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Abstract
Single beam optical tweezers hold particles behind the

focal plane due to the high gradients of optical intensity
present in a focused laser beam. However, description of
this optical field based on a vectorial theory of diffraction
reveals that the high intensity focal area is accompanied by
several secondary maxima on the optical axis as well as by
a structure of rings away of the optical axis. Here, we
discuss possibility to use these secondary maxima as the
optical traps. We present the properties of such traps
created by focusing using water immersion objective lens
of numerical aperture 1.2.

1 Introduction
Nano- or micro-particle exposed to a focused laser light

is affected by the forces originating in the transfer of light
momentum. Optical tweezers [1, 2] is a tool of choice for
many applications because it enables to hold and move
micro particles in microscopes or lab-on-a-chip systems.
The angular spectrum description of light focusing
through objective lens corresponds to the Debye
approximation of the diffraction of a convergent spherical
wave on a circular aperture [3, 4]. In this description
several oscillations of light intensity along beam
propagation axis are present and in the transversal planes
out of focus the light rings exist. Similarly, these rings can
be also observed experimentally; however, the distribution
of light intensity near focus is usually broadened and
changed by the spherical aberrations originating from the
refractive index mismatch in between air or immersion oil
behind microscope objective and other media where
observation is performed. Such aberrations may be
supressed in the experiment using several methods based
on a spatial light modulator [5, 6] and, therefore the
spatial intensity distribution of such a beam is expected to
be close to the theoretical assumption ignoring aberrations.
Recently, Kyrsting et al. [7] observed a trapping of golden
nanoparticles in front of beam focal plane as well as out of
the beam axis. Similarly our group reported[8] trapping of
air of liquid nanodroplets in in different planes and
different positions with respect to beam axis using a single
beam focused with a lens with low numerical aperture
(NA).

In this paper, we will study the force interaction of a
microparticle placed into focused laser beam described by
an angular spectrum method. We will show that in this
description the field near focal point includes these

oscillations and rings. These inhomogeneities enhance
possibilities of particle trapping and, moreover, such local
maxima of intensity create several new locations, where
microparticle may be trapped. We analyse occurrences and
properties of these new trapping sites.

2 Beam properties and optical forces
The Debye approximation of the diffraction of a

convergent spherical wave on a circular aperture [3, 4] is
considered as highly appropriate for the description of a
strongly focused beam without aberrations. Figure 1
shows the sections of optical intensity near focal points of
objective NA = 1.2. We considered water immersion
objective (n = 1.33) and wavelength  = 1064 nm. The
sections along beam propagation axis are shown in
logarithmic scale while transversal sections are plotted in
linear scale but normalized to one in each transversal
plane. One can see that the intensity oscillates and creates
sets of local maxima and minima. In the transversal
direction sets of light rings are created. These rings may
have high or low (even zero) intensity points on the optical
axes. Moreover, the intensity of these rings is uneven and
highest on the y axis, i.e. in the direction perpendicular to
the beam polarization and, further, the focal spot is
elliptical and tighter in the y direction.

Figure 1 (left) Optical intensity I in logarithmic scale in x-z (a)
and y-z (b) planes calculated for field focused by an objective
having numerical aperture NA = 1.2. Right part shows
transversal sections of field (in x-y planes) for several z.
Intensity in each section is normalized to 1 and white bar depicts
distance of 1 m.

2.1 Calulation of optical forces
To express the optical force acting upon a spherical

dielectric particle placed into the focused beam we use the
Generalized Lorenz-Mie Theory in Barton's approach [9].
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The key step is to expand the incident field into series of
spherical harmonic functions which are described by the
scattered field coefficients Alm and Blm. We have previously
showed that these coefficients may be expressed
analytically in case of non-diffracting Bessel beam [10].
This approach may be used even in the case of focused
Gaussian beam. Therefore, the calculation of incident field
coefficients requires only single numerical integration over
an angular spectrum instead of triple integration including
the particle surface and angular spectrum.

Figure 2 shows trajectories of particles of various radii
placed into such focused beam. The trajectories were
calculated numerically for motion of a single particle in
force fields Fz and Fy that were calculated by the above
mentioned approach. Moreover, contours depicting zero
levels of these forces are shown by white and magenta
curves. The intersections of both types of contours mark
locations where the particle may be stably trapped.
However, in order to create a trapping location the slopes
of both Fz and Fy have to be negative, i.e. 0/  yFy
and 0/  zFz . One can see that the particle trajectories
converge to these places. Parts of Fig. 2 show evolution of
trajectories with changing particle radii. For the particle
radius 100 nm, stable trapping locations exist in every local
maximum of optical intensity, see Fig. 2 left. As the particle
size increases, the weak optical gradients near maxima
away from optical axis cannot trap such particle anymore
and these off-axis trapping locations cease to exist, see Fig.
2 right (particle radius 400 nm) and only the trapping sites
on the optical axis survive. With further increase of the
particle radius, only “classical” trapping location exist
nearby the focal point.

Figure 2 Trajectories (blue curves) of polystyrene particles (n =
1.59, water immersed) in a focused beam (NA = 1.2). Particle
radii are 100 nm (a) and 400 nm (b). White contours separate
regions of positive or negative force Fz along z-direction and
magenta contours separate regions of positive or negative radial
force Fy.

2.2 Locations of optical traps and their properties
We calculated optical forces on a regular mesh of ~ 3600

points in y-z plane for polystyrene particles having radii 25
nm up to 500 nm (step 25 nm). Further, we calculated
particle trajectories in this 2D force field and we localized
approximate stable particle positions. We repeated the

force calculations in the vicinity of these points on finer
mesh in 3D. Figure 3 shows locations of these stable points
by circles of increasing sizes. We denote each of these
stable particle locations according the following scheme
depicted in Fig. 3, i.e. the “classical” trap site behind beam
focus is labelled as “0.” Other traps behind and in front of
the beam focal plane are denoted by sings “+/-”,
respectively and increasing number indicates increasing
relative distance from the focal plane. Off axis traps in the
first line closest to the optical axis are denoted by letter
“A” and traps in the second line are denoted by letter “B.”

Figure 3 Stable trapping sites in beams focused by objective lens
of NA = 1.2. Background map shows the optical intensity
distribution in logarithmic scale (see Fig. 1). Green circles denote
the stable location of a polystyrene particle having radius 25 nm
(smallest circles) up to 500 nm (largest circles). The step in
particle radii is 25 nm. Trapping sites denomination is
illustrated by text labels.

Figure 3 shows that the smallest particles of radius 25
nm can be trapped in any local maximum. This is in
accordance with the so-called Rayleigh approximation of
optical forces which is applicable only for particles much
smaller than the wavelength. The nanoparticles are held in
the places of high optical intensity by gradient forces while
forces caused by radiation pressure are negligible. Particles
of all sizes up to 500 nm radius are trapped on the optical
axis in trapping site 0. In the other axial trapping sites
particles of radii up to 450 nm can be trapped in site +1,
400 nm in +2, 300 nm in -1, 275 nm in -2 and 150 nm in +3.
Largest particles can be trapped off axis in trapping sites
+A2 (up to 325 nm) and +B1 (up to 500 nm with a gap
between 300 and 425 nm). Particles of radius only up to
225 nm can be trapped in trapping location +A1 which is
the strongest of the secondary maxima out of the optical
axis. This is caused by the fact that bigger particles are
pulled into the main maximum 0. Only smaller particles
may be trapped in front of the main maximum 0 both on
and out of the optical axis. Again local gradients are
overcome by the highest intensity and steepest gradient in
location 0.
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Further on, we calculated the trap stiffnesses x;y;z in the
above mentioned stable locations by means of numerical
differentiation. Figure 4a shows the trap stiffness x;y;z in
the trapping location 0 and Figs. 4b-d show the trapping
stiffnesses in the secondary trapping locations relative to
the values in location 0. Solid curves show the axial
trapping sites and dashed curves show the off-axis
trapping sites. From the data presented in Fig. 4 we find
following conclusions:

 All stiffnesses in location 0 are at least one order
of magnitude higher than in any other trapping site.

 Trapping locations behind focal plane (+) are
slightly stronger than locations in front of the focal
plane (-).

 Highest stiffnesses in off axis traps can be found
in site +A1. The stiffnesses in this site are even higher
than in the secondary axial sites.

 Stiffnesses in x direction are almost one order of
magnitude lower than in y direction for off-axis traps.

 This is caused by the weak gradients along light
rings near these traps.

 Trap stiffnesses in y direction are slightly higher
than in x direction for all axial trapping sites.

3 Conclusions
The optical intensity field near the focus of a focused

beam described by an angular spectrum consists of the
central maximum accompanied by several oscillations on
the optical axis and several intensity rings further out of
the focal plane [3, 4]. Moreover, the intensity distribution
along these rings is not constant but has two local maxima
in direction perpendicular to the beam polarization and
the transverse intensity profile in the focal plane is elliptic.
Both of these effects are connected to the focusing of the
polarized light. We considered focusing by objective lens
of numerical apertures NA = 1.2 (water immersion) with
vacuum wavelength  = 1064 nm.

We calculated the optical forces acting on a polystyrene
particle placed in such focused beam. The local secondary
maxima may serve as optical traps as well for small
particles with radius smaller than  /2. Particle may be
trapped in several spots on axis either in in front or behind
the beam focal plane. Also trapping spots away off the
optical axis exist in a plane perpendicular to beam
polarization. Compared to the “classical” trapping spot on
the optical axis just behind focal plane the trap stiffnesses
of these secondary maxima are at least one order of
magnitude smaller. The results presented in this paper
confirm experimental and theoretical observations of A.
Kyrsting [7] which were obtained for golden nanoparticles.
We applied this formalism to explain behaviour of water
droplets in optical tweezers [8]. In our future activities we
plan to confirm the results of this study by experiments.

Figure 4 (a) Trap stiffnesses in x, y, and z directions for particles of radii from 25 nm up to 500 nm placed in trapping site 0.
Parts (b-d) depict relative trapping stiffnesses in various trapping sites in x (b), y (c) and z (d) directions, respectively.
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