling η ¼ 0.5� 0.1. Thus, the
average interatomic distance is hrnni ≃ λtrap ≃ 1.2λ0 (here,
λ0 ≃ 780 nm). The average loading is measured by illumi-
nating the chain with a saturating resonant beam in free
flight and comparing the fluorescence of the whole chain
(see example of an average image in Fig. 2) with that of
a single atom calibrated independently. The final temper-
ature is T ¼ 80ð20Þ μK, yielding a transverse width σρ ≃
300 nm ≃ 0.38λ0.
Using this platform, first, we explore collective scatter-

ing in the low-intensity limit. The atoms are excited along
the chain axis by applying 200-ns pulses of a σþ-polarized
probe at λ0 ¼ 780.2nm (D2 line). The probe waist is
wprobe ¼ 20 μm (Rayleigh range zR ¼ 1.6 mm) such that
it approximates a plane wave. The probe intensity is
I=Isat ≃ 0.3. We image the light scattered by the atoms
in the transverse direction on an electron multiplying CCD
camera (EMCCD), through one of the two additional
high-NA lenses. For a given probe detuning, the chain is
illuminated by 50 probe pulses, and we repeat over 300
identically prepared samples to obtain sufficient statistics.
The scattered intensity spectrum is extracted by repeating
this at different detunings between Δ ¼ −3Γ0 and 3Γ0.
To reveal the effect of interactions along the chain, we

(a)

(b)

FIG. 1. (a) Chain of atoms under axial excitation. The total
phase accumulated by propagation and single scattering is the
same in the forward direction irrespective of the position of the
atom. This results in constructive interferences of all forward
scattered fields. (b) Schematic of the experimental setup. Two
orthogonal high-resolution optical systems based on 4 in-vacuum
aspheric lenses (AL) realize a chain of single atoms in a 1D-
optical lattice and collect the scattered light on an EMCCD.

FIG. 2. Local shift δωðzÞ as a function of the position in the
chain. Blue circles (red squares): axial (transverse) excitation.
Each data point is the resonance frequency of a 10 μm segment
around z. Horizontal error bars: segment width. Vertical error
bars: standard error of the fit of the local spectrum. Dotted lines:
results of coupled-dipole simulations, with the shaded region
corresponding to the experimental uncertainty in chain filling
η ¼ 0.5� 0.1.
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divide it into 10 μm-long segments, as shown on the top
of Fig. 2.Weobserve resonance profiles that arewell fitted by
a Lorentzian line shape, fromwhich we extract the local shift
of the resonance δωðzÞ [inset, Fig. 3(a)]. This on-axis
excitation is compared to the result of an identical excitation
procedure but with a plane wave probe (wprobe⊥ ≃ 1.5 mm)
sent perpendicularly to the chain. The results are plotted in
Fig. 2. Under perpendicular excitation, we do not observe
any shift along the chain, while the shift does increase along
the chain for the axial excitation, indicating a buildup of the
interactions. These findings are in agreement with the
qualitative discussion above. For comparison, shifts of
comparable amplitude were obtained in disordered 2D and
3D samples but for interatomic distances about ten times
smaller [7,14], highlighting the enhancement of the collec-
tive response by reducing the dimensionality.
Now, we describe our experimental results in terms of

the steady-state coupled-dipole model [46]. In this model,
each atomic dipole of the chain is driven by the field of the
plane wave and the sum of the fields radiated by all the

other atoms: dn ¼ ϵ0α½ELðrnÞ þ
P

m≠n Gðrn − rmÞdm�with
GðrÞ the Green’s function [47]. Here, we assume scalar
dipoles to reproduce the experimental arrangement of two-
level atoms driven by a σþ-polarized field [50]. To get an
intuitive understanding of the shift increase along the chain,
first, we use a perturbative approach, as done in [32]. In the
limit of large interparticle distance ðk0hrnni > 1Þ, only the
long-range part of the radiated field plays a role and
GðrÞ ∝ eikr=kr. Keeping only forward scattering at first
order (single scattering), the field intensity at position zn is
[32,47]

jEð1Þðzn;ΔÞj2¼ jELj2
�

1−
6Δ=Γ0

1þð2Δ=Γ0Þ2
X

zm<zn

1

kjzm− znj
�

;

ð1Þ

with EL the laser field amplitude. This simple model shows
that the field seen by atoms down the chain is increased for
red detunings ðΔ < 0Þ. Thus, the excitation probability

jdð1Þn ðΔÞj2 ∝ jEð1Þðzn;ΔÞj2=½1þ ð2Δ=Γ0Þ2� is redshifted
compared to the single-atom resonance due to the inter-
actions. This interaction-induced shift is actually the
equivalent of a collective Lamb shift [51] for a discrete
medium [17,31]. The interpretation is the following: for red
detunings, the scattered and driving fields are in phase ðϕ <
π=2Þ such that constructive interferences increase the field
intensity jEðznÞj2 [52]. For blue detuning, they are out of
phase ðϕ > π=2Þ and their destructive interferences reduce
jEðznÞj2.
Though the simple perturbative model captures the

mechanism behind the local shift, full solutions of the
coupled dipoles including experimental imperfections are
necessary for a quantitative comparison with the data.
Thus, we numerically solve the set of linear coupled
equations to calculate each dipole dnðΔÞ for various
detunings. The power emitted by a dipole is proportional
to Im½dnEðznÞ�� ∝ jdnj2. We take into account both the
random filling fraction and the residual thermal fluctuation
of the atomic positions (radially and axially) in each well by
averaging over several hundreds of random realizations,
and we plot the mean dipole in the chain slices used in the
experiment,

P
n∈slice jdnðΔÞj2, as a function of the detun-

ing. The obtained spectra are well fitted by a Lorentzian
line shape, from which we extract the theoretical line shift.
The results are shown in Fig. 2, for different fillings η
compatible with the experimental uncertainty. We obtain a
good agreement between the data and the ab initio model
with no adjustable parameter.
Next, we vary the parameters controlling the interaction

strength. As discussed above, the collective enhancement
of interactions relies on the 1D geometry. Therefore, first, we
consider a situation away from 1D. In this case, if an atom is
displaced by ρn perpendicularly to the chain axis, the phase
factor on axis is kjr − rnj ≃ kjz − znj þ kρ2n=ð2jz − znjÞ.

(a)

(b)

FIG. 3. (a) Global shift δω as a function of the radial size σρ of
the cloud after a time of flight. Vertical error bars: fit standard
errors, horizontal errors: size variation during probe pulse. Dotted
line: coupled dipole simulations accounting for the experimental
uncertainty on the chain filling η. Inset: example of fluorescence
spectra. (b) Global shift δω vs η compared to coupled dipole
simulations (shaded region accounting for experimental uncer-
tainty in temperature 80ð20Þ μK. Vertical error bars: fit standard
errors. Horizontal errors: experimental uncertainties. The refer-
ence of the shifts is the intercept of a linear fit of the data. Inset:
comparing data of (a) and (b), plotted vs nearest-neighbor
distance: khrnni.
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Thus, the relevant factor for constructive interferences to
occur at an axial distance Δz should be that the Fresnel
number σ2ρ=λ0Δz ≪ 1, with σρ the radial extent. This shows
that when σρ=λ0 ≫ 1, interferences should disappear. To
check this experimentally, we change the radial size of the
atomic distribution by letting the chain expand in free flight.
After this time of flight, we send a near-resonant probe pulse
for 10 μs along the chain and again collect the light scattered
in the transverse direction. Now, we record the scattered
intensity summed over all the chain for various detunings
and extract the global shift of the resonance frequency δω.
Figure 3(a) shows the evolution of δω as a function of σρ=λ0.
As expected, the shift, and hence, the interactions, vanishes
when the atoms are not in a 1D geometry. The dotted lines
correspond to coupled-dipole simulations computed with
our experimental parameters. They are in good agreement
with the data.
In another set of experiments, we increase the inter-

atomic distance while keeping the 1D geometry by reduc-
ing the filling fraction of the chain [47]. The global shift as
a function of the filling of the chain is shown in Fig. 3(b),
together with the coupled-dipole simulations. We exper-
imentally observe a reduction of the shift, as predicted.
However, the calculated linear dependence is not clear in
the data. This may be explained by a nonuniform filling
along the chain. The same data are plotted in the insert as a
function of the average interatomic nearest-neighbor dis-
tance khrnni and compared with the data of Fig. 3(a): at a
given khrnni, the shift is much stronger for a 1D sample.
Again, this shows that collective scattering is enhanced
in 1D.
Finally, we explore the evolution of the frequency shift

when increasing the intensity of the driving field beyond
the low-intensity limit. We, again, send the probe light
along the chain axis and collect the transverse scattered
light. We have verified that the higher intensity does not
lead to significant extra atom losses and heating. We
measure the scattered intensity spectrum integrated over
the chain. When increasing the intensity of the probe light,
we observe a broadening of the Lorentzian line, as well as a
suppression of the global shift as shown in Fig. 4(a).
To model the data, we use a nonlinear coupled-dipole

(NCD) model accounting for the nonlinear single atom
response (see, also, [34]):We again solve the coupled-dipole
equations, but now, using the nonlinear (NL) expression of
the atomic polarizability for a strongly driven two-level atom
given by the steady-state solution of the optical Bloch
equations [53]: αNLðΔ;ΩÞ ¼ if½ð6π=k30Þð1þ 2iΔ=Γ0Þ�=
½1þ ð2Δ=Γ0Þ2 þ 2Ω2=Γ2

0�g. Here, Ω ¼ dE=ℏ (d2 ¼
3πε0ℏΓ0=k30) is the Rabi frequency and E is the total field
driving the atom, superposition of the laser field, and the one
scattered by all other atoms. This model amounts to a mean-
field theory where the many-body density matrix is factor-
ized into a product of individual atomic density matrices
[34,47,54,55]. To compare to the data, we calculate the

fluorescence which is proportional to the sum of the excited
state populations ρee;n ¼ Im½ρeg;nΩ�

n�=Γ0 of atoms in the
chain (here ρeg;n ¼ dn=2d is the atomic coherence between
ground and excited states of atom n) [53]. By solving this
model, we observe that the spectrum becomes slightly
asymmetric. Nonetheless, to extract a shift, we fit the center
of the spectrum (−2 < Δ=Γ0 < 2)with aLorentzian, as done
in the experiments. Considering first unity-filled short
chains, we obtain a reduction of the global shift with
increased driving strength [Fig. 4(b), solid lines]. To check
the validity of thismodel, we compare it with the full solution
that keeps quantum correlations into account [Fig. 4(b),
circles] calculated as inRefs. [22,24] for a chain of six atoms:
the NCD model satisfyingly captures the evolution of the
shift for the considered interatomic spacing.
The reduction of the resonance shift can be interpreted as

an effect of the saturation of individual quantum emitters
[25]. Indeed, from the above nonlinear expression of the
polarizability, the atomic dipole scales as 1=Ω in the strong
driving limit. Thus, on a given atom, the ratio of the driving
applied by the other ones to the external driving decreases
as 1=Ω2, hence, suppressing interferences along the chain.
The results of NCD calculations for the experimental
parameters, involving ∼100 atoms, are shown in Fig. 4(a).
They are in good agreement with the experimentally mea-
sured global shift for the weakest driving, but predict a
more gradual tailing off to zero for stronger driving. Further
investigations are required to elucidate the disagreement at
large driving amplitudes. A further reduction of interferences
could also be due to incoherent scattered light, and in the
strong field limit, some unaccounted-for mechanisms might
pump atoms out of the two-level system.
The measurements presented here show that controlling

the geometrical arrangement of an atomic sample allows us
to shape its collective response to light, as also observed in
[17]. Further investigations beyond the classical regime of

(a) (b)

FIG. 4. (a) Measured global resonance shift as a function of the
laser Rabi frequency (circles). Vertical error bars from the fits.
Horizontal errors: 10% uncertainty on the probe intensity. Dotted
lines: results of the NCD model including the experimental
parameters. Shaded area: uncertainty in the filling fraction
η ¼ 0.5� 0.1. (b) Mean-field nonlinear coupled-dipole calcula-
tions for chains of N atoms (solid lines) are in reasonable
agreement with a full quantum model (circles).
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weak driving should follow. Increasing the coupling
strength by reducing the interatomic distance will be a
promising way forward for observing effects beyond what
are captured by the mean-field model and to address long-
lived subradiant states.
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