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A long-range polarization-controlled optical

tractor beam

Vladlen Shvedov', Arthur R. Davoyan?, Cyril Hnatovsky', Nader Engheta? and Wieslaw Krolikowski'**

The laser beam has become an indispensable tool for the
controllable manipulation and transport of microscopic
objects in biology, physical chemistry and condensed matter
physics. In particular, ‘tractor’ laser beams can draw matter
towards a laser source and perform, for instance, all-optical
remote sampling. Recent advances in lightwave technology
have already led to small-scale experimental demonstrations
of tractor beams™. However, the realization of long-range
tractor beams has not gone beyond the realm of theoretical
investigations®-°. Here, we demonstrate the stable transfer of
gold-coated hollow glass spheres against the power flow of a
single inhomogeneously polarized laser beam over tens of
centimetres. Additionally, by varying the polarization state
of the beam we can stop the spheres or reverse the direction
of their motion at will.

Traditional optical tweezers are based on the transfer of photon
momenta to the particle to be manipulated'®!!. The combined
action of the scattering and gradient force, both of which originate
from this effect, is often sufficient to trap and precisely move transpar-
ent micro-objects within a small region, typically limited to the focal
volume of the tightly focused laser beam!''2. This type of optical
manipulation is usually carried out in vacuum!® or, at another
extreme, in liquids with a sufficiently high thermal conductivity'*.

For light-absorbing particles immersed in a gaseous medium, the
very possibility of using the momentum of light for optical tweezing
is drastically reduced because even weak light absorption by the par-
ticles leads to the appearance of a strong gas-dynamic force acting
upon them!>!6. The latter light-induced force, known as the photo-
phoretic force, provides at the same time an alternative and much
more efficient way'® to control the motion of absorbing particles
in gases within a broad range of pressures!”18.

When a photon is absorbed by a particle its momentum contri-
butes to radiation pressure exerted on the particle, while its energy
is converted into the thermal energy of the particle. The heated site
on the particle surface then transfers this energy to the ‘mediator’,
that is, the surrounding gas'. In the limiting case of thermally
non-conductive particles placed in a highly rarefied gas, the force
imparted by the gas molecules can be ~c/v times greater than
the force originating from the transfer of photon momenta®,
such as the scattering and gradient force (c is the speed of light
and v < ¢ is the characteristic molecular velocity). This advantage,
albeit to a lesser extent, exists in many other situations and, by
relaxing the already mentioned highly restrictive conditions
imposed on both the focusing geometry and the particle size,
allows one to design photophoretic optical traps, inside which
much larger objects can be stored, manipulated or moved over
macroscopic distances?!.

The photophoretic force F, both in the slip-flow and free molecu-
lar regime, is collinear with the asymmetry vector r,s given by

r,,=C /[, q(r)w(r)dV, where C is a constant, q(r) is the heat
source distribution inside the particle originating from the absorp-
tion of light, w(r) is a vector weight function representing the sol-
ution of the pertinent boundary value problem for Laplace’s
equation inside the particle, V}, is the particle volume, and r is the
position vector'®?2-2%, Generally, the photophoretic force can have
any angle with respect to the light propagation direction, depending
on the particle and light field parameters?.

The photophoretic force tends to eject absorbing particles from
the regions of maximum light intensity?, thus precluding robust
optical trapping and manipulation with beams that have a
Gaussian intensity profile (Fig. la). The use of light fields that
have distinct intensity minima where particles can be retained
provides an elegant solution to this problem?"?. In principle,
any doughnut beam with a phase or polarization singularity
and zero light intensity along its axis?“?® satisfies the above
criterion (Fig. 1b).

When an isotropic spherical particle is trapped inside such a
beam and no external forces are acting on the particle, the photo-
phoretic force is directed exactly parallel to the beam axis owing
to the perfect axial symmetry of the problem. In this case the behav-
iour of the particle is determined by the asymmetry parameter J
(termed the J-factor hereon)!®?2, which is the scalar version of r,.
Similar to r,, the J-factor represents a weighted integration of the
heat source distribution over the particle volume.

A particle may absorb electromagnetic energy predominantly
near the illuminated front side (J<0), and the photophoretic
force in this case pushes the particle along the beam propagation
direction?’. On the other hand, when the energy is mainly
absorbed inside the rear side of the particle, the particle may be
pulled against the beam (J > 0). Satisfying the latter condition is,
in fact, tantamount to creating the elusive ‘tractor’ beam, which
can trap and simultaneously convey objects against the laser
power flow. Here, we show that the sign of the J-factor and, as a
consequence, the direction of the particle motion can be switched
by adjusting the polarization state of an otherwise identical
doughnut beam.

In our analysis we use semitransparent spheres (Fig. 1¢) illumi-
nated with either a radially or azimuthally polarized TEMg;*
beam, whose electric field in both the cases is linearly polarized at
each point and can be written as E, = E(p, z)e, and E, = E(p, z)e,,
respectively (see Methods). In the paraxial approximation
these beams have identical cross-sectional intensity distributions
and can be converted into each other by straightforward
polarization transformations®.

Figure 2a,b shows the light intensity distribution around and
inside a Au-coated hollow glass sphere placed on the axis of a
radially and azimuthally polarized beam, respectively. These inten-
sity distributions determine the corresponding heat source
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Figure 1| Concept of photophoretic light-particle interaction in gases. a, Interaction of an absorbing particle with a Gaussian beam. The photophoretic
force F can drive the particle along the beam in the forward or backward direction, depending on the asymmetry vector r.s. However, this motion is laterally
unstable, as the transverse component of the photophoretic force Ft is repulsive and therefore the particle is pushed away from the maximum of light
intensity centred at the beam axis. b, Interaction of the same particle with a doughnut beam. In this case Fr is restoring (that is, it is directed towards the
beam axis) and does not allow the particle to escape from the beam, so the motion is laterally stable. ¢, A hollow glass sphere (external radius a, wall

thickness d) coated with a thin Au film (film thickness h) exemplifies a semitransparent particle.
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Figure 2 | Numerical modelling of reversible optical transport. ab, Cross-sections of light intensity distribution near a partially absorbing hollow glass
sphere (d =300 nm; h =10 nm) trapped at the axis of a radially (a) and azimuthally (b) polarized beam. The distributions are axially symmetric with respect
to the z-axis. c-e, Polarization-induced reversal of the J-factor of a hollow Au-coated glass sphere. In ¢ and e, the pairs of points connected with arrows
indicate when either a pushing (J<0) or pulling (J >0) photophoretic force can be exerted on the sphere depending on the incident beam polarization. In d,
the shaded regions show when the reversible optical transport occurs for 7 nm (green) and 15 nm (yellow) Au coatings. In a-e the spheres have the same
external radius a ~ 25 pm, and the radius of the maximum intensity contour at the beam waist (z=0) is wp =35 um. f, lllustration of polarization-controlled

optical transport.
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Figure 3 | Experiment. a, Part of the experimental set-up with the beam convertor and particle dispenser. The half-wave plates used to change the
polarization state of the beam are denoted by 4/2. b, lllustration of the longitudinal light intensity profile of the trapping beam. Each black square represents
measured light intensity, and the solid line is an analytical fit based on w(z) = w,(1 + ZZA%/(47:2W§))V2, where wg is the radius of the maximum intensity
contour at the beam waist (z=0). The region of stable trapping is in yellow. The beam waist region is in red. ¢, Dependence of the velocity of the glass
shells on their external diameter for azimuthal and radial polarization. Data pertaining to a particular shell are in one colour. In all the experiments

wo =35 um. d,e, Snapshots illustrating the motion of a shell of radius a =25 um and coating thickness h =15 nm trapped inside an azimuthally (d) and
radially (e) polarized beam. In d, the shell moves against the beam propagation direction z (pulling force) at V=0.8 mm s, and in e it moves along

7 (pushing force) at V=0.4 mms".

distributions q(r) and J-factors'®. When the coating is very thin (see
Methods), the J-factor can be written as®?

o1l o 2 2\ s .
J = 6nanxdy’ [1_pa [ <|E| /‘EW‘ )t cos 0sin 6d0 dt

where E is the electric field inside the light-absorbing coating, n and
k are respectively the real and imaginary parts of the refractive index
of Au, a is the external radius of the sphere, A, is the wavelength in
vacuum, f = r/a, and h is the coating thickness (Fig. 1c). The numeri-
cal analysis presented in Fig. 2c—e shows that, for a fixed external
radius, both the magnitude and sign of the J-factor for either of
the two polarization states critically depend on the glass wall and
coating thickness. When the coating thickness is less than ~25 nm,
the sphere can be regarded as semitransparent, implying that a sig-
nificant portion of light is absorbed at its rear surface. As the wall
thickness changes, the J-factor and, as a result, the photophoretic
force itself, alternate due to the concomitant redistribution of
absorbed energy over the sphere’s surface. In fact, there are distinct
wall thickness intervals where it is possible to change the sign of the
photophoretic force exerted on the sphere and thus reverse the
direction of its motion by solely switching the polarization state
from radial to azimuthal. On the other hand, if the coating thickness
exceeds ~25 nm, the J-factor is negative for any wall thickness and
the corresponding photophoretic force becomes pushing, irrespec-
tive of the polarization state. For a 60 nm coating, for instance,
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the sphere is highly opaque and the incident light is mainly
absorbed at its front surface. In this case, the beam polarization
can only affect the magnitude of the J-factor®.

To demonstrate the predicted effects experimentally we used
thin-walled spherical glass shells with a varying from 25 to
35um and d from 200 to 400 nm. The shells were sputter-
coated with a thin layer of Au with h varying from 7 to 15 nm.
For these parameters the sign of the photophoretic force is
expected to be sensitive to the polarization state of the beam
(Fig. 2d,e). To prepare the tractor beam we first converted a cir-
cularly polarized single-charge vortex beam into a superposition
of radially and azimuthally polarized vector modes by means of
a uniaxial birefringent crystal, and after that selected the azi-
muthal mode using a spatial filter’. When necessary, the thus
synthesized azimuthally polarized beam was converted into a
radially polarized one with two half-wave plates (A/2 in Fig. 3a),
without affecting any other beam parameters®®. The experiments
were carried out using a 200 mW continuous-wave 532 nm
laser beam with a fixed waist radius of wy =35 pm. These beam
parameters allowed us to match the intensity distribution with
the size of the shells.

To place the shells into the laser beam we used a cylindrical
cuvette. On rotating the cuvette, some of the shells detached from
its walls, fell, and were trapped inside the intensity minimum at
the beam axis. In our experiments the beam axis was always
perpendicular to the gravitational force acting on the shells.
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Openings at the end faces of the cuvette allowed the particles to
escape from the cuvette and then migrate inside the beam over tens
of centimetres in ambient air towards the beam waist (Fig. 3a).
Generally, the photophoretic force changes along the beam axis
due to beam divergence. With a view to reducing this effect, we
measured the direction and magnitude of the shell velocity within
a ~ 0.5 mm interval along the z-axis near the beam waist (region
in red in Fig. 3b). Under these conditions, the beam cross-section
changes by a mere 0.1% and the photophoretic force can therefore
be assumed to remain constant. According to the charge-coupled
device (CCD) images shown in Fig. 3d,e the shells were kept
almost exactly at the beam axis in this region.

The motion of the shells along the beam axis was governed by the
combined action of the photophoretic force and the Stokes frictional
force Fs = 6manV, where 7 is the dynamic viscosity of air and V'is the
shell velocity. Data analysis also showed that the shell velocity in the
observation region was uniform to within 5%, which allowed us to
find the longitudinal component of the photophoretic force by
equating it to Fs. For instance, for the glass shell in Fig. 3d,e the
pulling force is ~6.7 pN and the pushing force is ~3.4 pN.
Meanwhile, the transverse component of the photophoretic force
Fr (Fig. 1a,b), which counterbalances the gravitational force acting
on the shell, is ~65pN, based on a ~6.5 ng mass of the shell
(see Methods).

Our key experimental data are summarized in Fig. 3c-e. First, an
azimuthally polarized laser beam can become a tractor beam for
certain types of weakly absorbing glass shell. Second, their direction
of motion can be switched from backward to forward by changing
the polarization state from azimuthal to radial. Conditions under
which this becomes possible can still be predicted by employing
the J-factor formalism. The presented tunable optical beam can
transport absorbing particles in air over macroscopic distances
(that is, tens of centimetres). In addition, the shells can be stopped
at any position along the beam axis by setting the angle between
the fast axes of the two half-wave plates somewhere between 0 and
7t/4. In this case we generate a spirally polarized beam?:.

Such long-distance, stable and switchable optical transport
achieved with a single laser beam can find applications in various
fields of science and technology, including laboratory-based
studies of aerosols and remote sampling. Furthermore, the
concept of polarization-controlled photophoretic transport is appli-
cable to any gaseous media at pressures starting from 0.1 Pa and also
to a wide class of liquids'®?’. More complex scenarios of high-
precision multidirectional manipulation and transport based on a
network of beams with variable states of polarization may also be
considered in the future.

Methods

The electric fields of a TEM,* radially and azimuthally polarized beam in the
cylindrical coordinate system (Fig. 1c) can be written as:

E, =E(ple, = EO(p/wafz)e"’z/z"é‘reikzep
E, = E(p2)e, = Eu(p/wufz)e"’z/zwﬁseikze?

where e, and e, denote the radial and azimuthal unit vectors, respectively, p is the
radial coordinate of an arbitrary point measured from the beam axis, E, is a
normalization constant, £(z) = 1 + izA,/(2nw}) is a complex parameter
characterizing the beam divergence, w, is the radius of the maximum intensity
contour at the beam waist located at z=0, and k = 27/A,.

The thermal conductivity of our metallized hollow spheres depends only on the
radial coordinate r. According to Yalamov®, a spherical particle with a variable
internal thermal conductivity described by f(r) and a density of heat sources within
it given by g(r,0) can be regarded as a homogeneous particle with a constant thermal
conductivity and an effective heat-source density w(r)q(r,0), where the weight
function w(r) is determined by f(r). Because the Au coating is very thin and the
glass walls are totally transparent, the heat is released only at the particle surface
where, by definition, w(r) ~ 1. The intensity and polarization distribution of the
doughnut beam that we consider here are axially symmetric. This removes the
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dependence of the source on the polar ¢ coordinate and therefore allows us to
write it as g(r,0).

The numerical simulations were performed using the finite-element method
commercially implemented in COMSOL Multiphysics. Because of the axial
symmetry of the problem (that is, no variation of fields and forces with the ¢
coordinate), the numerical analysis is significantly simplified (we used COMSOL’s
2D axis symmetric solver). Due to the computationally demanding simulations, the
data shown in Fig. 2e were obtained only for a discrete set of glass wall thicknesses
(Fig. 2e). The permittivity of Au (and its refractive index) is deduced from the
Drude-Lorentz model fitted to the experimental data®. The refractive index of the
glass shells gives n; ~ 1.54 and #; = 0.

To calculate the longitudinal pulling and pushing force on a shell we first
launched the shell into the radially polarized beam at z~ —50 mm from the beam
waist. When the shell crossed the beam waist at z~ 0, CCD images were taken at
equal time intervals to record its position. When the shell was at z ~ +50 mm from
the waist, the polarization was switched to azimuthal and a series of images were
recorded when it crossed the waist moving against the light. This routine was
repeated three times for each shell to accumulate statistics. The relatively large
distance from the return points to the beam waist was necessary to stabilize the shell
motion during data recording. Figure 3¢ presents the results obtained for five
different shells.

To measure the wall and Au coating thickness, several representative shells were
crushed and then examined under a field-emission scanning electron microscope.

The mass of the shell in Fig. 3d,e was found from Stokes” law by blocking the
laser beam and then measuring the terminal velocity of the falling shell.
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