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Enhancement of transverse trapping efficiency for a metallic particle
using an obstructed laser beam
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Swinburne University of Technology, P.O. Box 218, Hawthorn, 3122, Australia
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We report that the transverse trapping efficiency for a metallic particle can be enhanced by use of
a laser beam obstructed by a circular opaque disk. In the case of gold particles, the enhancement
factor for ap- or s-polarized trapping beam is at least 1.7 or 2.5, respectively. The dependence of
the transverse trapping efficiency for gold particles~diameter52 mm! on the size of the obstruction
is measured and agrees with the theoretical prediction based on the ray-optics model. ©2000
American Institute of Physics.@S0003-6951~00!01527-8#
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It has been demonstrated by many researchers1–4 that
metallic Mie particles whose size is larger than the illumin
tion wavelength can be trapped in two dimensions whe
laser beam is focused near the bottom of a particle. Use
trapped metallic particle as a near-field probe5,6 can signifi-
cantly increase image contrast in a particle trapped near-
microscope.4 In this application, a high transverse trappin
efficiency is needed to increase the scanning speed of
probe. Increasing the power of a trapping beam may incre
the scanning speed but is not applicable in near-field mic
copy as it may damage a sample under inspection. In
letter, we report on a method for enhancing the transve
trapping efficiency for a metallic particle without increasin
trapping power.

The idea for the enhancement of the transverse trap
efficiency for a metallic particle is based on the use of
obstructed laser beam. In the case of trapping a dielec
particle, Ashkin predicated7 that use of an obstructed bea
~i.e., a ring beam! could increase the axial trapping efficienc
but reduces the transverse trapping efficiency. The reaso
this feature is that gradient force is dominant due to the m
tiple refraction on the surface of a trapped dielectric partic
Consequently, the projection of the net trapping force in
transverse direction of the trapping beam is decreased
the angleu of a ray of convergence@Fig. 1~a!#. It can be
found from the ray-optics model7 that for a given trapping
objective, the maximum transverse trapping efficiency fo
dielectric particle decreases approximately by up to 23%
21% for p- and s-polarized trapping beams, respective
~Fig. 2!. Throughout this paper,p- and s-polarized trapping
beams mean that the polarization direction of a trapp
beam is parallel and perpendicular to the direction of
transverse displacement of a trapped particle, respective

However, the situation becomes complicated if a me
lic particle is trapped. There are two physical reasons for
complication. First, a metallic particle has high reflection a
a short skin depth, which leads to the dominance of sca
ing force on a metallic particle. As a result, when the anglu
of a ray of convergence is increased, the net transverse
ping force on a metallic particle is increased@Fig. 1~b!#. In

a!Electronic mail: mgu@swin.edu.au
340003-6951/2000/77(1)/34/3/$17.00
-
a
a

ld

he
se
s-
is
se

g
n
ic

for
l-
.
e
ith

a
d

g
e
.
l-
is
d
r-

p-

other words, for a trapping beam of given power, the tra
verse trapping efficiency for a metallic particle may be e
hanced, if a circular obstruction is co-axially placed in t
illumination path. Such an enhancement becomes stronge
the radius of the obstruction becomes larger. Second,
reflection coefficient on a metallic surface is complex due
absorption,8 which implies the existence of depolarization
an incident beam. Thus, the dependence of the transv
trapping efficiency for a metallic particle on the polarizatio
state of a trapping beam becomes more complicated than
observed in Fig. 2 for a dielectric particle.

To demonstrate these features, we used the modified
optics model, the detail of which has been given elsewhe3,
to calculate the trapping efficiency for a gold particle. T
numerical aperture of the objective which obeys the s
condition8,9 is assumed to be 1.25. The refractive index
gold particles and water isn50.821 i1.59 and 1.33, respec
tively, at the trapping wavelength of 488 nm,10 so that the
reflection coefficient of gold particles in water can be eva
ated using the Fresnel formulas.8 Under these conditions, th
gradient and scattering trapping efficiencies for a gold p
ticle as a function of the convergence angleu in the plane of
incidence are shown in Fig. 3 when a trapping beam is
cused at the bottom of the particle. This figure confirms

FIG. 1. Schematic diagram for demonstrating the difference of trapp
forces between dielectric~a! and metallic~b! particles.Fg represents the
gradient force andFs represents the scattering force.u is the angle of a ray
of convergence. The outer ring of the metallic particle indicates its s
depth.
© 2000 American Institute of Physics
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dominance of scattering force on a gold particle, as schem
cally shown in Fig. 1~b!.

Figure 4 shows the dependence of the maximum tra
verse trapping efficiencyQt for a gold particle as a function
of the radius of the central obstructione which is defined in
Fig. 1. Qt is obtained by varying the focal spot along th
axial direction until the maximum value is found.3 As ex-
pected,Qt for e51, i.e., for a thin ring beam, is enhanced b
a factor of 1.9 and 2.8, respectively, forp- and s-polarized
trapping beams, compared with that fore50. Unlike the
situation ate50 in Fig. 2,Qt for a p-polarized beam is 24%
larger than that for ans-polarized beam. But the former be
comes smaller than the latter ase.0.3. This phenomenon
may be understandable as follows. For an objective of
merical aperture 1.25, the angleu of a ray of convergence is
approximately 15° whene50.3. The reflectance on a gol
surface unders-polarized beam illumination is much strong
than that forp-polarized beam illumination if the inciden
angle is larger than 15°.8

It should be pointed out that the enhancement factora,
defined as the ratio ofQt(e51) to Qt(e50), is decreased
with the numerical aperture of a trapping objective, althou
Qt(e51) andQt(e50) increase with the numerical apertu
individually. According to Fig. 5, the minimum value ofa is
1.7 and 2.5 forp- and s-polarized trapping beams, respe
tively, for numerical aperture 1.4.

FIG. 2. Maximum transverse trapping efficiency as a function of the rad
of the central obstructione for a dielectric (n51.59) particle in water (n
51.33). The numerical aperture of the trapping objective is 1.25 at wa
length 488 nm.

FIG. 3. Calculated gradient and scattering trapping efficiencies for a
particle as a function of the convergence angleu.
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In order to confirm the above theoretical prediction, w
conducted trapping experiments with gold particles. The
perimental setup was identical to that used in our previ
study.3,6 An Ar1 laser beam at wavelength 488 nm~Spectra-
Physics: Stabilite 2017, 1.5 W! was expanded and collimate
to approximately 20 mm in diameter, so that it uniform
illuminates the entrance aperture of the trapping objec
~Olympus oil-immersion objective, NA51.25, 160/0.17!. An
opaque circular disk was coaxially placed within the e
trance aperture to produce a ring illumination beam. T
radius of the disk was varied so that the value ofe changes
from 0 to 0.8. The trapping power at the focus of the tra
ping objective was maintained to be approximately 4.3 m
for all measurements.

A sample cell where gold particles of 2mm in diameter
were suspended in water was translated by a piezo-dr
scanning stage.3 Once a gold particle was trapped, the ma
mum translation speed of the scanning stage at which
particle fell out of the trap was measured.3,11,12 The maxi-
mum transverse trapping forceF on a trapped particle wa
then calculated by the Stokes lawF56pRvm,12 whereR is
the radius of a trapped particle,v is the maximum translation
speed, andm is the viscosity of the surrounding medium
(m51.331831023 Pa s in our experiment!. The maximum
transverse trapping efficiencyQt was calculated by the ex
pression Q5Fc/nP, where c is the speed of light in
vacuum,n is the refractive index of the water medium insid
the sample cell, andP is the trapping power in the focus o
the trapping objective.

The measured dependence of the maximum transv
trapping efficiencyQt on e is depicted in Fig. 4. The erro
bars labeled in Fig. 4 were derived from 15 measureme
for each experimental point under the same environme
condition. The main source of the measurement error res
from the slight variation of the particle size, the obstruct
beam size, and the illumination power. In addition, the he
ing effect caused by the trapping beam also leads to rela
errors. This effect has been normalized using our previ
method.3

It is seen from Fig. 4 that the enhancement ofQt is 1.7
and 2.5, respectively, forp- ands-polarized trapping beams
which agrees well with the theoretical prediction. Figure
also confirms the dependence ofQt on the polarization state
of the trapping beams. Whene is small the measured value
of Qt fit well the theoretical values. However, there is
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FIG. 4. Maximum transverse trapping efficiency as a function of the rad
of the central obstructione for a gold particle in water.
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slight discrepancy between the experimental and theore
results whene becomes large. The discrepancy is caused
light diffraction in the focal region of the trappin
objective,13–15 which is not considered by the ray-optic
model. According to diffraction theory,14,15 the concentric
power in the focal region of an obstructed beam decrea
with the size of the central obstruction. For the particle s
used in the experiment, the concentric power on the trap
particle for e50.8 can be up to 10% lower than that fore
50,14 so that the transverse trapping efficiency is acco
ingly reduced. This estimation is in agreement with the
perimental observation in Fig. 4.

FIG. 5. Calculated enhancement factora as a function of the numerica
aperture of a trapping objective for a gold particle in water.
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In conclusion, we have shown that using an obstruc
beam for trapping a metallic particle leads to a significa
enhancement of the maximum transverse trapping efficien
This enhancement is caused by the fact that scattering f
in trapping a metallic particle is much stronger than the g
dient force. As a result of the depolarization upon reflect
on a gold surface, the enhancement factor for ans-polarized
trapping beam is larger than that for ap-polarized trapping
beam.

The authors thank the Australian Research Council
its support. The experimental work presented in this pa
was completed at Victoria University.
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