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Abstract
Recently dielectric particles of ellipsoidal shapes have

been observed to undergo sustained oscillations driven by
laser radiation pressure forces and torques. We show that
the observed particle dynamics can be understood through
a simple ray-optics model, including the influence of beam
divergence.

1 Introduction
Spherical dielectric particles are commonly

manipulated with laser beams. Within certain limits (size
and refractive index) a little sphere can be locked around
the focus of a large aperture beam, as in optical tweezers
[1]. An alternate – and historically earlier - configuration is
that of optical levitation, whereby a vertical moderately
focused beam is used to lift the particle against its own
weight [2]. The particle may be stopped near the beam-
waist: the equilibrium so obtained is not strictly stable, but
may be easily maintained by tuning the laser power.

We recently carried out levitation experiments with
ellipsoidal particles, and observed behaviours that were
drastically different from those of spheres [3]. Below we
shortly report the main experimental observations and we
offer a qualitative interpretation of the observed particles
dynamics.

2 Experimental hardware
The particles were fabricated starting from

polystyrene spheres, 10 m in diameter. Prolate ellipsoids
(average aspect ratio k > 1) were generated by uniaxial
stretching, and oblate ones (k < 1) by biaxial stretching of
the spheres. We thus obtained ellipsoids with dimensions
between a few m and several 10 m. We studied the
behaviours of these particles in a classical levitation
experiment, with a vertical laser beam, inside a glass cell
filled with water.

The beam waist diameter was 2.6 m, with a
corresponding diffraction length ≈ 14 m.

3 Observations
We collected many observations with particles of

different aspect ratios located near the beam waist, in bulk
water (true levitation configuration) and when the particle
was pushed up to contact with the top boundary of the
sample cell (a water-glass interface; in some experiments, a

water-air or a water-oil interface). Near the beam-waist,
particles which were not too far from a sphere got trapped
on the laser beam axis in static configurations, with their
long axes lying vertical. Conversely, we found that
particles of high ellipticity, either rod-like (k >> 1) or disk-
like (k << 1) never came to static configurations: they were
seen to undergo sustained oscillations, in the form of
coupled translation and tilt motions; see Fig. 1.

Sustained oscillations were observed in all
circumstances, be the particle in bulk or in contact to a
boundary surface. The data evidence a bifurcating
behaviour, from static to oscillating, at k ≈ 3 for prolate
particles and k ≈ 0.3 for oblate ones. We observed
oscillations that were periodic (Fig. 2), bi-periodic or
irregular (Fig. 3), depending on particle parameters and
position along the beam axis.

Figure 1 Top view of an oscillating oblate ellipsoid in bulk
water. The white cross ’X’ – represents the position of the beam
center. The arrows represent the direction of oscillation.

3 Ray-optics model
We propose an interpretation of the observed

dynamical behaviours on the basis of a simple 2-
dimensional (2d) model for the interaction of an ellipsoid
with light, using the ray-optics (RO) approximation. A first
version of the model, for prolate ellipsoids and a simply
parallel beam (as in Fig. 4 below), was reported in [3].
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Figure 2 (a) Example of an experimental periodic signal
recorded with a photodiode analyzing the on-axis signal losses
due to the scattering of light by the oscillating particle. (b)
Corresponding power spectrum density exhibiting peaks at
integral multiples of the fundamental frequency  2 Hz. Prolate
ellipsoid located at the beam waist plane with aspect ratios
k1=k2=3.8. Laser power: 19mW.

For a given position and orientation of the ellipsoid
with respect to the beam axis (see Fig. 4), we compute the
radiation pressure forces (F) and torques () experienced
by the particle – due to numerous momentum transfers
through refraction and reflection– using standard ray-
tracing algorithms. These forces and torques are then fed
into the equations of motion (written in the limit of small
particle tilt angle,  << /2) which are further integrated to
access the particle dynamics. In the model we suppose that
the optical forces F and torque Γ are balanced by
corresponding Stokes drag terms in translation and
rotation:

IIˆ 0m z   F z g  (1a)
ˆ 0x   F x  (1b)

ˆ 0  Γ y (1c)

In Eqs. (1), x , z and  are the axial, transverse and
angular coordinates of the particle and the dot stands for
time derivative. II ,  and   are the corresponding
translational and rotational drag coefficients which are
available in the literature for ellipsoids. This simple model

reproduces fairly well the observed bifurcation between
static states and limit cycles when k increases.

Figure 3 Same as in Figure 2 but for a non-periodic signal
obtained with a prolate ellipsoid located at the beam waist plane
with k1=5.1 and k2=4.5.

Figure 4 2d ray optics (RO) model in the xz plane. The ellipsoid
long axis makes an angle  with respect to the z-axis. 60
reflections inside the ellipsoid are shown here for illustration.
The laser beam has a Gaussian intensity profile.

In order to explore the effect of beam diffraction, we
recently generalized the simulation to the case of a
divergent/convergent beam striking the ellipsoid. We still
find oscillations except that the particle dynamics now
depends on the particle axial position ( z ). State diagrams
summarizing the particle dynamics in the (k, z ) plane for
various beam parameters will be presented. As a salient
result we find that much fewer oscillating configurations
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occur upon increasing the beam divergence. Occasionally,
a bifurcation between two limit cycles emerges out of the
calculations (Fig. 5). We also computed force and torque
maps for various particle configurations (x,, z) and
several ellipsoid aspect ratios (Fig. 6). These maps help us
identify the underlying k-dependent mechanisms
responsible for the onset of oscillations. In particular, the
amplitude of the optical torque appears as a key parameter
driving the bifurcation.

Figure 5 Example of computed particle dynamics in phase space
for two different initial conditions and for a convergent beam
hitting the particle (see schematic on the right). The ellipsoid
bifurcates here between two limit cycles.

As an essential outcome, our simple RO model
shows that the non linear dependence of the radiation
pressure forces versus the particle position and angle
coordinates is good enough to reproduce the observed
oscillations.
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Figure 6 Exemplary maps of total force (Fx) and torque (y) as a
function of off-centering (x/R) and tilt () of the ellipsoid (TE
polarization mode; R is the radius of the mother sphere from
which the ellipsoid is derived). The ellipsoid is located below the
beam waist plane as shown in Fig. 3 (schematic). Aspect ratio
k=4.25, beam waist radius w0=1.3 m, far-field beam divergence
angle: 5.4°.
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