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We report the observation of optomechanical strain applied to thermal and quantum degenerate 8’Rb
atomic clouds when illuminated by an intense, far detuned homogeneous laser beam. In this regime the
atomic cloud acts as a lens that focuses the laser beam. As a backaction, the atoms experience a force
opposite to the beam deflection, which depends on the atomic cloud density profile. We experimentally
demonstrate the basic features of this force, distinguishing it from the well-established scattering and dipole
forces. The observed strain saturates, ultimately limiting the momentum impulse that can be transferred to
the atoms. This optomechanical force may effectively induce interparticle interactions, which can be

optically tuned.
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Light-matter interactions are at the core of cold atom
physics. A laser beam illuminating atoms close to atomic
resonance frequency will apply a scattering force on them,
and an inhomogeneous laser beam far from resonance will
mainly apply an optical dipole force [1]. An intense, far
detuned homogeneous laser beam does not exert a signifi-
cant force on a single atom, though when applied on
inhomogeneous atomic clouds, it will. This was pointed
out [2] while studying lensing by cold atomic clouds in the
context of nondestructive imaging.

The atom’s electric polarizability makes atomic clouds
behave as refractive media with an index locally dependent
on the cloud density. An atomic cloud thus behaves as a
lens that can focus or defocus the laser beam. The atoms
recoil in the opposite direction to the beam deflection due to
momentum conservation. In solid lenses, this optomechan-
ical force causes a small amount of stress with negligible
strain, due to their rigidity. An atomic lens, however,
deforms, making the force on the atoms observable by
imaging their strain. We refer to this optomechanical force
as electrostriction, since it resembles shape changes of
materials under the application of a static electric field.
Electrostriction can be viewed as an optically induced force
between atoms, since the force each atom experiences
depends on the local density of the other atoms.

Optomechanical forces are applied in experiments on
refractive matter mainly by optical tweezers, pioneered by
[3], using structured light. Less commonly, such forces can
be applied by homogeneous light using angular momentum
conversion due to the material birefringence [4], or using
structured refractive material shapes [5]. Optomechanical
forces implemented by such techniques are used for
optically translating and rotating small objects. By applying
electrostriction on cold atoms we gain access to the
effect of optical strain—an aspect in optomechanics not
directly studied yet in spite of its importance in current
research [6].
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Interactions between cold atoms can appear naturally or
be externally induced and tuned. Tuning is mostly done
using a magnetic Feshbach resonance, which was used to
demonstrate many important physical effects such as Bose-
Einstein condensate (BEC) collapse and explosion [7],
Feshbach molecules [8,9], BEC-BCS crossover in strongly
interacting degenerate fermions [10—12], and Fermi super-
fluidity [13-16]. Interactions are also tuned by optical
Feshbach resonance [17], optical cavities [18], or radio
frequency Feshbach resonance [19]. Interactions can be
induced by shining a laser beam on the atoms and creating a
feedback mechanism to their response by an externally
pumped cavity or a half cavity [20-25]. The electrostriction
force reported here is a new kind of induced force between
atoms, and may be useful in cold atoms and quantum
degenerate atom experiments.

In this Letter we analyze and measure for the first time
the optomechanical strain induced in a cold atomic cloud
by a homogeneous laser beam far detuned from atomic
resonance. We shine the beam on the cloud and directly
observe the resulting strain after time of flight by absorp-
tion imaging. We show that this is a new kind of light-
induced force acting on cold atoms. A saturation of the
strain is observed, which depends only on the ratio between
the momentum impulse applied to the atomic cloud and the
initial momentum distribution width of the cloud. Possible
implications for this new force are suggested, and, in
particular, light-induced interaction tuning.

With respect to laser light far from resonance, an
inhomogeneous atomic cloud behaves as a lens [2], as
predicted by the optical Bloch equations. When a plane
wave passes through the cloud, it acquires a position-
dependent phase ¢(7). If the phase is small, the Poynting
vector direction changes [26] by an angle |V | ¢|/k; , where
V, is the gradient along the two directions perpendicular
to the laser beam propagation direction, and k;, the
wave number of the beam. As a backaction, the atomic
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momentum changes in the opposite direction. The momen-
tum change of the atoms is associated with the electro-
striction force, which takes the form [27]
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where n is an arbitrarily chosen constant density that fixes
the arbitrariness in defining a potential up to a constant, I,
the width of the atomic transition, A, the detuning of the
laser, 1, its intensity, /,, the 3’Rb saturation intensity, and 7,
the local density of atoms.

This force acts only in the directions transverse to
the beam propagation and is derived from a potential in
the transverse directions that scale logarithmically with the
density. It is a collective force in the sense that it acts only
on atoms consisting of an inhomogeneous atomic cloud.
The laser induces interactions between the atoms and the
resulting force is independent of the number of atoms. The
force scales as I/A, similar to the dipole force, and unlike
other light-induced interactions predicted before [31-33],
which are second order in atom-light coupling. For convex
clouds it is repulsive for red detuned laser A < 0, and
attractive for blue detuned laser A > 0, opposite to the
dipole force. Similar to the dipole force, changing the
polarization has a small effect of coupling different atomic
states, which effectively changes /

In the experiment we typically trap 10° 8’Rb atoms in the
|[F =1, mp = 1) ground state of the 52}, manifold at a
temperature of 7' = 400 nK. Our crossed dipole trap has
typical trap frequencies of w, = w, =27 x 45 Hz and
®, = 2n x 190 Hz. The atomic cloud, when illuminated
by a red detuned laser beam with A = —100 GHz, is
optically equivalent to a graded index lens of Gaussian
profile ¢=+"/(20:)=y*/(20)=2/(20%) Tts peak refractive index is
e = 1.0000093 and its widths are 6, = ¢, = 22 pm, and
0, =5.2 um. To generate the electrostriction force we
use a A = 780 nm laser, 50-200 GHz detuned from the
|F =2) - |F' = 3) transition. The beam is coupled to a
polarization maintaining single mode fiber and ejects with a
waist of 1.1 mm. Under these parameters, the dipole force
associated with the laser beam itself is suppressed by 1073
compared to the electrostriction force, and the scattering
probability is only a few percent. The dipole force that the
light focused by the atoms exerts on the atoms is negligible.
The electrostriction beam is shone from the y direction (see
Fig. 1). The atomic cloud is optically extended (¢ > 1), so
a simple refractive media treatment is adequate. It is dilute
(nk=3 = 0.25), so dipole-dipole interatomic interactions
[34,35] do not affect our experiment. To measure the force
we apply a short pulse of duration 7, right after releasing
the cloud, and image the momentum distribution after a
long expansion time [18 ms, Figs. 1(a)-1(c)] by absorption
imaging along the Z direction. Since the force is
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FIG. 1. Strain measurements. Absorption image of a thermal

cloud after long expansion times with (b) and without (a) an
electrostriction pulse. The cloud aspect ratio changes from unity
to 2.1. We used a laser beam shone along the ¥ axis with intensity
8 x 10> mW/cm?, detuning 47 GHz and pulsed for 0.5 ms. (c) A
BEC after an electrostriction pulse and long expansion time. Even
for a strong impulse and large aspect ratio the BEC remains partly
condensed, showing a bimodal distribution in the axial direction
(d). (e) Oscillations in the cloud size along one transverse
direction (axial direction shown in inset) induced by an electro-
striction pulse as a function of a variable waiting time in the trap
after applying the pulse. A pure transverse breathing mode is
observed, fitting to a decaying oscillation (solid line) of twice the
trap frequency.

anisotropic, the cloud expands more in the transverse
directions and gains an aspect ratio (AR) larger than unity.
If the atoms do not move during the pulse (impulse
approximation, 7, < o~ ') we can calculate the atomic
cloud size o along the transverse (L) and axial (]|)
directions after time of flight. For a cloud with initial
temperature 7 and after expansion time f,

el

o = 1/ 1 +Cl)”l2 (2)

After a long expansion time the aspect ratio ¢, /o) of the
cloud reaches an asymptotic value,
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where o = (hl\/m/\/kgT)(T'/8A)(I/I)w 7, is the
momentum distribution width of the electrostriction
impulse, and 6% = \/mkgT, the width of the initial cloud
thermal momentum distribution.

The above derivation relies on the impulse approxima-
tion. In order to check its validity, we numerically solved
the dynamics of the atomic cloud when applying electro-
striction on it using a phase-space simulation. The simu-
lation results coincide with our analytic predictions for all
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FIG. 2. Scaling of strain with detuning A. A thermal cloud AR
after an electrostriction pulse and free expansion, red circles (blue
crosses), correspond to a red (blue) detuned electrostriction laser.
Fits to the data (solid lines) indicate a scaling of the force as 1/A%,
witha = 1.09(5) [a = 1.05(9)] for the red (blue) detuned electro-
striction laser. A prediction (dashed line) based on a force that
scales as 1/A? is shown as well. The error in a corresponds to a
95% confidence level. We used a cloud with a temperature of 1.1uK
and a laser with intensity 1.1 x 10* mW/cm?, pulsed for 0.5 ms.

measurements presented here, confirming the impulse
approximation. Further theoretical considerations regard-
ing the above derivation are detailed in [27].

Performing this experiment we observe that the electro-
striction pulse neither changes the cloud size along the
longitudinal direction nor the center of mass [Figs. 1(a)
and 1(b)]. This indicates that our experiment suffers no
significant scattering and demonstrates the transverse
nature of the optomechanical strain. This is more dramati-
cally demonstrated performing the same measurement on a
BEC. In this case [Fig. 1(c)] the usually fragile bimodal
distribution typical of a BEC along the axial direction is
unaffected by the strong momentum impulse in the trans-
verse directions. Similar results for pure condensates prove
that the force acting on the atoms is different from that
predicted in [33]. We nevertheless emphasize that our
predictions in Egs. (2) and (3) do not hold for a BEC,
for which the equation has to be modified.

Applying an electrostriction pulse in sifu generates a
breathing mode oscillation, only in the transverse direc-
tions. This can be observed by letting the cloud evolve in
the trap for some variable time, and imaging it after release
[Fig. 1(e)]. The results in Fig. 1 did not depend on the laser
polarization, in accordance with our theory. This observa-
tion also indicates that the interactions we induce between
atoms are not dipole-dipole interactions.

We perform strain measurements after short electro-
striction pulses for a large range of detunings
|A| <200 GHz. The results (Fig. 2) are consistent with
a 1/A rather than a 1/A? scaling. This agrees with our
prediction in Eq. (1) and rules out the scattering force and
the forces in [32,33], which scale as 1/A?, as a source of
the strain observed. Imaging the cloud a short time after
the electrostriction impulse we observe the effect of the
detuning’s sign as well [27].

To qualitatively compare our observations to the theo-
retical prediction [Eq. (2)], we carefully calibrate our

experimental parameters. In particular, we measured the
spontaneous Raman transition rate between the |[F = 1)
and |F = 2) hyperfine states due to the electrostriction
laser. The measured rate was in accordance with the rate
calculated [27] using the Kramers-Heizenberg equation
[28,36], given the independently directly measured laser
intensity and detuning values, and the atomic parameters
[37]. After calibration, the observed effect is roughly
2.5 times weaker than expected. As we currently do not
have an explanation for this discrepancy, we scale our
predictions by this factor when comparing results to theory
throughout this paper (Figs. 2—4).

We further investigated the dependence of the electro-
striction force on the cloud parameters: total number of
atoms N and cloud size. We measured the aspect ratio, N,
and the cloud size, while applying the same strain pulse on
the cloud (Fig. 3 and inset). As seen, the measured AR is
independent of N, as expected from Eq. (1). On the other
hand, the effect shows a strong dependence on the atomic
cloud size. Decreasing the cloud size makes the cloud a
stronger lens, causing the beam to focus stronger and
impart more momentum on the atoms.

The dipole force might, in principle, cause dependence
on the cloud size if the laser beam deviates from a plane
wave, suffering intensity profile changes on length scales
comparable with the cloud size. In order to avoid such
situations, we work with a beam size about 100 times
greater than our cloud size. We avoid speckles using a
single mode fiber with a collimator and no other optical
elements before the vacuum cell. We verified the absence of
spatial sharp intensity changes by direct imaging of the
beam. The strain we observed did not change after a
slight misalignment of the beam, suggesting that indeed
no significant local gradients appear. This shows that the
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FIG. 3. Strain for clouds of different sizes. Measured cloud
aspect ratio after an electrostriction pulse and free expansion for
different cloud sizes (circles), and the theoretical prediction (line,
scaled strain). All data points correspond to thermal clouds
besides the first one, which includes a small condensed fraction.
Smaller clouds consist of fewer atoms, but the AR,, (normalized
AR [27]) is independent of the number of atoms as can be seen in

the inset. We used a laser with intensity 7.4 x 10> mW/cm? and
detuning 73 GHz, pulsed for 0.25 ms.
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observed cloud size dependence is not due to a dipole force
of the electrostriction beam.

In order to verify the linearity of the electrostriction force
strength with intensity /, we measured the strain as a function
of growing optical power and different pulse durations and
detunings. As seen in Figs. 4(a) and 4(b), linearity is indeed
evident for low intensities. However, a clear saturation of the
strain [Figs. 4(a)—4(c)] occurs at high intensities, for various
electrostriction pulse durations and detunings. We measured
the dependence of saturation on the cloud temperature as
well (not shown in Fig. 4), and found it appears to depend on
the impulse applied to the atomic cloud /z,/(TA). This is
evident from the collapse of all data on a single curve as in
Fig. 4. We note that the results presented in Figs. 2 and 3
were performed for unsaturated strain.

The saturation of the effect stems neither from changes in
the internal state of the atoms nor from expansion of the
cloud during the pulse. Our pulses are considerably short
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FIG. 4. Strain saturation with electrostriction laser intensity /,
detuning A and pulse duration 7,. (a) Saturation with laser
intensity / for different pulse durations z, (left graph). After
scaling the results by Tf, (right) they collapse to a single curve.
(b) Saturation with laser intensity 7 for different detunings A (left
graph). After scaling the results by A? (right) they collapse to a
single curve. (c) When plotted as a function of the momentum
impulse %, all measurements collapse together. The laser
intensity is changed between 0 — 9 x 103> mW /cm?, the detuning
A between (—167) — (+152) GHz, and the pulse duration 7,
between 0.1 and 0.6 ms. o% is the width of the thermal
momentum distribution prior to the electrostriction impulse.

(up to 1 ms) compared with the trap oscillation period of
typically 20 ms and the scattering rate of 20 Hz. We verified
that there are no changes in the cloud density and internal
state by imaging the cloud at short times and measuring the
number of atoms in the |F = 1) hyperfine state. The only
evident change is the momentum distribution of the atoms,
which should not affect the strain via our theory. As is clear
from Fig. 4(c), saturation occurs when the atoms have
accelerated to a momentum roughly equal to their initial
thermal velocity spread, 6% = o'f.

The observation that lensing saturates close to 65 = o'
is reminiscent of a classical version of Einstein’s recoiling-
slit gedankenexperiment [38,39]. In this experiment an
interference pattern of light that passed scatterers (slits) is
dephased when the momentum imparted to the scatterers
by the photons separates the scatterers in momentum space
giving away the which-path information. In our experi-
ment, lensing occurs due to coherent interference of light
passing through different parts of the cloud. In an analogy
to the above gedankenexperiment, the cloud would there-
fore cease to behave as a coherent lens after accumulating a
momentum impulse ¢ comparable to their initial momen-
tum distribution 6.

The bound on the electrostriction momentum given to the
atomic cloud may prevent application of electrostriction for
long times. For short times, the optomechanical strain has
some interesting features of potentially practical importance
(details in [27]). An electrostriction laser beam applied to a
BEC can effectively modify the interparticle interaction
strength at the mean-field level, mimicking the effect of a
Feshbach resonance, without really changing the scattering
length. Interaction tuning was used before [40] for short
times using an optical Feshbach resonance. A BEC with
attractive effective interactions induced by an electrostriction
laser is unstable to spatial density modulations seeded by
initial noise in the density profile of the cloud, as in nonlinear
optical fibers [41]. An atomic cloud with repulsive effective
interactions works to smoothen out spatial density modu-
lations. This can serve as an explanation to the unexplained
red-blue asymmetry in [24]. The electrostriction potential
[Eqg. (1)] serves as a logarithmic nonlinearity, and thus a
BEC under illumination can support stable solitons in any
dimension [42], a nontrivial feature [43,44]. Finally, a
thermal atomic cloud can be self-trapped by its own strain,
resembling a bright soliton [45] in the transverse directions,
incoherent and with arbitrary shape and size.

In summary, we report the observation of optomechanical
strain applied to ®’Rb thermal and condensed atoms when
illuminated by an intense, far detuned homogeneous laser
beam. We experimentally demonstrate the basic features of
electrostriction, distinguishing it from the well-established
scattering and dipole forces, and proving that it is a new type
of force acting on cold atoms. By the observed electro-
striction characteristics, we point out that this force is distinct
from theoretically predicted light-induced forces such as
those discussed in [31-33] or collective forces measured in
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[46,47]. The experimental results are in qualitative agree-
ment with our theory. Electrostriction has the potential to be
an important tool in cold atom experiments as it effectively
induces interparticle interactions, which can be optically
tuned.
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