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Enhancement of transverse trapping efficiency for a metallic particle
using an obstructed laser beam
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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 partidldgmeter=2 wm) on the size of the obstruction

is measured and agrees with the theoretical prediction based on the ray-optics mo@&800©
American Institute of Physic§S0003-695(000)01527-8

It has been demonstrated by many researéhttbat  other words, for a trapping beam of given power, the trans-
metallic Mie particles whose size is larger than the illumina-verse trapping efficiency for a metallic particle may be en-
tion wavelength can be trapped in two dimensions when danced, if a circular obstruction is co-axially placed in the
laser beam is focused near the bottom of a particle. Use of lumination path. Such an enhancement becomes stronger as
trapped metallic particle as a near-field probean signifi-  the radius of the obstruction becomes larger. Second, the
cantly increase image contrast in a particle trapped near-fieltbflection coefficient on a metallic surface is complex due to
microscopé'. In this application, a high transverse trapping absorptior which implies the existence of depolarization of
efficiency is needed to increase the scanning speed of thén incident beam. Thus, the dependence of the transverse
probe. Increasing the power of a trapping beam may increaseapping efficiency for a metallic particle on the polarization
the scanning speed but is not applicable in near-field microsstate of a trapping beam becomes more complicated than that
copy as it may damage a sample under inspection. In thighserved in Fig. 2 for a dielectric particle.
letter, we report on a method for enhancing the transverse To demonstrate these features, we used the modified ray-
trapping efficiency for a metallic particle without increasing optics model, the detail of which has been given elsewhere
trapping power. to calculate the trapping efficiency for a gold particle. The

The idea for the enhancement of the transverse trappingymerical aperture of the objective which obeys the sine
efficiency for a metallic particle is based on the use of aryongitiorf? is assumed to be 1.25. The refractive index for
obstructed laser beam. In the case of trapping a dielectri@dd particles and water is=0.82+i1.59 and 1.33, respec-
particle, Ashkin predicatédthat use of an obstructed beam tively, at the trapping wavelength of 488 rfhso that the
(i-e., aring beamcould increase the axial trapping efficiency (efiection coefficient of gold particles in water can be evalu-
but reduces the transverse trapping efficiency. The reason e sing the Fresnel formulisinder these conditions, the
this feature is that gradient force is dominant due to the mu'gradient and scattering trapping efficiencies for a gold par-

tiple refraction on the s_urfgce of a trapped d|e_Iectr|c pa,rt'deticle as a function of the convergence angl the plane of
Consequently, the projection of the net trapping force in thekl

S . . _incidence are shown in Fig. 3 when a trapping beam is fo-
transverse direction of the trapping bgam is decreased wit used at the bottom of the particle. This figure confirms the
the angleéd of a ray of convergencgFig. 1(a)]. It can be
found from the ray-optics modethat for a given trapping
objective, the maximum transverse trapping efficiency for a @ (b)
dielectric particle decreases approximately by up to 23% anc obstruction laser beam obstruction _ laser beam
21% for p- and s-olarized trapping beams, respectively e=(210)/7 &= 1)
(Fig. 2). Throughout this papep- and solarized trapping
beams mean that the polarization direction of a trapping
beam is parallel and perpendicular to the direction of the
transverse displacement of a trapped particle, respectively. \

However, the situation becomes complicated if a metal- alrey:atangl=s E
lic particle is trapped. There are two physical reasons for this F ‘
complication. First, a metallic particle has high reflection and
a short skin depth, which leads to the dominance of scatter:
ing force on a metallic particle. As a result, when the arfijle
of a ray of convergence is increased, the net transverse trapig, 1. schematic diagram for demonstrating the difference of trapping

ping force on a metallic particle is increasgielg. 1(b)]. I forces between dielectrita) and metallic(b) particles.F represents the
gradient force andrg represents the scattering foraeis the angle of a ray

of convergence. The outer ring of the metallic particle indicates its skin
¥Electronic mail: mgu@swin.edu.au depth.

aray at angle @
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FIG. 4. Maximum transverse trapping efficiency as a function of the radius
& of the central obstructioe for a gold particle in water.

FIG. 2. Maximum transverse trapping efficiency as a function of the radius
of the central obstructior for a dielectric f=1.59) particle in waterr{ In order to confirm the above theoretical prediction, we

=1.33). The numerical aperture of the trapping objective is 1.25 at waversnducted trapping experiments with gold particles. The ex-
length 488 nm. . . . . .
perimental setup was identical to that used in our previous
dominance of scattering force on a gold particle, as schemats-tUdy'&6 An Ar” laser beam at wavelength 488 riipectra-
9 goldp ' bhysics: Stabilite 2017, 1.5 Was expanded and collimated

Ca”yFiShuor\évrlllghlz\?v'Sl?é dependence of the maximum transto approximately 20 mm in diameter, so that it uniformly
g . " P : : illuminates the entrance aperture of the trapping objective
verse trapping efficienc®); for a gold particle as a function

. . N . . (Olympus oil-immersion objective, NA1.25, 160/0.1Y. An
of the radius of the central obstructienwhich is defined in . . . L
Fig. 1. Q, is obtained by varying the focal spot along the opaque circular disk was coaxially placed within the en-

axial direction until the maximum value is fouRdAs ex- trance aperture to produce a ring illumination beam. The
. - . ' radius of the disk was varied so that the valuesafhanges
pectedQ; for e=1, i.e., for a thin ring beam, is enhanced by

. . from 0 to 0.8. The trapping power at the focus of the trap-
a factor of 1.9 and 2.8, respectively, fpr and spolarized . S S ;
trapping beams, compared with that fer-0. Unlike the ping objective was maintained to be approximately 4.3 mwW

situation ate=0 in Fig. 2,Q; for a p-polarized beam is 24% for all measurements.

) A sample cell where gold particles of2m in diameter
larger than that for as-polarized beam. Bu_t the former be- were suspended in water was translated by a piezo-driven
comes smaller than the latter a5-0.3. This phenomenon

o scanning stagéOnce a gold particle was trapped, the maxi-
may be understandable as follows. For an objective of nu- gsag god p PP

merical aperture 1.25, the angeof a ray of convergence is mum translation speed of the scanning stage at which the
' ap e y 9 particle fell out of the trap was measurét:*? The maxi-
approximately 15° wherr=0.3. The reflectance on a gold

. . ST mum transverse trapping forde on a trapped particle was
surface undes-polarized beam illumination is much stronger pping ppec P

; ; S T then calculated by the Stokes ldw=67Ru u,? whereR is
than that forp-polarized beam illumination if the incident the radius of a trapped particke,is the maximum translation
angle is larger than 15°.

. ndu is the vi ity of th rrounding medium
It should be pointed out that the enhancement faator speed, andu is the viscosity of the surrounding med

— _3 - . .
defined as the ratio dD(e=1) to Q (e=0), is decreased (A= --3318<10° " Pas in our experimentThe maximum

. . i N transverse trapping efficiend; was calculated by the ex-
with the numerical aperture of a trapping objective, although bping @ y

N PN . . pression Q=Fc/nP, where c is the speed of light in
%é‘falg|?ni(gé(;r;'(n)) |tr;c[r:9as§ Vtvr']t: r;hﬁ.lr’;]uTnen;?I:Z}a.rsture vacuum,n is the refractive index of the water medium inside
'1.7'\/6'1”3 2y5 forp- alndgs-pollgr'izéd traplpilngube;mz reslpec- the sample cell, an® is the trapping power in the focus of

tively, for numerical aperture 1.4 the trapping objective.
Y P " The measured dependence of the maximum transverse

trapping efficiencyQ, on € is depicted in Fig. 4. The error

1.4 bars labeled in Fig. 4 were derived from 15 measurements
212 scatterin . Scattering for eg_ch experimgntal point under the same environmental
S ) g condition. The main source of the measurement error results
S = from the slight variation of the particle size, the obstructed
% 0.8 p-polarized ™~ beam size, and the illumination power. In addition, the heat-
2 06| ——— s-polarized e ing effect caused by the trapping beam also leads to relative
S o4 ////gradient errors. This effect has been normalized using our previous
g - Pt _ method®
F 02 gradient It is seen from Fig. 4 that the enhancementQgfis 1.7

0 ) 50 30 40 50 and 2.5, respectively, fqu- ands-polarized trapping beams,

c le 6 (d which agrees well with the theoretical prediction. Figure 4
onvergence angle 6 (degrees) also confirms the dependence@fon the polarization states

FIG. 3. Calculated gradient and scattering trapping efficiencies for a golcpf the trapping beams. Whmis small the measured Va“_JeS
particle as a function of the convergence angle of Q; fit well the theoretical values. However, there is a



36

FIG. 5. Calculated enhancement facteras a function of the numerical
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In conclusion, we have shown that using an obstructed
beam for trapping a metallic particle leads to a significant
enhancement of the maximum transverse trapping efficiency.
This enhancement is caused by the fact that scattering force
in trapping a metallic particle is much stronger than the gra-
dient force. As a result of the depolarization upon reflection
on a gold surface, the enhancement factor fos-aolarized
trapping beam is larger than that forpepolarized trapping
beam.

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

s, Sato, Y. Harada, and Y. Waseda, Opt. L&g,. 1807 (1994.
2H. Furukawa and I. Yamaguchi, Opt. Le®3, 216(1999.
3p. C. Ke and M. Gu, Appl. OpB8, 160(1999.

slight discrepancy between the experimental and theoreticaZM. Gu and P. C. Ke, Opt. LetR4, 74 (1999.
results whene becomes large. The discrepancy is caused by S: Kawata, Y. Inouye, and T. Sugiura, Jpn. J. Appl. Phys., P&8,2

light diffraction

objectivel®>1°

in the focal

region of the trapping
which is not considered by the ray-optics
model. According to diffraction theord;!® the concentric

power in the focal region of an obstructed beam decreases

L1725(1994.
5M. Gu and P. C. Ke, Appl. Phys. Leff5, 175(1999.
"A. Ashkin, Biophys. J61, 569 (1992.
8M. Born and E. Wolf Principles of OpticgPergamon, New York, 1980
oM. Gu, P. C. Ke, and X. S. Gan, Rev. Sci. Instrud8, 3666(1997.
D. R. Lide, CRC Handbook of Chemistry and Physi@¥th ed.(CRC

with the size of the central obstruction. For the particle size pyess Boca Raton, FL, 1996ec. 12, pp. 130—143.
used in the experiment, the concentric power on the trappew. H. Wright and G. J. Sonek, Appl. Phys. Le8B, 715 (1993.

particle fore=0.8 can be up to 10% lower than that fer
=0, so that the transverse trapping efficiency is accord-

12W. H. Wright, G. J. Sonek, and M. W. Berns, Appl. OBg, 1735(1994).
3p. Taok, P. Varga, Z. Laczik, and G. R. Booker, J. Opt. Soc. Aml2A
325(1995.

ingly reduced. This estimation is in agreement with the ex-4g | wenta, Appl. Opt.13, 736(1974.
perimental observation in Fig. 4.

15M. Gu, Advanced Optical Imaging Theofpringer, Heidelberg, 1999



