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ABSTRACT

Gradient radiation forces exerted by strongly focused cylindrical vector beams of radial and azimuthal polar-
izations on dielectric spheres of different radii and refractive indices were calculated. The effect of longitudinal
and transversal components of the focused electrical field on trapping properties was studied. Experiments on
optical trapping were performed using low-mode optical fiber excited with Laguerre-Gaussian beam as a source
of the trapping beams.
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1. INTRODUCTION

The trapping of nano- and micro-particles by using the radiation forces produced by highly focused optical
beams (so-called optical tweezers) has become very widely used in the past two decades in physical, chemical,
and biological experiments where precise manipulation of microscopic objects is required. The scattering and
gradient optical forces exerted on the trapped objects depend on the intensity and phase distributions in a
trapping beam. For this reason optical trapping has been studied for different types of optical beams, for
example, Gaussian, Laguerre-Gaussian, Bessel.1

One promising type of beams for optical trapping is Bessel-Gaussian vector beam, that are solutions of
the vector wave equation in the paraxial limit.2, 3 Some of these solutions obey cylindrical symmetry both in
amplitude and polarization, hence the name cylindrical vector beams, CVB.

The peculiar features of CVB have attracted a great deal of interest from researchers. Possible applications
include, for example, focusing of atoms,4 material processing,5 microellipsometry,6 and spectroscopy.7 For
optical trapping the most interesting features arise from the focusing properties of these beams.8, 9 In partic-
ular, a radially polarized CVB focused by a high numerical aperture objective has a peak at the focus, and an
azimuthally polarized incident beam has a null in the center. Switching between radial and azimuthal polariza-
tions can be done by using two half-wave plates. The radiation forces on dielectric spheres produced by CVB
of different polarizations have so far only been calculated in the Rayleigh regime (with a particle radius of 50
nm10). No experimental results have been published yet. In this paper we calculate the gradient forces acting on
dielectric particles of arbitrary radius using the simplified description proposed in.11 Experimental results on
optical trapping of low- and high-refractive index particles using CVB generated with a few-mode optical fiber
are also presented.

2. THE GRADIENT TRAPPING FORCES ACTING ON A DIELECTRIC SPHERE
IN THE CYLINDRICAL VECTOR BEAM

Figure 1(a) shows the geometry of the problem. The incident field with a known spatial distribution of the
electrical field amplitude and polarization has a planar wavefront at the entrance pupil of a lens with numerical
aperture NA. The lens produces a converging, spherical wave which propagates along the axis z to a axial point
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image at the plane z = 0. The focal field generated by a generalized cylindrical vector beam illumination of the
input pupil can be written as8: −→

E (r, ϕ, z) = Er
−→er + Eϕ

−→eϕ + Ez
−→ez ,

where −→er ,−→eϕ, and −→ez are the unit vectors in the radial, azimuthal, and z directions, respectively. The amplitudes
of the three orthogonal components are given by

Er(r, ϕ, z) = A cos φ

α∫

0

√
cos θp(θ) sin θ cos θJ1(kr sin θ)eikz cos θdθ,

Ez(r, ϕ, z) = iA cos φ

α∫

0

√
cos θp(θ) sin2 θJ0(kr sin θ)eikz cos θdθ,

Eϕ(r, ϕ, z) = A sin φ

α∫

0

√
cos θp(θ) sin θJ1(kr sin θ)eikz cos θdθ,

where p(θ) is the pupil anodization function, k is the wave number, and Jn is the Bessel function of the first kind
with order n, A is the amplitude of the field, that is defined by the beam power P . The beam has a polarization
rotated by φ from its radial direction. For pupil function we use a Bessel-Gaussian beam at plane z = 0, where
the phase front is assumed to be planar8:

p(θ) = exp[−β2(
sin θ

sinα
)2] J1(2β

sin θ

sinα
),

where β is the ratio of the pupil radius and the beam waist, α is defined by the numerical aperture of an objective
and by the refractive index na : α = sin−1(NA/na). Here na is the refractive index of the medium.

For calculation of the gradient optical trapping force we use an approximation proposed in11 for strongly
focused beams. This theory fits well with measurements made for particles of different sizes from nanometers
to microns. However, the theory can be considered only as an approximation in the full problem of the optical
trapping because it neglects the scattering radiation force and that the dielectrics should not be strongly polarized.
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Figure 1. a) Geometry of the problem, and b)|E|2 distribution at the focal plane z = 0 along the x-axis for radial (1)
and azimuthal (2) polarization incident beams focused by an objective with NA = 1.3.

Following this theory the dipole interaction energy of an dielectric particle in the field of the strongly focused
beam is given by

W (s) = −(
n2

p

n2
0

− 1)
∫

I(s)dV,

where I is the energy density of the optical beam, V is the volume of the particle, and s is the distance between
the center of the beam and the position of the particle center of mass (see Fig.1a).
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The changes of the energy of the particle when it moves in the transverse (x or y) direction can be written
as:

WT (s) = −a

∫ R

0

drr2

∫ 2π

0

dϕ

∫ π

0

dθ sin θ
∣∣∣−→E (s + r sin θ cos ϕ, r sin θ sin ϕ, r cos θ)

∣∣∣2 ,

or in the axial (z) direction

WA(s) = −a

∫ R

0

drr2

∫ 2π

0

dϕ

∫ π

0

dθ sin θ
∣∣∣−→E (r sin θ cos ϕ, r sin θ sin ϕ, s + r cos θ)

∣∣∣2 ,

that give the transverse and axial forces which tend to pull the particle back to its equilibrium center:

FT,A(s) = −∂WT,A(s)
∂s

.

Here a = ((np

n0
)2 − 1)n0ε0

2 , ε0 is the vacuum permittivity, and R is the radius of the particle.

Figure 2. Force-displacement curves for the particles of different radii in the field of the radially polarized CVB. a)
transversal force and b) axial force. R = 1000nm(1), R = 100nm(2), R = 10nm(3).

We calculated numerically the transversal and axial gradient forces versus the displacement assuming the
numerical aperture NA=1.3, the light wavelength 0.53µm, the input power P = 1W , and the refractive indices
na = 1.33 and np = 1.55. The field distribution at the focal plane of the radial and azimuthal incident beam
is shown in Figure 1b and fits well with previously published results.8, 10 Figure 2 shows the gradient forces
for a radially polarized incident beam. As seen, both the transversal and axial forces permit the trapping of
high-refractive index particles. However the optical trapping is impossible by gradient forces for low-refractive
particles (np < n0). Even if we take into consideration the scattering force, this force can compensate only for
the axial gradient force and the transversal gradient force would repel the particles from the focal spot.

If the illumination of the focusing lens is azimuthally polarized, (see Figure 3) the axial gradient force permits
one to trap high refractive index particles of any size. The interesting property of such a trap is that the force-
displacement curve FT (s) changes its sign near the equilibrium point when the particle radius grows. Therefore,
the transversal gradient force also can trap the high refractive particles with R > 500 nm, however it cannot trap
the particles with R < 500 nm. The low-refractive particles of such a radius experience a gradient transversal
force towards the equilibrium point and subsequently they are repelled from this point by the axial forces.
However, the scattering radiation force can compensate this repulsive axial gradient force, as described in,12

and therefore the azimuthally polarized CVB can trap the low-refractive particles with R < 500 nm.
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The intensity distribution near the focus depends on numerical aperture of the focusing objective. One can
expect essential changes of the trapping properties of the same input beam by changing NA. Especially this
should be important for the radial illumination of the input pupil, when the beam consists of the transversal
Er and longitudinal Ez orthogonal components. The Ez-component decreases when NA increases, while the
Er does not change essentially. As seen in Figure 4 the low-NA objective produces a doughnut shape of the
total intensity distribution, however the high-NA objective produces a peak at the focus. Figure 5 shows the
transversal and axial gradient forces acting on a 500nm particle when the input radially polarized CVB is focused
by objectives with different NA.

The radial gradient force traps the high-index particle when the beam is focused by the NA = 0.7 and
NA = 1 objectives, while it repels the particle in the radial direction if NA = 1.3. The axial gradient force
permits to achieve a stable trapping of high-index particles for any value of NA. For low-index particles the
scattering force together with the gradient force may provide the stable axial trapping.

Figure 3. Force-displacement curves for the particles of different radii in the field of the azimuthally polarized CVB. a)
transversal force and b) axial force. R = 1000nm(1), R = 100nm(2), R = 10nm(3).

Figure 4. Intensity distribution at the xz-plane produced by the radially polarized CVB pupil illumination focused with
the objectives of different NA. NA = 0.7(a), NA = 1.0(b), NA = 1.3(c).
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3. GENERATION OF CVB WITH A FEW-MODE FIBER

For experimental realization of the optical trapping with CVB one needs first to generate beams with such
kind of polarization. Various alternative methods have been proposed to produce CVB: a double interferometer
configuration to convert a linearly polarized laser beam into a radially polarized one13; the summation inside
a laser resonator of two orthogonally polarized TEM01 modes14; computer-generated sub-wavelength dielectric
gratings15; a space variant liquid crystal cell16; a radial analyzer consisting of a birefringent lens6; a surface-
emitting semiconductor laser17; an excitation of a few-mode optical fiber with an offset linearly polarized Gaussian
beam.18 In this paper we use a novel technique to generate CVB.19

Figure 5. Force-displacement curves for the 500nm particle in the field of the radially polarized CVB focused by the
objectives of different NA. a) transversal force and b) axial force. NA = 0.7(1), NA = 1.0(2), NA = 1.3(3).

The main idea of this technique is as follows. Along with the fundamental mode LP01 (HE11), the few-mode
fiber supports also the modes LP11 (TE01, TM01, and HE21).20 These modes are reminiscent of CVB. In
particular, the modes TE01 and TM01 present, respectively, an azimuthally and radially polarized electric field,
while the mode HE21 has a hybrid structure. To excite preferably a mode from the group LP11 one can distribute
the input power in a doughnut shape, for example, using a first order Laguerre-Gaussian LG1,0 beam at the
input of the fiber instead of a Gaussian beam. The propagation constants of the LP11 modes are different; hence
the polarization state of the total field varies along the fiber. When the light reaches the fiber output, it excites
a Bessel-Gaussian beam in free-space.2, 3 This special kind of beams preserves the main polarization features
that characterize the fiber modal fields. In particular, some of these beams present a cylindrically symmetrical
polarization.

Usually a combination of LP11 modes is excited. For this reason the Bessel-Gaussian beam in free-space does
not necessarily have a cylindrically symmetrical polarization. However it is possible to obtain any kind of CVB
with a pure polarization rotator consisting of two half-wave plates.6

Let us first calculate the coupling coefficients between an input LG1,0 beam and the LP11 modes of a few-
mode step-index optical fiber. As an example, we assume that a core radius aco = 2.15µm and a refractive
index height profile parameter20 ∆ = 0.34%. The wavelength is assumed to be λ = 632.8nm. These are the
parameters of the commercial fiber used in our experiments (Thorlabs, FS-SN-4224).

If the waist of the input beam is placed at the fiber input at z = 0, the electric field is given by:

Ei(r, φ) = A
r

w0
e
− r2

w2
0 eiφ, (1)

where A is a constant that defines the polarization and amplitude of the beam, w0 is the beam waist, r and φ
are the radial and azimuthal coordinates, respectively.
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With the total electric field Et at the fiber input known, the amplitudes of the excited modes can be calculated
through20:

aj =
1

2Nj

∫
A∞

Et × h∗
tj · ẑdA, (2)

where h∗
tj is the transverse component of the magnetic field of the jth mode, A∞ is the infinite cross section, Nj

is a normalization factor, and ẑ is the unit vector along the propagation direction.

The power Pj of the jth mode is given by:

Pj =
|aj |2Nj

PT
, (3)

where PT is the input beam power.

Using Eqs. (1) through (3) and the expression of the modal fields given in,20 we found numerically the
coupling coefficients for an input LG1,0 beam with different waists w0. The beam was always considered to be
centered on the fiber with neither tilt nor offset.

If the input beam has a circular polarization +σ, so that the rotation directions of the phase and polarization
coincide, the TE01 and TM01 modes are excited with the same efficiency (Fig. 6a). At the optimum size of
the waist, wopt

∼= 1.9aco, 56% of the total power is coupled to these modes; the rest is transmitted by radiation
modes. The power coupled into the fundamental mode LP01 and HE21 modes is negligible. When the waist
is increased beyond the optimum value the coupled power decreases slowly. The modal amplitude phases vary
significantly, but with a constant difference of π/2 between the TE01 and TM01 modes (Fig. 6b).

The same considerations can be stated when the input beam has a circular polarization −σ, so that the
polarization and phase of the input beam rotate in opposite directions. The main difference is that only the
even and odd HE21 modes are excited. Hence, the phase singularity in the input beam causes the +σ and −σ
excitations to be different, and permits to excite selectively different sets of modes from the LP11 group.
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Figure 6. Excitation with a +σ beam for different input beam waist. (a) Total power coupled into the modes of the
LP11 group (solid line). The dotted line plots the power coupled into each of the modes TE01 and TM01. (b) Phases of
the excited TE01 and TM01 modes at the input.

The state of total field polarization varies along the fiber because there are three propagation constants for
these modes: βHE for even and odd HE21 modes; βTE for the TE01 mode; and βTM for the TM01 mode.

To transform the output beam from the fiber into a CVB in free-space, various conventional polarization
transformation can be performed.19
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The scheme of the experimental setup is presented in Figure 6. A linearly-polarized beam with wavelength
λ = 532nm was diffracted onto a computer generated holographic mask and produced a set of Laguerre-Gaussian
beams of various orders. Using a spatial filter we selected a LG1,0 beam. The beam was focused into a fiber
by a 10× objective (O1) with numerical aperture NA = 0.25 and focal distance of about 7mm. The numerical
aperture of the objective matches the NA of the fiber used.

LASER

532 nm

CCD

CAMERA

PC

SAMPLE

XYZ-TRANSLATION

STAGE

IMMERSION

OIL
COVER

SLIP

IL
L
U

M
IN

A
T

IO
N

a few mode

optical fiber

in a plastic tube

���� plate

���� plate

���� plate

STOP

MASK

Figure 7. The experimental setup of the optical trap with CVB.

We put the fiber inside a plastic tube to prevent it from twisting, turning or moving.

Experimentally the presence of LP11 modes is denoted by a doughnut shaped intensity. To distinguish
between the various modes of this group and to establish the output polarization states we used a polarization
analyzer. In this case a characteristic two lobe pattern with a dark line in the middle appears. The TE01 and
TM01 were distinguished from the HE21 modes by rotation of the analyzer.

Figure 8. The +σ input polarization. In the first row, the intensity distribution of the beam that emerges from the
fiber: (a) directly with no external polarizing elements, (b)-(e) after passing a analyzer orientated in the direction of the
arrow. (f) depicts the polarization states deduced from the polarization measurements. In the second row, an azimuthally
polarized beam, obtained from the output through a 45-degree clockwise polarization rotation. In the third row, a radially
polarized beam, obtained through a 45-degree counterclockwise polarization rotation.

The first row of Figure 8 shows the output beam in the case of a +σ input beam. Analyzing its polarization
we deduced that we had indeed excited an in-phase combination of TE01 and TM01 modes, i.e. a set of a
azimuthal and radial CVB. With a two half-wave plate pure polarization rotator5, 6 we transformed this beam
to the azimuthal (Figure 8, second row) and radial (Figure 8, third row) CVB.

The efficiency of the transformation of the incident Laguerre-Gaussian beam into a CVB was approximately
50%.
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4. OPTICAL TRAP WITH CVB

CVB generated with the fiber was focused by an oil-immersion microscope objective with magnification of 100
and numerical aperture of 1.3. A sample chamber mounted on a microscope stage is placed above the objective
and backlit with white-light illumination. The particles are viewed through the same objective by means of a
beam splitter and video camera. Video sequences were recorded with a frame-grabber.

Two low-index particle systems were studied. The first system (system LI) consisted of water droplets in
acetophenone and was prepared following.21 The second system of low-index particles (system LII) consisted
of hollow glass spheres with radius between 2 and 15 µm in deionized water.

A system of high-index particles (system HI) (G. Kisker GbR) was polystyrene beads (np = 1.59) of different
radii dispersed in de-ionized water.

2 � m

Figure 9. (Azimuthally polarized CVB traps a water drop in acetophenone.

Before using CVB for optical trapping we studied the behavior of three types of particles in the field of the
conventional Gaussian beam focused with the same optical system. We observed that a beam of about 3mW
power traps the HI particles and repels the low-refractive index particles LII (hard spheres) of all sizes what we
possessed (between 1µ and 15µ ). These observations fit with previously described results. The unusual result
was that the gaussian beam also traps the low-refractive index particles LI (i.e. soft spheres). We will comment
on this observation later.

2 � m

Figure 10. Radially polarized beam repels a hard low-index sphere and traps a high-index sphere.

Then we generated a doughnut beam with linear polarization using the same mask as one shown in Figure 7
and applied this beam for the trap. This beam traps the particles of all three systems.

After these experiments we produced the radially or azimuthally polarized CVB beams. We could not measure
the intensity distribution at the focal plane of our high NA objective, where the focal spot size is less than 1µ.
The image of the beam at a glass plate placed about 20µ from the focal plane showed a doughnut-shaped
distribution of the intensity. With the plate placed even farther from the focal plane we saw the interference
pattern resulting from the CVB and a reflected beam from the plates surface. This pattern displayed an optical
vortex in the CVB.

Let us now consider the experimental results obtained using the CVB. First we observed that both the radially
and azimuthally polarized CVB trapped the high-index particles HI and repelled the low-index particles of the
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system LII, i.e. hard spheres with radii between 1 and 5 µm. These results agreed with numerical results shown
at Figure 2 and 3.

The unusual result was that every size of the soft spheres LI could be trapped by both the radially and
azimuthally CVB beams.

Hence, we found out a good correspondence between the calculated and numerical results at the range of sizes
between 1 and 5µm for hard particles. It was predicted10 that the strongly focused azimuthal beam provides
a stable trap for low-index particle, while the radial CVB can trap high-index particles. We showed that this
is possible only for particles in the Rayleigh regime of sizes. For micron-size particles both the radially and
azimuthally polarized CVB trapped the high-index particles HI and repelled the low-index particles. For stable
trapping the most important condition is to produce the restoring force at the transversal direction, because in
the axial direction the repelling force may be compensated by the scattering radiation force.

However, the drops of micron- and sub-micron sizes of high-index liquid dispersed in the low-index medium
can be trapped by an optical beam of any profiles and polarization distribution. One of the possible explanations
of this observation can be changes of the morphology of the drops by action of radiation forces. In particular
in21 a shrinkage of the droplets resulting from irradiance by the optical beam. Suppose that the drop changes
its form in such a way that optical trapping becomes energetically favorable, this is only possible for non-rigid
particles. This could explain the observed trapping of the drops independent of the incident beam profile.
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