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Experimental Observation of the Drag Force Suppression in a Flow of Superfluid Light

C. Michel," * O. Boughdad,! M. Albert,' PE Larré,® and M. Bellec!- '

"Université Cote d’Azur, CNRS, Institut de Physique de Nice, France
2Laboratoire Kastler-Brossel, UPMC-Sorbonne Universités, CNRS,
ENS-PSL Research University, College de France, 4 Place Jussieu, 75005 Paris, France

We report a direct experimental detection of the frictional-superfluid transition in the flow of a fluid of light
past a weakly perturbing localized obstacle in a bulk nonlinear crystal. In our cavityless all-optical system, we
extract on the one hand a direct optical analog of the drag force experienced by the obstacle and measure on the
other hand the associated obstacle displacement. We observe a superfluid regime characterized by a suppression
of long-range radiation from the obstacle, which is, as expected, associated to the cancellation of the drag force

and the absence of displacement of the obstacle.

Superfluidity was originally discovered in 1938 [1] when
a *He fluid cooled under its A-point flowed in a nonclassical
way along a capillary [2]. This was the trigger for the develop-
ment of many experiments genuinely realized with quantum
matter, as with >He fluids [3] or ultracold atomic vapors [4, 5].
The superfluid behavior of mixed light-matter cavity gases of
exciton-polaritons was also extensively studied [6, 7], leading
to the emergent field of “quantum fluids of light” [8]. Be-
fore being theoretically developed for cavity lasers [9-11], the
idea of a superfluid motion of light goes back to pioneering
studies in cavityless all-optical configurations (see, e.g., Refs.
[12, 13]). In the latter works in particular, the authors stud-
ied the hydrodynamic nucleation of quantized vortices past
an obstacle when a laser beam propagates in a bulk nonlinear
medium. In such a cavityless geometry, in complete analogy
with quantum hydrodynamics [4], the paraxial propagation of
a monochromatic optical field in a nonlinear medium may be
mapped onto a two-dimensional Gross-Pitaevskii-type evolu-
tion of a quantum fluid of interacting photons in the plane
transverse to the propagation. The intensity, the gradient of
the phase and the propagation constant of the optical field
serving respectively as the density, the velocity and the mass
of the quantum fluid, and the photon-photon interactions be-
ing mediated by the optical nonlinearity. It took almost twenty
years for this idea to spring up again [14-20], driven by the
emergence of advanced laser beam shaping technologies al-
lowing to precisely tailor both the shape of the flow and the
potential landscape. This flexibility is unreachable in genuine
systems, and will be the basis for the simulation of quantum
phase transitions in strongly correlated and/or disordered con-
figurations. From the optics point of view, light superfluidity
holds the potential to be a valuable alternative technique for
imaging through complex media.

The ways of tracking light superfluidity are manifold. Re-
cently, superfluid hydrodynamics of a fluid of light has been
studied in a nonlocal nonlinear liquid through the measure-
ment of the dispersion relation of its elementary excita-
tions [21] and the detection of a vortex nucleation in the wake
of an obstacle [22]. The stimulated emission of dispersive
shock waves in nonlinear optics was also studied in the con-
text of light superfluidity [14]. However, one of the most strik-
ing manifestations of superfluidity — which is the ability of a

fluid to move without friction [23] — has never been directly
observed in a cavityless nonlinear-optics platform. A direct
consequence of this feature is the absence of long-range radi-
ation in a slow fluid flow past a localized obstacle. In optical
terms, this corresponds to the absence of light diffraction from
a local modification of the underlying refractive index in the
plane transverse to the propagation. In the frictional, non-
superfluid regime on the contrary, light becomes sensitive to
such an index modification and diffracts while hitting it.

In this Letter, we report a direct experimental detection of
the frictional-superfluid transition in the flow of a fluid of light
past a weakly perturbing localized obstacle in a bulk nonlin-
ear crystal. As a matter of fact, we observe a superfluid regime
characterized by an absence of long-range radiation from the
obstacle. This regime is usually associated to the cancellation
of the drag force experienced by the obstacle, as studied for
4He [24], ultracold atomic vapors [25-30], or cavity exciton-
polaritons [31-33]. In our cavityless all-optical system, we
extract on the one hand a quantity corresponding to the optical
analog of this force and measure on the other hand the associ-
ated obstacle displacement. For the first time, we observe that
this displacement is nonzero in the nonsuperfluid regime and
tends to vanish while reaching the superfluid regime.

We make use of a biased photorefractive crystal which
is a perfect candidate, thanks to its controllable nonlinear
optical response, for probing the hydrodynamic behavior of
light [14, 34]. As sketched in Fig. 1.a and detailed below, a
local drop of the optical index is photo-induced by a narrow
beam in the crystal and creates the obstacle (green beam, de-
noted with subscript “ob” in Fig. 1.c). Simultaneously, a sec-
ond, larger monochromatic beam is sent into the crystal and
creates the fluid of light (red beam, denoted with subscript
“t” in Fig. 1.c). The propagation of the fluid of light beam
in the paraxial approximation (see, e.g., [35]) is ruled by the
two-dimensional Gross-Pitaevskii-type equation (also known
as the nonlinear Schrédinger equation):

1

10, Ey = ke
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Here, the propagation coordinate z plays the role of time.
The transverse-plane coordinates r = (x,y) span the two-
dimensional space in which the fluid of light evolves. The
propagation constant ne ks of the fluid of light beam (with
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FIG. 1. (Color online) a. Sketch of the fluid of light (red beam)
flowing past a localized obstacle (green beam). The velocity v of
the fluid of light is proportional to the input angle #i,. The speed
of sound cs (the critical velocity for superfluidity in the weakly per-
turbing regime) depends on the unperturbed intensity ¢ of the red
beam. b. Blue curve. Calculated optical-index variation An with
respect to a laser intensity I for Anmax = —2.32 x 1074, the theo-
retical limit expected for the photorefractive response of the medium
and Is.y = 380 mW - Cm72, the saturation intensity extracted from
experimental measurements (see Fig. 4). Red dashed curve. Corre-
sponding superfluid critical velocity c¢s. The velocity v of the fluid
of light varies from 0 to + 1.3 x 1072, ¢. Experimental setup. The
green beam is shaped by the spatial light modulator (SLM) to create
a z-invariant optical defect acting as a localized obstacle in the trans-
verse plane. The red beam is a large gaussian beam and creates the
fluid of light. Both are propagating simultaneously through a biased
SBN photorefractive crystal. The near-field intensity is imaged on a
sCMOS camera.

ke = 2m/)¢ its free-space counterpart and n. the crystal’s
refractive index) plays the role of a mass and the associated
Laplacian term V? = 9, + 0,, describes light diffraction in
the transverse plane. The intensity Iy o< |E¢|? and the gra-
dient of the phase of the complex envelope Ef of the electric
field Re(E; e™<*) respectively play the role of the density
and the velocity v = (n. k¢) ™1 |0 arg(Ey)/Or| of the fluid of
light. The local refractive-index depletion An[Io,(r)] < 0
induced by the obstacle beam of intensity /.1, (r) corresponds
to a repulsive potential. The self-defocusing nonlinear con-
tribution An(If) < 0 to the total refractive index provides
repulsive photon-photon interactions and ensures robustness
against modulational instabilities [36]. From the latter, we
define a healing length & = [n k¢ x k¢ |An(I)|]~'/? which
corresponds to the smallest length scale for intensity modula-
tions. We define as well a critical speed cs = (ne ke x )71 =
[|An(I¢)|/ne]*/? for the fluid of light, historically called a
speed of sound [4, 20]. Both quantities directly depend on the
intensity It of the fluid of light beam which is here evaluated
far away from the obstacle where the fluid of light remains

unperturbed. Although analogously referred to a speed, note
that ¢ is here dimensionless, as v defined above.

When the obstacle is weakly perturbing, Laudau’s criterion
for superfluidity [23] applies and the so-called Mach number
v/cs mediates the transition from a nonsuperfluid regime at
large v/cs to a superfluid regime at low v/cs. The speed of
sound then corresponds to the critical velocity for superflu-
idity. In the experiment, the fluid of light beam consists in
a gaussian beam which is large compared to the size of the
obstacle (see Fig. 1.a). It can be approximated by a plane
wave whose phase k| - r remains constant in the vicinity of
the obstacle, with &k, = k¢ sin 6;,, the transverse wave vec-
tor of the plane wave. Consequently, v is only given by 6;,,
the angle between the fluid of light beam and the z direction:
v = sin b, /ne =~ 0in/ne in the here-considered paraxial ap-
proximation. The ratio v/cs is thus controlled by the incidence
angle 0y, and/or by the unperturbed intensity ¢ of the fluid of
light beam. Note, however, that these two ways of tuning the
Mach number are not exactly equivalent since changing the
intensity also affects other quantities like the healing length
and the relative strength of the obstacle with respect to the
nonlinear term.

The experimental setup is presented in Fig. 1.c. The non-
linear medium consists ina 5 x 5 x 10 mm? strontium barium
niobate (SBN:61) photorefractive crystal additionally doped
with cerium (0.01%) to enhance its photoconductivity [37] al-
beit it induces some linear absorption that we shall discuss
later on while interpreting our experimental results. The ba-
sic mechanism of the photorefractive effect remains in the
photogeneration and displacement of mobile charge carriers
driven by an external electric field Ey. The induced per-
manent space-charge electric field thus implies a modulation
of the refractive index of the crystal [38, 39], An(I,r) =
—0.513r33E0/ [1 + I(r)/Iat), where n, is the optical index
and r33 the electro-optic coefficient of the material along the
extraordinary axis, I(r) is the intensity of the optical beam in
the transverse plane r(x, y), and s, is the saturation intensity
which can be adjusted with a white light illumination of the
crystal. The blue curve in Fig. 1.b shows the saturable nonlin-
ear response of the material An(I) versus a laser intensity /.
The red dashed curve represents as for it the superfluid critical
velocity ¢s(I) for the saturable nonlinear response of the ma-
terial An(I). The saturation intensity Iy, = 380 mW.cm™2
used in the calculations is extracted from experimental mea-
surements (see Fig. 4). The maximum value of the optical
index variation is theoretically Ang., = —2.32 x 10~ for
Ey=15kV.em™1.

Making use of a spatial light modulator, we produce a
diffraction-free Bessel beam (Ao, = 532 nm, I, = 7.6
W.cm~2 >> I, green path in Fig. 1.c). The latter creates
the obstacle with a radius of 6 m (comparable to £ = 6.2 um
for Iy = 349 mW.cm~?) that is constant all along the crystal
and aligned with the z-direction. From Fig. 1.b, the propaga-
tion of the obstacle beam into the crystal induces a local drop
An(Iy,) = —2.2 x 10~* in the refractive index. A second
laser (Af = 633 nm, red path in Fig. 1.c) delivers a gaussian
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FIG. 2. (Color online) Spatial distribution of the output intensity of the fluid of light for various input conditions. The white crosses (arrow)
indicate(s) the central position of the obstacle (the direction of the flow). Each image is 330 x 330 um?. a. At a fixed input intensity, Iy = 44
mW - cm ™2 (corresponding to the speed of sound c; = 3.2 x 10™2), the input angle 6;,, of the beam creating the fluid of light varies from 0
to 23 mrad (corresponding to a flow velocity v varying from 0 to 9.8 x10™?). Accordingly, the Mach number v/c; varies from 0 to 3.07. b.
At a fixed 6, = 15.3 mrad (v = 6.5 x 1073), It varies from 44 to 262 mW - cm™? (c; varies from 3.2 x107> to 6.3 x1073). Accordingly,
v/cs varies from 1.03 to 2.05. ¢. For I; = 349 mW.cm ™2 (cs = 6.8 X 10_3) and 0y, = 6.1 mrad (v = 2.6 X 10_3), which corresponds
to v/cs = 0.38, the fluid of light is in the superfluid regime. The remaining lack of uniformity upstream from the obstacle is attributed to
propagation losses due to linear absorption. d. For Iy = 349 mW.cm ™2 (¢, = 6.8 x 1073) and #;, = 23.1 mrad (v = 9.8 x 10~3), which
corresponds to v/cs = 1.43, the fluid of light is in a Cerenkov, nonsuperfluid regime.

beam whose radius is extended to 270 ym and which corre-
sponds to the fluid of light beam. As already mentioned, we
vary the flow velocity v by changing the input angle 6;,, of the
fluid of light beam with respect to the propagation axis along
the crystal (see Fig. 1.a). The accessible range goes from
v =0tov = 41.3 x 1072, The critical velocity c, for super-
fluidity is controlled by the input intensity of the beam which
can be tuned from Iy = 0 to 350 mW.cm~2. For the detection
part, a 20x microscope objective and a SCMOS camera allow
to get the spatial distribution of the near-field intensity of the
beams at the output of the crystal.

Depending on the width and the depth of the obstacle, dif-
ferent regimes can be explored [20]. In the present paper, we
limit our study to the case of a weakly perturbing obstacle
(weak An [Io,(r)] and radius of the order of &) for which the
transition from a frictional to a superfluid motion is expected
not to be blurred by the emission of nonlinear excitations like
vortex pairs, oblique solitons, etc. Figure 2 presents typical
experimental results for the spatial distribution of the light in-
tensity observed at the output of the crystal for various input
conditions. Figure 2.a displays the output spatial distribution
of the light intensity for different fluid velocities v (i.e., in-
put angles 6;,) at a fixed speed of sound, ¢; = 9.9 x 10-3
(obtained for Iy = 44 mW - cm~2). This allows to vary v /s
from O to 3.1. As expected, for v = 0, one sees no diffrac-
tion but just the optical defect in which light is not guided. As
v increases, diffraction appears in the transverse plane, and
progressively manifests as a characteristic cone of fringes up-

stream from the obstacle (see Fig. 2.a). Another way to probe
the transition is to fix the transverse velocity v and to vary the
critical velocity ¢4 through the variation of the intensity of the
fluid of light beam. As shown in Fig. 2.b, the results are simi-
lar with the interference pattern becoming more and more pro-
nounced as v/cs increases. Figure 2.d represents a situation
for which v/¢s = 1.43. In this case, a Mach-Cerenkov cone is
clearly visible upstream from the obstacle [16, 20, 40]. In the
subsonic, v/c¢s < 1, regime, diffraction is expected to disap-
pear, meaning that the fluid of light flows around the obstacle
in a superfluid way. Figure 2.c represents the intensity distri-
bution at the output of the crystal for v/c; = 0.38 (If = 349
mW.cm~2). As expected, long-range radiation upstream from
the obstacle is no longer present in this case, indicating a su-
perfluid motion of light. Note that the lack of uniformity of
the intensity upstream from the obstacle is due the the intrinsic
linear absorption of the material. For a deeper obstacle (strong
An[Io,(r)] and/or radius > &), a transient regime should be
observed with a more complex dynamics involving the typical
generation of vortex alleys or oblique solitons [22, 41]. This
regime will be subjected to a further study.

In the supersonic (v/cs > 1), frictional regime, the inten-
sity modulation of the fluid of light flowing around the obsta-
cle induces a local optical index modification of the material.
This modification influences the propagation of the beam re-
sponsible for the obstacle, for which a transverse displacement
is expected. On the contrary, in the subsonic (v/c¢s < 1), su-
perfluid regime, the absence of intensity modulation implies
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FIG. 3. (Color online) a. Local intensity difference I, — I_ ex-
tracted from the experimental images of the intensity of the fluid of
light beam measured at the crystal’s output for various input condi-
tions (I ranging from 44 to 349 mW.cm™2 and v/c, ranging from
-0.41 to 4.10). The inset illustrates the data processing. The origi-
nal image is cropped around the optical defect and integrated in two
regions, downstream (/) and upstream (/4). The typical integra-
tion area is of the order of £&. The gray dotted line corresponds to
v/es = 0. b. Measurement of the transverse displacement of the
obstacle induced by the local modulation of the intensity of the fluid
of light for various input conditions. The gray box defines the typical
uncertainty in the measured quantities, the white points correspond-
ing to the displacement along the y axis for Iy = 44 mW.cm™2,
which is expected to be zero.

no local variation of the optical index and then one does not
await for any displacement of the obstacle beam. In the fol-
lowing, we first extract the local intensity difference for the
fluid of light between the front (1) and the back (I_) of the
obstacle at the output of the crystal. As investigated in [42]
for a material obstacle (here, we rather consider here an all-
optical obstacle), I —I_ is proportional to the dielectric force
experienced by the obstacle, and this force turns out to be
closely analogous to the drag force that a flowing atomic di-
lute Bose quantum fluid may exert onto an obstacle. While the
drop of this force is among the main signatures of superfluid-
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FIG. 4. (Color online) Transverse displacement of the obstacle in a
gaussian potential. a. Calculated transverse displacement (x) along
the propagation, z, axis for a potential induced by a 270 um at 1/¢?
half-width gaussian laser beam of intensity Iy = 175 mW -cm™ 2.
xo = 200 pm is the initial position of the obstacle. d is the trans-
verse displacement, with respect to x, at the crystal’s output. b.
Measured transverse displacement for various laser beam intensities
I ranging from 44 to 349 mW -cm ™2 as a function of zo. The fit
procedure (solid lines) allows to extracted Isas = 38050 W - cm™?
and Anmax = 2.5 0.4 x 107%,

ity in material fluids, so far no experiments on fluids of light
have proposed to investigate it. Figure 3.a depicts the variation
of I, — I_ as a function of v/c¢s for various initial conditions
(I; varies from 44 to 349 mW.cm~2 and v /cs ranges from -
0.41 to 4.10). As illustrated in the inset, both intensities are
integrated over a typical distance of the order of ¢ surrounding
the obstacle. We observe a rather smooth, but net transition
around v/cs = 1. For low v/¢s < 1 and large I¢, we fall into
the superfluid regime and the signal vanishes. The increasing
tendency for low Mach numbers is associated to linear absorp-
tion (of the order of 3.2 dB/cm), as discussed in the context of
cavity quantum fluids of light [31, 32, 43]. The well-known
decreasing tendency at large Mach numbers is here also ob-
served. Indeed, the obstacle can always be treated as a per-
turbation at large velocities and the associated drag force re-
sultingly decreases (the large-velocity limit was accordingly
denoted as “quasiideal” in [44]). Moreover, Fig. 3.a shows
that the curves with different intensity ¢, although renormal-
ized by the respective sound velocity cg, do not fall on a sin-
gle universal curve. As mentioned previously, this is due to
the fact that changing the intensity also affects crucial quan-
tities like the healing length ¢ and the relative strength of the
obstacle with respect to the nonlinear term, An(Ioy,)/An(If).

We then propose to probe the corresponding pres-
ence/absence of transverse displacement for the obstacle, in-
dependently on the measurement of 7, — I_. As a first step,
we calibrate the displacement considering the linear propa-
gation of the green beam creating the obstacle in the optical
potential An(I¢) photo-induced by the fluid of light beam. In
the here-considered paraxial approximation, the propagation
equation reads:

1

NeRob

Z‘azE‘ob - — V2-Eob - kobAn(If)Eob (2)

with trivial notations; see Eq. (1). By assuming that the trans-
verse component of the fluid of light beam is non-zero only



along the  axis, we denote by (z) = [ z|E,|? dx the po-
sition of the centroid of the obstacle beam. Using an opti-
cal equivalent of the Ehrenfest theorem, one can derive from
eq. (2) the following equation of motion: (ne kop) 0., (x) =
—0z[—kob An(If)]. We assume that An is z independent,
which is valid in the here-considered linear propagation of
the obstacle beam. We readily obtain (z(z)) — zy =
% [0 An(If) /ne] 2* where x is the initial position of the ob-
stacle. This displacement is interpreted as the consequence of
a force deriving from the optical potential —kop, An(If), and
acting on the obstacle. As shown in Fig. 4.a, for o = 200
pm and an optical potential induced by a 270 ym wide gaus-
sian beam of intensity Iy = 175 mW.cm ™2, the relative trans-
verse displacement d = (x(L)) — xo reaches 7.8 um at the
output of the crystal (see inset). The experimental measure-
ment of d, for various intensities and positions xg, is pre-
sented in Fig. 4.b. The experimental data are fitted (solid
lines), using the above expression, the saturation intensity
and the maximum refractive index modification being the fit-
ting parameters. We extract Ig,; = 380 & 50 mW.cm~2 and
Anpax = 2.5+ 0.4 x 10~%. Tt is worth mentioning that the
value of I, is used for the calculation of An(I) and its de-
riving quantities (i.e., ¢s and &).

We clearly observe that the all-optical obstacle is highly
sensitive to the surrounding refractive index potential result-
ing from the spatial distribution of intensity of the beam cre-
ating the fluid of light. The next step is to probe the transi-
tion from the frictional to the superfluid regimes by detect-
ing the evolution of its transverse displacement while vary-
ing the Mach number v/cs. To this end, we measure the dis-
placement for various input conditions for the fluid of light.
For each data point, we subtract the displacement measured
at very low obstacle intensity (i.e. when its influence on the
fluid of light is negligible). The result is shown in Fig. 3.b.
Note that the displacement along the y direction, measured for
Iy = 44 mW.cm~2 and which is expected to be zero, is rep-
resented by the white data and allows us to define the typical
measurement uncertainty for this experiment (gray box). The
fluctuation can be attributed to the inherent imperfections of
the fluid of light beam. As expected, the transverse displace-
ment of the obstacle behaves very similarly to the intensity
difference I, — I_ displayed in Fig. 3.a. That is, an increas-
ing displacement from almost zero (in the subsonic, superfluid
regime v/cs < 1) to maximum signal (around v/cs = 1) and
a decreasing signal in the supersonic, nonsuperfluid regime
v/cs > 1. We also measured an opposite transverse displace-
ment for negative v/cs. The fact that the displacement is not
purely zero in the superfluid regime is likely due to the dis-
placement acquired during the non-stationary regime at early
stage of the propagation. This is, to the best of our knowledge,
the first observation of the displacement of an all-optical ob-
stacle in a fluid of light.

To conclude, we reported a direct experimental observation
of the transition from a frictional to a superfluid regimes in
a cavityless all-optical propagating geometry. We performed
a quantitative study by extracting an optical equivalent of the

drag force that the fluid of light exerts on the obstacle. This
result is in very good agreement with a second, independent,
measurement that consists in studying the spatial displace-
ment of the obstacle surrounded by a the fluid of light. We
restricted the present study to the case of a weakly perturbing
obstacle but our experimental apparatus allows to reach the
turbulent regime associated to vortex generation through the
induction of a greater optical index depletion. On the other
hand, a different shaping of the beam creating the obstacle
will allow to generate any kind of optical potential and to ex-
tend the study to imaging through disordered environments.
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