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Collective effects on the light scattered by disordered media such as Anderson localization and
coherent backscattering critically depend on the reciprocity between interfering optical paths. In this
work, we explore the breaking of reciprocity for the light scattered by a disordered cold atom setup,
taking advantage of the non-commutation of optical elements that manipulate the polarization of
the interfering paths. This breaking of symmetry manifests itself in the reduction of the fringes
contrast as the light scattered by the cloud interferes with that from its mirror image. We provide
a geometrical interpretation in terms of the Pancharatnam-Berry phase, which we directly access
from the fringes displacement. Our work paves the way toward the manipulation of path reciprocity
and interference in disordered media.

Introduction.— Symmetries are fundamental proper-
ties of a system, which determine the conserved quan-
tities of its dynamics [1, 2], thus setting constraints on
its evolution. In particular, the charge, parity and time
reversal (CPT) symmetry is universal as it applies to all
known forces. Yet an important aspect of this symmetry
is that it holds for a system as a whole, and consider-
ing the full symmetry, rather than a single one of the
three. A simple illustration can be found in classical
optics: While the CPT symmetry holds for the scatter-
ing of light by particles if one monitors all degrees of
freedom, it breaks down as one focuses, for example, on
the coherently scattered light. Indeed, the scattering of
electromagnetic energy in other modes is typically encap-
sulated in the imaginary part of the medium refractive
index, thus inducing a dissipative nature to the system.
The necessity to differentiate absorption, which as a mat-
ter of fact defines an arrow for time and prevents the time
reversal symmetry, from other energy-preserving mecha-
nisms which may break that symmetry, has led to the
notion of reciprocity [3, 4].

Reciprocity, in optics and beyond, describes the sim-
ilarity of the transformations undergone by two waves
travelling along the same path, yet in opposite direc-
tions. The fields emerging from these two “reciprocal
paths” can be made to interfere, and in disordered sys-
tems the constructive interference between such pairs of
optical paths is at the origin of modifications to the clas-
sical diffusion of waves, such as the coherent backscat-
tering effect [5–11] and the Anderson localization of
waves [12, 13]. The vectorial nature of electromagnetic
waves may actually lead to a reduction of the enhance-
ment of the backscattered signal, as (de)polarization
effects kick in [5–7, 14, 15]. Similarly, the presence

of multiple, coupled polarization channels for light has
been reported to be detrimental to Anderson localiza-
tion [16, 17], superradiance [18] and subradiance [19], or
to the build up of a large refractive index in dense disor-
dered media [20].

In this work, we explore the breaking of reciprocity
for light scattered by a disordered medium by introduc-
ing non-commuting polarizing optics on the path of the
light. The light scattered by a large cold atom cloud is
made to interfere with that from the cloud mirror image,
yet the use of a birefringent mirror (M), along with a half
waveplate (P), breaks the symmetry in the transforma-
tion that the polarization undergoes on each (reciprocal)
path. The reciprocity breaking is monitored through the
interference fringes from our mirror-assisted backscat-
tering setup [21], and the reduction of their contrast is
shown to derive directly from the lack of commutation of
the above-mentioned polarizing optics. While this con-
trast is associated to the geodesic distance between the
polarizations on the Poincaré sphere, the phase difference
between them, also known as the Pancharatnam-Berry
phase [22, 23], corresponds to the geodesic surface be-
tween the injected polarization and the scattered ones,
as shown in Fig. 1: It is accessed in our experiment by
measuring the fringes displacement, thus providing a ge-
ometrical interpretation to the breaking of reciprocity.

Experimental Setup.— Our cold atom setup consists
of a cold cloud of N ≈ 3.107 atoms of 88Sr, initially
trapped in a magneto-optical trap with a temperature
of 10 mK, see Fig. 2. The experiment is performed by
turning off the trap, so the atomic cloud expands for
a time of flight of 200 µs and reaches a 1/

√
e radius

of R = 1100 µm. With an associated optical density
b0 ≈ 0.4, single scattering is dominant. Then, the atoms
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FIG. 1. (a) Representation on the Poincaré sphere of the light
polarization ϵ̂i and ϵ̂ii, obtained after the action of the trans-
formations M̂ and P̂ in direct or reverse order, respectively.
The angles ξ and γ are defined by the operations M̂ and P̂,
respectively, and the solid angle Ω is indicated in light yellow.
(b) Schematic representation of the breaking of reciprocity
between time-reversed paths, composed by non-commuting
polarization operators M̂ and P̂.

are probed with a laser beam with a waist w0 = 2.1 mm,
so that the intensity is almost homogeneous through-
out the cloud. The laser power Pl = 0.2 mW, resonant
with the 461 nm broad transition of neutral Strontium
(Γ = 2π×30.5 MHz), corresponds to a saturation param-
eter of s0 = 0.07, so that most of the light is scattered
elastically. The pulse duration tp = 70 µs leads to an av-
erage number of photons scattered per atom of Np = 470,
or to a Doppler displacement of 10 MHz ≈ Γ/3; the ac-
tual Doppler displacement being much smaller, since the
atoms scatter simultaneously photons from the incom-
ing and retroreflected beam (see Fig. 2 and discussion
below).

Our experiment is thus set in the single- and elastic-
scattering regime, so the radiation from each atom can
be decomposed as four optical paths, composed of the
paths A, B, A′ and B′ shown in Fig. 2. Indeed, the light
incoming on the atomic cloud may either:

(i) follow A+A′+B, i.e., cross the atomic sample without
being scattered, be reflected on the 45◦ mirror (M)
before being reflected back toward the half-waveplate
(P), and finally be scattered by the atoms and reach
the CCD,

(ii) follow A+B′+B, i.e., first be scattered by the atoms
toward the plate P, then reflected back toward the 45◦

mirror M and eventually propagate until the CCD,
(iii) follow A + B, i.e., be directly backscattered by the

atoms before being collected on the CCD,
(iv) follow A+A′+B′+B, i.e., cross the science chamber

without being deviated, be reflected on the 45◦ mirror
M before being reflected toward the plate P, and be
backscattered by the atoms to meet again the plate P,
be reflected toward the 45◦ mirror M and propagate
until the CCD.

FIG. 2. Experimental setup. The laser light, resonant with
the atomic sample, passes through a non polarising beam
splitter (BS) before reaching the atomic cloud, which corre-
sponds to path A indicated by a blue arrow. The transmitted
beam passes through the 1:1 telescope composed of two lenses
of same focal length, is reflected at the 45◦ mirror M, before
being reflected back by a mirror with a small angle θ0, pass-
ing again through a lens, the 45◦ mirror M, and this time by
a half-waveplate P before it reaches the other lens and then
atoms; this stands for path A’ (in blue). The scattered light
by the atoms can propagate along the reverse path, where it
passes the waveplate before the birefringent mirror and then
travels back to the atomic cloud, which corresponds to path B’
(in green); From the atomic cloud, the light follows the path
B through the BS, to be reflected towards a CCD camera on
which one can observe the fringes due to the interference of
all the possible paths.

In terms of optical paths, the only difference between
paths (i) and (ii) is the direction along which the light
propagates past the atomic cloud (blue and green paths
in Fig. 2), plus a slight variation in optical path as the
observation angle is changed. Hence, (i) and (ii) are two
reciprocal paths, which interfere to build up fringes (ac-
cording to the overlap between their polarization). In
contrast, (iii) and (iv) correspond to a different opti-
cal path for each atom, thus contributing to a back-
ground light. Disregarding polarization (that is, when all
paths possess the same polarization), this mirror-assisted
backscattering configuration [24] can be used to explore
the light coherence in disordered atomic clouds [21, 25].
Breaking of reciprocity.— The polarization of the re-

ciprocal paths is manipulated by using polarizing optics
between the cloud and the backscattering mirror (Fig. 2),
which breaks the reciprocity of the paths in the following
way: The injected light has a linear polarization ϵ̂0 = x̂.
M is a dielectric mirror that induces a phase delay ξ on
the ŷ component (relative to the x̂ component) of the
light polarization. The fast axis of P is tilted from the
x̂ axis by an angle γ/2, which is our control parameter,
inducing a reflection of the polarization with respect to
the fast axis. Within the Jones formalism for polarising
optics [26, 27], the matrices associated to M and P are,
respectively:

M̂ =

ï
1 0
0 eiξ

ò
; P̂ =

ï
cos γ sin γ
sin γ − cos γ

ò
, (1)

in the (x̂, ŷ) basis. Then, the polarizations emerging from
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each path are given by:

ϵ̂i = P̂M̂ϵ̂0,

ϵ̂ii = M̂P̂ ϵ̂0,

ϵ̂iii = ϵ̂0,

ϵ̂iv = M̂P̂P̂M̂ϵ̂0 = M̂2ϵ̂0.

(2)

Thus, the polarization of the two paths providing the
background light, (iii) and (iv), remain along x̂.
The observed fringes result from polarization ef-

fects and differences in optical path between the four
paths. Indeed, accounting for the tilt between the in-
cident beam after the beamsplitter (wavevector k0 =
k(sin θ0ŷ − cos θ0ẑ) and the backward direction of ob-
servation (wavevector k = k(sin θŷ + cos θẑ), we obtain
the following field scattered by atom j:

E⃗j = Es

[
eik(cos θ−cos θ0)zj ϵ̂i + eik(cos θ0−cos θ)zj ϵ̂ii

+ eik(cos θ0+cos θ)zj ϵ̂iii + e−ik(cos θ0+cos θ)zj ϵ̂iv
]
, (3)

where Es is a prefactor which encapsulates the amplitude
of the pump, the single-atom cross-section and the dis-
tance of the camera from the setup. Summing the fields
from all atoms, and assuming a continuous Gaussian den-
sity and a small tilt |θ − θ0| ≪ θ0, we get [28]

Iout(θ) = NIa

Å
1 +

1

2
Re[⟨ϵ̂i, ϵ̂ii⟩eiϕ]SR(θ)

ã
, (4)

where the scalar product is defined as ⟨ϵ̂i, ϵ̂ii⟩ = ϵ̂i · ϵ̂∗ii,
ϕ = 2θ0kh(θ − θ0) the angular variable describing the
fringes, with h the distance between the mirror and the
center of the atomic cloud, and SR(θ) = e−2(θ0kR)2(θ−θ0)

2

the fringes spatial envelope. Thus, while paths (iii) and
(iv) contribute only to the background, the reciprocal
paths (i) and (ii) interfere to provide fringes in an angle
|θ − θ0| ≲ 1/kR. An example of these fringes and the
surrounding background light can be observed in Fig. 2.

Non-commutation of the polarizing optics.— As it can
be seen in Eq. (4), the fringes with the largest amplitude
are observed in the backscattered direction θ ≈ θ0, and
their contrast is given by the modulus of the overlap (that
is, the scalar product) between the polarizations of the
reciprocal paths (i) and (ii). Let us now discuss how the
reduction of this contrast stems directly from the non-
commutation of the polarizing elements involved. The
role of the (lack of) commutation between the polarizing
optics becomes clear when rewriting the scalar product
as

⟨ϵ̂i, ϵ̂ii⟩ = ⟨P̂M̂ϵ̂0,M̂P̂ ϵ̂0⟩
= 1− ⟨M̂P̂ ϵ̂0, [P̂,M̂]ϵ̂0⟩,

(5)

where [·, ·] refers to the commutator. In other words, the
interference between the reciprocal paths [see Eq. (4)] is
reduced when the matrices of the polarizing optics stop

commuting. In the case of M and P used in our experi-
ment, the contrast reads

C = |⟨ϵ̂i, ϵ̂ii⟩| =
»

1− sin2(2γ) sin2(ξ/2). (6)

The delay ξ is determined by the dielectric coating of
M, and chosen close to π to maximize the reduction of
the contrast (ξ = (162 ± 10)◦ in our setup [28]), while
γ is used as a control parameter to explore the non-
commutation between the optics, and subsequently the
breaking of reciprocity between paths (i) and (ii).
With our experimental apparatus, we measure the

scattered light profile at the CCD camera for different an-
gles of the waveplate (i.e. for different values of γ). After
over 1000 realizations of the experimental sequence de-
scribed above, we obtain the light scattered as a function
of θ, showing interference fringes that are shown in Fig. 3
(for details on the data analysis and the extraction of the
contrast and phase of the fringes, see [28]). The contrast
C extracted from those fringes is presented in Fig. 4(a),
and the minimum observed at γ ≈ π/4 is consistent with
the prediction from Eq. (6). Note that a better agreement
with the experimental data is reached when two effects
are accounted for, see plain red curve. First, the finite
optical depth of the cloud is responsible for a larger sig-
nal from the background-building path (iii) as compared
to the others, which in turn reduces the fringes contrast.
Second, M induces an intensity grating, which depends
on the angle γ; then, the finite saturation parameter of
the laser affects the fringes contrast differently depend-
ing on this grating [21]. In particular, for γ = π/2 the
incident beam and its backreflection possess orthogonal
polarization, so the intensity, and thus the saturation
parameter, are homogeneous over the cloud. Oppositely,
for γ = 0, the beams have parallel polarizations, which
leads to a variation of the saturation parameter over the
cloud. The detailed modelling of these effects, and the
associated fitting model, are described in [28].
Pancharatnam–Berry phase & Geometrical

interpretation.— It is clear from the fringes at Fig. 3
that, as the axis of P is rotated (i.e. as γ is varied), the
fringes suffer a reduction in contrast yet they are shifted
at the same time. Indeed, if we now consider the phase
δ from the scalar product between the polarizations,

⟨ϵ̂i, ϵ̂ii⟩ = Ce−iδ, (7)

and incorporate the expression in Eq. (4), then it be-
comes clear that this phase actually translates into an
angular displacement for the fringes. This shift corre-
sponds to the Pancharatnam-Berry phase [22, 23], and
its geometrical interpretation on the Poincaré sphere is
presented in Fig. 1: Starting from the injected polariza-
tion ϵ̂0 = x̂, the light is split into paths (i) and (ii),
with its polarization turned into ϵ̂i and ϵ̂ii, respectively,
before being made to interfere. The solid angle Ω deter-
mined by the geodesic triangle (ϵ̂0ϵ̂iϵ̂ii) on the Poincaré
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FIG. 3. Colored lines: Interference fringes integrated along
the azimuthal direction, normalized to the background inten-
sity, and shifted vertically by one for visibility. Black contin-
uous lines: Fitted fringe profiles, following Eq. (4). Dashed
vertical line: center of the fringes’ envelope, θ0, found by a
global fit of the envelope to all curves.

sphere corresponds to twice the phase difference between
the polarizations ϵ̂i and ϵ̂ii [22], that is, δ = −Ω/2.
From scalar product (7), we obtain the following equa-

tion for the geometrical phase:

tan δ =
sin ξ tan2 γ

1 + cos ξ tan2 γ
. (8)

The measurement of the Pancharatnam-Berry phase
presents a fair agreement with the theoretical prediction,
see Fig. 4(b). The substantial error bars for the exper-
imental data of Fig. 4(b) stem from the uncertainty on
the determination of the center of the envelope θ0. Fi-
nally, we note that the contrast also has a geometrical
interpretation: It corresponds to C = cos(ζ/2), where ζ
is the geodesic distance between the polarizations ϵ̂i and
ϵ̂ii) on the Poincaré sphere [22].

Conclusions.— We have explored the breaking of
optical path reciprocity in a mirror-assisted coherent
backscattering setup. The fringes emerging from the dis-
ordered cold atoms cloud have their contrast reduced as
the optical elements used stop commuting and the two in-
terfering paths become nonreciprocal. The measurement
of the contrast and angular displacement of the fringes
finds their geometrical interpretation on the Poincaré
sphere, encapsulated in, respectively, the geodesic dis-
tance between the two polarizations and their phase dif-
ference, as originally proposed by Pancharatnam and
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FIG. 4. (a) Contrast derived from the experimental fringes
(black squares), from the theoretical prediction (6) once the
correction due to the optical thickness of the atomic cloud
(b0 ≈ 0.4) is included (dashed curve), plus the correction due
to the finite saturation parameter of the incoming beam (s =
0.07)(continuous curve). The red shaded area corresponds to
the confidence interval, which accounts for the uncertainty
on the measurement of ξ and on the fitted rescaling factor
to account for b0. (b) Pancharatnam-Berry phase from the
experimental fringes displacement (black dots) and from the
theoretical prediction (8). The red shaded area corresponds
to the confidence interval associated with the uncertainty on
the measurement of ξ

.

Berry to provide a measure of the difference between po-
larizations.

In full generality, these results explore the vectorial
nature of light to control the reciprocity of two interfer-
ing paths, and thus control the interference itself, despite
the persisting spectral and spatial coherence. This break-
ing of reciprocity in the single-scattering regime mimicks
what happens in multiple scattering regime coherence
phenomena, such as the CBS and Anderson localization,
when time-reversal symmetry is broken [29–31] via e.g.
the presence of multilevel Zeeman electronic structure in
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atoms [11, 32, 33] or depolarization due to the near-field
scattered electric field of close atoms in high densities
[16, 34]. Interestingly, while the application of a mag-
netic field can break the time-reversal reciprocity in some
cases, it may also restore strong interference phenomena
based on the reciprocity of paths, such as for CBS [35] or
Anderson localization [36], or as in our setup when the
contrast is restored for specific angles of the half wave-
plate.

Since our disordered sample is made of saturable atoms
subjected to classical (thermal) and quantum (sponta-
neous emission) decoherence [37], as well as to collective
[38, 39] or many-body effects [40], the role of reciprocity
for the coherent light emission is usually hidden within
the complexity of the system, but could be made explicit,
and even controlled, through strategies such as those
detailed here, with applications for example to random
lasers [41]. Finally, for atoms interacting with a Fabry-
Perot cavity, several reflection paths interfere to produce
the cavity output; a small nonreciprocal operation, such
as a Faraday rotation, on each roundtrip within the cav-
ity could drastically change the spectrum of the system
and alter the lasing properties of extended-cavity diode
lasers, with a potential to unveil rich new physics at the
different cavity-matter interaction regimes.
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FRINGES THEORETICAL DESCRIPTION

Intensity spatial modulation

Let us consider the scattering of an incident beam
with linear polarization ϵ̂0 = x̂ and wave vector k0 =
k(sin θ0ŷ − cos θ0ẑ) by N atoms at positions rj = xj x̂+
yj ŷ + zj ẑ, in the presence of a 45◦ birefringent mirror
M in the plane (y, z), where θ0 is the (small) angle of
incidence with respect to the z-axis. An half-wave plate
P is inserted between the atomic sample and the mirror,
which rotates the polarization of the incoming beam by
an angle γ in the plane (x, y). The light scattered by each
atom is detected in the far field along the direction of the
wave vector k = k(sin θŷ + cos θẑ), which for θ ≈ θ0 is
almost anti-parallel to the wave vector k0 of the incident
beam. This backscattered field is the sum of four contri-
butions, given by the four paths described at the main
text (see Fig.2).

Supposing initially s ≪ 1, we can sum independently
the four contributions to the total scattered field, given at
Eq. (3), and from that we get the total intensity scattered
by the single atom,

Is(rj) =
Ia
4

∥∥∥eik(cos θ+cos θ0)zj x̂+ eik(cos θ−cos θ0)zj ϵ̂i

+ e−ik(cos θ−cos θ0)zj ϵ̂ii + e−ik(cos θ+cos θ0)zj x̂
∥∥∥2 , (S1)

where

ϵ̂i = (P̂ ◦ M̂)x̂ = cos γx̂+ sin γŷ, (S2)

ϵ̂ii = (M̂ ◦ P̂)x̂ = cos γx̂+ eiξ sin γŷ, (S3)

and Ia = 4E2
s/(2µ0c) the intensity we would get from

the incoherent sum of the single-atom scattered intensity
at each of the four paths, with µ0 the vacuum magnetic
permeability and c the light speed in vacuum. As for the
contribution of path (iv) [last term in Eq.(S1)], both the
incident and scattered beams have been reflected by M
through both the blue and green paths of Fig.2, so that

(M̂ ◦ P̂) ◦ (P̂ ◦ M̂)x̂ = M̂2x̂ = x̂, (S4)

since P̂2 = 1. Hence, the polarization of the scattered
incident beam remains unchanged due to the double pas-
sage through P and M.
By summing over the random positions zj of the atoms,

assuming θ − θ0 ≪ θ0, b0 ≪ 1 and a Gaussian atomic
distribution, the total scattered intensity Iout becomes

Iout = NIa

ß
1 + e−2(kθ0σz)

2(θ−θ0)
2

×

1

2

[
cos2 γ cos[2θ0kh(θ − θ0)] + (S5)

sin2 γ cos[2θ0kh(θ − θ0)− ξ]

ò}
,

(S6)

since ⟨cos[2k(cos θ + cos θ0)z]⟩j = 0 and

⟨cos[2k(cos θ− cos θ0)z]⟩ = e−2(kθ0σz)
2(θ−θ0)

2

× cos[2θ0kh(θ − θ0)]. (S7)

These formulas are valid since the two angles θ and θ0
are small, and the cloud large compared to the wave-
length of the scattered light. Using a polarization ana-
lyzer from Shäfter und Kirchhoff (model SK010PA-VIS),
we measured the relative phase shift between x̂ and ŷ
components of the polarization induced by M on the re-
flected light, to be (81±5)◦; this corresponds to the value
ξ = (162± 10)◦ since the light is reflected twice by it.

Fringes contrast and displacement

Let us introduce the phase ϕ = 2θ0kh(θ − θ0) to de-
scribe the angular fringes. Then the interference fringe
term in Eq. (S6) can be written as

cos2 γ cosϕ+ sin2 γ cos(ϕ− ξ) = C cos(ϕ− δ). (S8)

By expanding the cosines, we obtain

(cos2 γ + cos ξ sin2 γ) cosϕ + sin ξ sin2 γ sinϕ

= C cos δ cosϕ + C sin δ sinϕ,

which leads to the set of equations:

C cos δ = cos2 γ + cos ξ sin2 γ

C sin δ = sin ξ sin2 γ
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By squaring and summing, we obtain the squared con-
trast

C2 = cos4 γ + sin4 γ + 2 cos ξ sin2 γ cos2 γ

=
1

2
+

1

2
cos2(2γ) +

1

2
cos ξ sin2(2γ)

= 1 +
1

2
sin2(2γ)(cos ξ − 1),

and thus the contrast

C =
»
1− sin2(2γ) sin2(ξ/2). (S9)

The fringe displacement δ is determined by

tan δ =
sin ξ tan2 γ

1 + cos ξ tan2 γ
. (S10)

Those two parameters are also exactly found by the
scalar product between the two polarization angles, as
appearing in Eq. (7), such as to recover

Iout(θ) = NIa

Å
1 +

1

2
Re[⟨ϵ̂i, ϵ̂ii⟩eiϕ]SR(θ)

ã
(S11)

shown at Eq. (4) of the main text; or still

Iout(θ) = NIa

Å
1 +

1

2
Ce−2(kθ0σz)

2(θ−θ0)
2

(S12)

× cos[2θ0kh(θ − θ0)− δ]

ã
. (S13)

Corrections due to s and b0

For finite saturation parameter, the contrast of the
setup becomes a function of the saturation parameter and
of the time needed for the light to travel from the atomic
cloud to the backscattered mirror and back (i.e., the time
needed to perform either the path A′ or B′ on Fig. 2), be-
cause the spectrum of the inelastically scattered light is
broadened with respect to the incoming laser spectrum,
and the scattered light following path B′ gets dephased
with respect to the scattered light following path B. Fol-
lowing [S25], we write the saturation parameter s1 seen
by an individual atom at position z:

s1(z) = 2s [1 + cos γ cos (2k cos θ0z)] .

For γ = 0, the polarization of the incoming and back-
reflected laser light is the same, and an intensity grating
is created; while for γ = π/2, the polarization is crossed
and all atoms see the same intensity. The first-order tem-
poral correlation of the light scattered by this atom in
the rotating reference frame of the incoming laser light,

g̃
(1)
z (τc), is given by

g̃(1)z (τc) =
1

1 + s1(z)
+

1

2

î
e−Γτc/2+

s1(z)− 1

s1(z) + 1
cos (ΩM (z) τc) e

−3Γτc/4 + (S14)

Γ

4ΩM (z)

5s1(z)− 1

s1(z) + 1
sin (ΩM (z) τc) e

−3Γτc/4

ò
with ΩM (z) = Γ

»
s1(z)

2 − 1
16 . The intensity scattered by

a single atom, Eq. (S1) is accordingly modified, and after
some algebra, it gives

Is(rj) = 4I1

[
2 + g̃(1)z (τc) cos (2kz cos θ)× (S15)

2 cos γ + cos (2kz cos θ0) + C cos (2kz cos θ0 + δ)

1 + cos γ cos (2kz cos θ0)

]
We note at this point that this last expression is differ-

ent from what is found in [S25], since there is no transfor-
mation P̂ included there; we can then find the expression
of Ref. [S25] for the emission of a single atom by making
ξ = 0 at Eq. (S15). Upon integrating the emission pro-
file S15 over a Gaussian atomic distribution, we obtain
an intensity profile given by

Is = NIa

ß
1 +

1

2
Cs(s, τc, γ, ξ) e−2(kθ0σz)

2(θ−θ0)
2

×

cos[2θ0kh(θ − θ0)− δ]} , (S16)

with Cs(s, τc, γ, ξ) the contrast corrected by a finite s,
found by numerical integration of Eq. (S15) over the
Gaussian atomic distribution; τc = 4.0 ns is the light
dephasing time for travelling to the backscattered mirror
and back. For additional correction on the finite optical
density of the cloud, we note that it causes an attenua-
tion of the field of each path, yet it is less for path (iii)
than for paths (i) and (ii). Because the path (iii) con-
tributes to the background signal, at first order it leads
to a reduction of the contrast by a factor 1 − b0 [S21].
Since s is small, we keep the correction from the linear
scattering regime [S21] and write as final expression for
fitting the fringes

Is = NIa

ß
1 +

1

2
(1− b0) Cs(s, τc, γ, ξ)×

e−2(kθ0σz)
2(θ−θ0)

2

cos[2θ0kh(θ − θ0)− δ]

™
.(S17)

FRINGE MEASUREMENTS

A CCD camera is used to collect the backscattered
light (path B), which is separated by 2θ0 = 8.6◦ from
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the direction of the reflected beam, in order to minimize
the effect of stray light. A lens conjugates the far-field
scattering profile at its focal plane, where the CCD cam-
era is placed. For each set of parameters, the average
over at least 1000 realizations is performed, with three
images extracted at each realization: one in presence of
the atoms and the laser beam, one in presence only of
the laser beam, and one without atoms and laser beam.
We then obtain three far-field intensity profiles, I1(θ, φ),
I2(θ, φ) and I∅(θ, φ), from the average of these images,
respectively, for all realizations. The profile I∅ contains
only spurious effects such as noise from the camera and
other sources of stray light apart from the incident laser
beam, which are also present in the profiles I1 and I2. We
thus subtract it from the picture with atoms and laser,
and from that with the laser only, yielding Ia = I1 − I∅
and Il = I2 − I∅. The profile Ia now contains the light
scattered by the atoms we want to extract, as well as
the stray light created by the reflected laser beam due to
unavoidable light scattered by the different optical ele-
ments. While the stray light presents on Ia is attenuated
due to the absorption of the laser beam by the atoms, the
profile Il contains only the stray light, yet not attenuated.
Outside the region where the fringes appear, the light
scattered by the atoms has a constant value, while the
spatial distribution of the laser stray light is not isotropic
but centered around the direction of the reflected laser
beam. Hence, in order to extract only the light scattered
by the atoms, we perform a fit of the intensity profiles
outside the fringe region with the expression

Ia(θ, φ) = F + T Il(θ, φ), (S18)

where F and T are positive parameters which account
for the background fluorescence and the transmission co-
efficient of the reflected beam through the atomic cloud,

respectively. From this fit, we obtain the 2D intensity
profile Is(θ, φ) of the light scattered by the atoms in the
fringe region, according to the equation

Iscat(θ, φ) = Ia(θ, φ)− T Il(θ, φ). (S19)

The 2D profile is then integrated along the azimuthal
angle to give a 1D profile (Iout of Eq. (4)), that allows us
to extract all relevant parameters, the contrast and the
phase shift. The 1D experimental fringes used for this
article are shown in Fig. 3.

FITTING PROTOCOL

The contrast C and fringe displacement δ are extracted
from the experimental signal by fitting the fringes at
Fig. 3 using Eq. (4) with Ia, C, δ, θ0, h and R as free pa-
rameters (see continuous lines in Fig. 3). While C, δ and
Ia are let free for each value of γ, the parameters θ0, h and
R are shared by all curves, which is justified by the stabil-
ity of the atomic cloud and the alignment of the incoming
laser beam through the optical path to the CCD camera
(those parameters depend only on the light propagation
direction and on the atomic cloud geometry). However,
as shown in Fig. 3, the experimental data present a slight
lower value, as well as a pronounced asymmetry, which
can be attributed to the cloud finite optical depth b0 and
to the pump finite saturation parameter s, respectively,
as discussed in the section above. The behavior of the
contrast Cs(s, τc, γ, ξ), corrected for the finite s, is fitted
to the experimental points of Fig. 4(a), with only free
parameter the multiplicative factor 1 − b0. We find in
this way the value b0 = 0.43, in good agreement with the
value 0.4(1) directly measured by absorption imaging.
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