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Abstract
It is now well-known that illumination of a colloidal

suspension by laser beams leads to a force interaction
between light and objects. Such objects can be locally
trapped in a single beam trap, in an array of single beam
traps or they can be rotated, delivered, sorted or self-
arranged in more complex spatial distribution of
electromagnetic field. Several selected topics will be
discussed from the point of theoretical predictions based
on Generalized Lorenz-Mie theories and experimental
observations. Attention will be paid to angular momentum
transfer from light to particles, pulling and pushing forces
in “tractor” beam trap geometry, and various forms of self-
arrangements of microparticles into so-called optically-
bound matter.

1 Introduction
Scattering of light by particles leads to transfer of

momentum and angular momentum of light to particles
and occurrence of so-called optical force and torque. The
basic theoretical background has been established in 19th

and 20th century by Ludvig Lorenz, Gustav Mie and Peter
Debye. Their approaches assuming a single spherical
particle illuminated by a plane wave were rapidly
developed to descriptions considering many interacting
(and even non-spherical particles) illuminated by light
fields with very complex spatial amplitude and phase
distribution. Modern computers and algorithms provide
fast and reliable prediction for majority of experiments
performed in the domain of optical manipulation with
particles. With the accessibility of powerful enough lasers
within the last 20 years the pioneering experiments of
Arthur Ashkin [1] have been repeated many times and put
to another level of complexity, experiment control and
data acquisition. Therefore, the domain of optical
micromanipulation should be ready for precise
comparison of theoretical predictions with quantitative
experimental measurements and to verify the applied
approaches.

2 Optical vortex beams
It is now also well-known that light carries except

momentum also angular momentum. Circularly or
elliptically polarized beams carry spin angular momentum

that is transferred to absorbing or birefringent object
causing its rotation around its axis [2]. Orbital angular
momentum is a property of optical vortex beams having a
spiral wavefront [3] and induces particle orbiting around
the vortex beam axis. Figure 1 shows the experimental
arrangement for detection of particle motion in an optical
vortex beam. Since we used spatial light modulator, the
properties of the beam can be changed dynamically in a
contactless way. We performed experiments with
Laguerre-Gaussian and Bessel beams with various
topological charges m, beam waists w0 or beam radii .

Figure 1 An example of the geometry of the experiment where
the single focused Laguerre-Gaussian vortex beam (a-phase
mask, b-real beam) was used to propel the particle in the high
intensity vortex ring (c) in the focal plane. Spatial light
modulator was used to modify the beam topological charge and
beam waist. Similar set-up was also used for experiments with
Bessel beam.

Figure 2 demonstrates the comparison of the measured
radius of the particle trajectory in the Bessel vortex beam
for different beam parameters. It is seen that in this case
the coincidence between the theory and experiment is
persuading but not perfect. In the subsequent series of
experiments we improved the stability of the system and
beam properties to obtain coincidence in the particle
position better than 10 nm without any parameter fitting.
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Figure 2 Measured stable radial position r of the particle in the
Bessel vortex beam relative to the radius of the innermost vortex
ring ρm corresponding to different initial zero-order (m=0) Bessel
beam core radius ρ0. Blue (positive topological charge m>0) and
green (negative topological charge m<0) points correspond to the
measured data, the error-bars indicate 95 % confidence level of
the average. The red curves denote the theoretical prediction for
measured beam parameters. The beams were generated by the
setup described in Fig. 1. [4]

3 Optical binding
Optical binding presents an original method for self-

arrangement of solid microparticles in liquid or air [5] by
pure illumination with a laser beam. The resulting
equilibrium positions of the particles in an optically bound
structure are not only influenced by the spatial intensity
profiles of the incident laser beams but also by the light
scattered from all the bound particles [6]. In contrast to
widely spread multiple optical trapping based on
computer generated holograms or deflections of a trapping
laser beam, individual particles in the optically bound
structure cannot be positioned as one wishes. However,
the inter-particle distances in optically bound structures
can be externally controlled by changing the refractive
index of the medium or the spatial intensity distribution of
the caging laser beams. Figure 3 shows tunable optically-
bound structures self-arranged in two counter-
propagating elliptical Guassian beams (light-sheets).
Beams properties were changed using a spatial light
modulator [7,8] dynamically. As the beams widths
increased, the optically bound structure enlarged but kept
its initial shape. After several cycles of the field
modifications various spatial configuration of optically
bound structures can be observed in the rows of Fig. 3.

Figure 3 Size control of two-dimensional optically bound
structure. The first row shows the beam waist profiles of three
different pairs of counter-propagating elliptical Gaussian beams.
The following rows show dynamic size tuning of the structure
with various initial configurations of particles (1070 nm in
diameter) self-arranged in the above depicted beams. The total
power of a single beam at the sample plane varied between
80 mW and 35 mW for the narrowest and widest beam,
respectively.

4 “Tractor” beam
Another experimental method used the geometry of the

optical “tractor” beam [9]. The incident beam of diameter
tens of micrometers is retro-reflected at the bottom mirror
and creates a system of interference fringes parallel to the
mirror surface (pancake traps). Particles are locked to the
fringes in vertical direction but tent to self-arrange
optically in horizontal direction. Due to different scattering
patterns the particles of different sizes or even the whole
self-arranged structures can be pulled against the direction
of final wavevector if the polarization of the incident beam
is changed from p to s. Figure 4 presents the geometry of
the experiment and indicates that particles of different
sizes can be propelled in opposite direction if the beam
polarization is switched. Figure 5 presents the theoretical
calculations for plane wave showing the optimal angles
giving maximal pulling force for s and p polarizations.
Figure 6 demonstrates the record of the particle motion if
the polarization is switched from p to s. Consequently the
force changes its sigh from positive pushing force to
negative pulling force and this was utilized for passive
optical sorting of tens of particles at the same time.
Figure 7 illustrates this behaviour using particles of radii
400 nm and 500 nm. When the polarization of the incident
beam was switched from p to s, the larger particles moved
to the left due to the pulling force because the
experimental parameters were selected according to Fig. 5.
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Figure 4 Geometry of the experiment. Larger particle scatter
light differently than a smaller particle and thus moves in
opposite direction.

Figure 5 Incident angles 0,min giving minimal force Fz

(i.e. maximal pulling force pointing in Fig. 4 to the left)
displayed for polystyrene particles of different radii a.
Polystyrene particles with radii larger than 1μm can be pulled
also by p-polarized beams.

Figure 6 Top: Stable positions of a polystyrene particle with a
radius of 410 nm illuminated by an s- or p-polarized beam with a
beam waist of w0=23.5 m. Bottom: Time record of the motion of
a single polystyrene particle of radius 410 nm illuminated by a
wider initially p-polarized beam that is switched to an s polarized
beam at t=0.5 s.

Figure 7 Separation of polystyrene particles of radii 400 nm and
500 nm using the geometry of Fig. 4 and polarization switching
of the beam from p (left) to s (right) polarization,.
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