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Optical binding in white light
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We experimentally demonstrate, for the first time, binding of aerosols of various sizes and shapes in white light. The

optomechancial interaction between particles is long range and is in the underdamped regime. Incoherency allows
mitigation of interference fringes to enable monotonically changing the distance between particles from 60 pm to

contact, constituting a parametrically controlled testbed for transition studies at new scales.

Society of America
OCIS codes:
http://dx.doi.org/10.1364/0L.40.001818

Optical binding is defined as the phenomena occurring
when multiple particles are confined in the same optical
trap [1,2]. Such multi-particle optical traps were pio-
neered in aquatic overdamped environments while con-
fined to 2 dimensions [3]. Particles binding in air were
then shown with counter-propagating beams [4-6] where
particles clung to interference fringes [5] along the direc-
tion of propagation. Extension of a 3D tweezer to contain
many-bodies [7] was supported by using multi-minimum
traps [8-12]. Still, the binding of particles in a single 3D
optical trap was studied only theoretically [1].

While atom traps [13-16] are well investigated, extend-
ing an optical trap to contain many aerosols levitating in
air was not established. Besides the fundamental interest
in broadening light-matter interactions to the many-body
mesoscopic regime, particle binding will enable, with suf-
ficiently large particle numbers, studies in organization
[17] and phase transition [18] as well as measurements
of critical slowing down [19]. These experiments will
benefit from sensitivity similar to that needed for meas-
uring forces between single molecules [20,21] and for
measuring Brownian motion [22]. In addition, particles in
such traps can benefit from low dissipation that was
suggested to allow access to the quantum-mechanical
ground-state at room temperature [23].

Optical tweezers of coherent light were studied in a
variety of traps including vortices [24] (for nano-
particles), morphing beams [25], and speckles [26].
Contrary to coherent tweezers, here we use white light
[27] that represents a most incoherent form of radiation.
Surprisingly maybe, we show that despite the mitigation
of coherency in our study, a binding phenomenon is still
observed with white light [27]. The levitating ensemble
represents an incoherent optomechanical system that
does not suffer from material loss [23] of mechanical
energy that other optomechanical devices [28,29] are
exposed to.

Our experimental setup [Fig. 1(a)] includes a vertically
aimed white-light beam that is focused using a 0.07-NA
aspherical lens. The repetition rate of our source
(Fianium WL-SC400-4) is 107 times faster than the
phenomena investigated here and thus is treated as a
continuous wave.

We start our experiment by dehydrating a liquid con-
centrate of silica spheres on a coverslip. Then, turn over
the coverslip onto a glass cuvette and, with a slight tap,
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(220.4880) Optomechanics; (350.4855) Optical tweezers or optical manipulation.

release the dried batch into the cuvette. Our white-light
trap is located near the cuvette center where some of the
falling particles typically bind.

Silica spheres are chosen here for their low absorption
that ranges over a broad spectral span; therefore, thermal
effects are reduced.

The white-light beam fulfills two tasks: it traps the par-
ticles and enables imaging by means of the scattered light
emerging from the top and bottom spots of the spheres
[30] [Fig. 2(c)]. As an alternative illumination, back light
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Fig. 1. Experimental setup and simulation. (a) White light is
focused to trap multiple spheres near the beam waist. (b) A pho-
tograph of our white-light beam after passing through a prism.
(d-f) Calculated intensity and color as particles are added
reveals that each of the particles gives rise to a new power
maximum near the place where the next particle settles.
Colors represents the calculated colors at each region and
the particles location sites were taken from (b).
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Fig. 2. Experimental results: the system is robust as it can trap 7-25 pm spheres, along with nonspherical particles. The optical

power is 6 (a,d), 6.5 (¢), and 11 mW (b).

reveals a clearer uniform image of the beads [Fig. 2(a)].
We prefer blue back illumination, with a much lower
intensity than that of the trapping beam, for providing
better resolution with negligible impact on the trap.

Our major claim of observing aerosol binding is de-
picted in Fig. 1(b)-1(f) that shows binding of particles
near the white-light beam waist. We found trapping ver-
satile among the 7-25 pm spheres that we checked. We
observed trapping of spherical as well as of nonspherical
aerosols such as a pair of combined identical 7-pm
spheres with a single 7-pm sphere [Fig. 2(a) bottom par-
ticle] and even binding between two pairs of combined
small (7-pm) and large (25-um) spheres [Fig. 2(b)]. In
accordance to these experimental results, white-light
binding is applicable to a variety of particles of different
sizes and shapes.

As one can see in Fig. 3(a), we measure a linear
dependency between the particles’ separation and the
trapping beam power. Reducing the power monotoni-
cally draws the particles closer until they join together
[Fig. 3(a) bottom inset]. Yet, increasing the intensity does
not separate the particles. By tuning the input power, we
can therefore control the gap between particles, a feature
that might benefit inspection of inter-particle forces or
reactions over short distances. Interestingly, the higher
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particle sticks to the lower one from its side in accor-
dance with our calculated potential well that will be
provided in what follows.

A Fourier transform of the particles’ height position
versus time reveals a frequency of 2 Hz [Fig. 3(b)] with
a linewidth that attests to operation in the underdamped
regime [31]. We note that smaller particles at higher
power counter-propagating beams are expected to
oscillate at rates above kHz.

In order to check how the motion of one body in the
ensemble corresponds with the movements of its neigh-
bor, we monitor the height of different particles over a
long period of time. As expected, we see that fluctuations
of one particle are typically associated with the dynamics
of its neighbor as measured in the places marked in red
in Fig. 4. Correlation between the particles’ fluctuations
can be attributed to the fact that the top optical traps are
generated from light that is scattered by the bottom
trapped particle. Fluctuations in the bottom particle
will therefore accordingly affect the upper trap and the
particle residing there.

In more detail, a spherical particle functions as a
spherical lens that scatters the light so that the initial
Gaussian beam is modified. Additionally, multiple reflec-
tions between two neighbors link between their motions.
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Fig. 3. Experimental results: (a) the spheres are monotonically getting closer to each other as trap power decreases. By the end of
this test, the particles were touching each other as seen in the lower inset. (b) The power spectrum of the vertical movement.
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Fig. 4. Experimental results: long-range interaction. Plots (a) and (b) describe the position of two particles as a function of time
while trap power increases from 6 to 7.6 mW. One particle affects the motion of the other as seen in the places marked in red and as
evident by the cross-correlation constant, » (c¢) (sign reversed), calculated over a time period of 2 min.

As for interaction between particles, which is mediated
by air pressure, it seems that this effect is unlikely.
Mainly, because our experimental results shows that
the particles move out of phase in contrast with what
is expected if motion would have been mediated by air.

To give a sense of scale to the coupling between
particles, we measure the cross-correlation, 7 =
abs{((X1 — u1)(Xs — us)/(0109))}, between the motion of
one particle, X1, and the motion of its neighbor in the
opposite direction, X2, where u and ¢ are the mean value
and standard deviation, respectively. The correlation
rose from 57% to 74% when the power was increased,
as one can see in Fig. 4(b). As a control group, measuring
the correlation between two such uncorrelated experi-
ments resulted in a correlation of 5% which is 14 times
smaller than in the experiment [Fig. 4(c)]. The interaction
between the particles is over a long range of 20 pm,
which is equivalent to 20 wavelengths of light or 3 sphere
diameters.

In what follows, a simplified 2-dimensional model
calculates the scattering structure for a typical experi-
mental configuration using finite-elements frequency
domain (COMSOL full-wave solver) in the presence of a
Gaussian beam waist. While blue here represents a short
wavelength and red-long, part of the power in our experi-
ment was in the infrared so that our plot is not a one-to-
one representation of a visual perception. As one can see
in Fig. 1(d), the first particle that is trapped by the white-
light beam creates a scattering structure with side lobes
where the second particle settles [Fig. 1(e)]. Similarly,
with the second particle, an intensity maximum is
present at the left-hand side [Fig. 1(e)] where the third
particle settles [Fig. 1(f)]. The three-particle simulation
[Fig. 1(f)] is put just below the corresponding experimen-
tal results [Fig. 1(b)] to allow comparison. Contrary to
what one might expect with coherent-light, the interfer-
ence pattern here is with relatively low visibility and of a
smooth and colorful character as typical to white light.
As expected, the path that the top particle in Fig. 3 took
toward the bottom one corresponds with the shape of the
side lobe calculated in Fig. 1(d).

In closing, our system experimentally demonstrates
binding of particles of various sizes and diverse

shapes in white light that is similar to sunlight. While
coherent systems with ensembles of atoms are widely
studied, our experiments represent an extension of
such systems to the new regime of white light and
mesoscopic particles.
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