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The near-field multiple optical trapping using high order axially symmetric polarized beams (ASPBs)
is studied for the first time. First, a near-field optical trapping scheme is proposed based on
the Kretschmann—Raether configuration, and surface plasmon polaritons (SPPs) field distributions
excited by incident ASPBs are calculated, which present a multi-focal-spot pattern and the size of
spots is much smaller than that of the diffraction limitation. Then, the gradient forces on Rayleigh
dielectric particles formed by the multi-focal-spot focused field are computed, which indicates that
multiple ultra-small particles with the refractive index higher than that of the ambient medium can
be trapped simultaneously on the metal surface. The number and size of trapped particles can be
manipulated by flexibly modifying the polarization order of incident beams, which is expected to
enhance the capability of traditional optical trapping systems and provide a solution for massively
parallel optical trapping of nanometer-sized particles.
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1. Introduction

In past several years, optical tweezers using cylindrical vector beams (CVBs) have
been demonstrated theoretically and experimentally for their better performances than
those of traditional optical trapping using scalar beams. QIWEN ZHAN [1, 2] first theo-
retically studied the optical trapping of dielectric and metallic particles with radially
polarized beams. Then some theoretical and experimental results of the optical
trapping with CVBs were reported [3—9]. Meanwhile, some special trapping schemes
have also been proposed through the manipulation of polarization and phase distribu-
tions of incident cylindrical vector beams in order to enhance the trapping perfor-
mances, such as generation of optical chain [10] and optical cage [11], using double-
-ring radially polarized beams [12], higher-order radially polarized beams [13] and
optical conveyor belts generated by interference of co-propagating and counter-propa-
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gating Bessel beams [14, 15]. However, all these single-beam optical tweezers are
almost used for individual particle trapping. Also, the very limited field-of-view of
high numerical aperture objective lenses commonly employed for optical trapping
restricts the number and the size of particles that can be trapped simultaneously. So,
a multiple optical trapping using a single vector beam is expected to trap multiple
particles at the same time.

On the other hand, some novel vector beams have always been studied, which is
expected to lead to some new effects and phenomena that can expand the functionality
and enhance the capability of optical systems. One particular example is an axially
symmetric polarized beam (ASPB), a kind of space-variant linearly polarized beam
with axial symmetry and the symmetry axis is the propagation axis of the light
beam [16]. Such beam has a vector-vortex polarization profile and the vector amplitude
of the electric field is expressed as

E(r, 6,2) = Ey(r,2)| cos(Pg+ gle, + sin(Po+ gy)e, |

when traveling in the z axis, where » and ¢ are the cylindrical coordinates, E, is
the module of the vector amplitude, P is called the polarization order, ¢, is the initial
azimuthal angle for ¢=0, and e, and e, are the unit vectors in the x axis and y axis.
Especially, the ASPB with P =1 is so-called cylindrical vector beam which has been
greatly studied and applied. Up to date, many methods have also been reported to
generate ASPBs, such as using space-variant subwavelength metallic and dielectric
gratings [17, 18], liquid-crystal polarization converters [16] and spatial light modu-
lators (SLMs) [19]. And the tightly focusing properties of ASPBs have also been
studied theoretically [20-22], and the focused fields for high order ASPBs (P > 1)
present a multi-focal-spot pattern which is predicted to be useful for multiple optical
trapping. But to the best of our knowledge, the detailed theoretical and experimental
studies on multiple optical trapping with high order ASPBs have not been presented
until now.

In the paper, we propose a novel near-field multiple optical trapping scheme using
high order ASPBs. The surface plasmon polariton (SPP) fields excited by incident
ASPBs and their corresponding trapping forces on Rayleigh dielectric particles are
numerically demonstrated, which shows that multiple nanometer-sized particles can
be trapped at the metal surface for their super-resolution multi-focal-spot focusing
properties. And the number and size of trapped particles can be manipulated by flexibly
modifying the polarization order of incident beams.

2. Trapping scheme and mathematics

Compared to the far-field optical trapping, surface plasmon-based near-field optical
trapping have some unprecedented advantages [23], such as enhanced 2D confinement,
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Fig. 1. Schematic diagram of the near-field optical trapping setup.

low energy required for stable trapping and integration with micro-optical devices.
Some proposals have been studied theoretically and experimentally [24, 25], such as
optical trapping using evanescent fields formed at metal-dielectric interface, sub-
wavelength trapping with plasmonic antennas, and self-induced back-action (SIBA)
trapping.

In the previous report [26], we briefly studied the SPP excitation by tightly focused
high order ASPBs based on the vectorial diffraction theory, which shows that
the interfering SPP fields present a multi-focal-spot pattern. Here, we extend the study
to near-field multiple optical trapping based on the unique SPP interfering properties,
and an optical trapping scheme is proposed based on the Kretschmann—Raether
configuration [27] as shown in Fig. 1. In the system, a polarization converter is used
to convert the space-invariant linearly polarized beam into a high order ASPB, which
is then coupled into an oil-immersion objective lens (such as Olympus, UPLSAPO
100X0, NA = 1.4). The ASPB is focused on the interface between the glass substrate
and the Au film, and SPPs can be excited by wavevector-matched p-polarized
beams at the surface plasmon resonance (SPR) angle 65pr. The SPP waves propagate
radially on the Au film surface and interfere with one another to form a standing
wave. An annular aperture placed after the collimated ASPBs provides an annular
illumination that blocks the incident angles below the SPR angle.

The reflection and transmission coefficients of the p polarization of the above
mentioned three-layer system can be expressed as [28],

r2(6) + 2 (6) exp [iZ 12— Ksin’(0) d}
1+ r8(0)r(0) exp [iz K2~ Ksin’(6) d}

rp(H) =
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l‘f;(&)t%(é’)exp[i k;—k?sinz(ﬁ) d}
1+ rf(0)r;(6)exp [iz i — kisin®(6) d}

where k|, k, and k; are the wave numbers in the glass, Au film and water, respectively,
d is the thickness of the Au thin film, r/ and ¢/ are the reflection and transmission
Fresnel coefficients of the p polarization of each of the two respective layer interfaces.
Then, the transmitted field on the film surface can be expressed as [26],

£,(6) =

S
Er(rS7 ¢S7 ZS) emax
= Aj BCdO

Egpp(rs @5:25) = | ¢
E (rg @5, zg) Ornin

where

;6P STE,

4 P

B = 1,(8)~cos(8) sin(8)exp [izsdkg - k? sin2(6?) }p(é’)cos [(P— 1)gg + ¢0}
cos(0) {Jp(klrssin ©)) ~Jp [k rgsin (9))} + 7 (kyrgsin@)) (ki rssin®))

C =

2isin(0)Jp (klrssin(ﬁ))
where S(rg, @s, zg) is an observation point near the Au film surface, £ f and £ f are
the amplitudes of the radial component and the longitudinal component at point S.
A= frEy/Ais aconstant, f'is the focal length of the objective lens, E,, is the amplitude
of the incident field, and A is the wavelength in vacuum; & = 2nm/Ais the wave number,
and 7 is the refractive index of the surrounding medium; € denotes the focusing angle
(the angle between the optical axis and the propagation vector), so 8., and 6,,,, are
the minimum and maximum focusing angle of the focused beam corresponding to
annular illumination; P is the polarization order of the incident ASPB, and Jp is
the Bessel function of the first kind of the order P, and /(&) is the pupil apodization
function which denotes the relative amplitude and phase of the incident beam.

The SPP interfering fields can exert radiation pressure on particles inside.
Especially, in the Rayleigh regime when the radius of the trapped particle is much
smaller than the wavelength of the laser, the radiation force can be calculated
according to the Rayleigh scattering theory. Here, we assume spherical dielectric
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particles with the radius of a (a << A) to be trapped, then the gradient force F grad and
the scattering force F,, can be expressed as [29],

Fa(r) = Re(7)&VI(r)

n (S)C
Fscat(l‘) _ m< 2 scat

and

3
dna g,(€, - €,)

}/:
g,t2¢,

scat 6 T

where y is the polarizability of the particle, &, and &, are the relative permittivities of
the particle and the surrounding media, respectively; C,, is the scattering cross-sec-
tion; / is the field intensity, (S) is the time-averaged Poynting vector of the focused
beam, and &, and c are the permittivity and light speed in the vacuum, respectively;
Re(y) represents the real part of a complex number. With the above equations,
the radiation forces on a Rayleigh dielectric microsphere produced by SPP interfering
fields excited by tightly focused ASPBs can be calculated numerically.

3. Numerical results

First, in the trapping system, a 45 nm gold (Au) thin film with a complex permittivity
of approximately —52.02 + 3.87; at the wavelength of 1064 nm is considered for
deposition on a glass substrate, and the trapped particles are immersed in the water
solution. Then the theoretical reflection curve is calculated as shown in inset of Fig. 1,
and the SPR angle fspy is approximately 64.5° seen from the results.

Further, we choose the wavelength A= 1064 nm, ny;=n, =1.33, a=>50 nm,
the numerical aperture (NA) of the oil-immersion lens 1.40, and the total incident
power 1 W (4 = 10'! V/m?) at the pupil. Figures 2a and 2b demonstrate numerically
the SPP field intensity distributions ( = |E|?) at the film surface when the polarization
order of incident ASPB is 10 and the pupil apodization function is chosen as

) .
1,(6) = exp[ —sn; (@) JJP( sin (@) J

sin”(c) sin ()

where o = asin(NA/n) is the maximal focusing angle of the focusing beam and ¢ = 72°
is chosen in the simulations. Obviously, the SPP fields formed by tightly focused high
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Fig. 2. SPP field distributions on the film surface (a) and along the z axis (b), and the focused field intensity
distributions on the glass surface (¢) and along the z axis (d) without the metal film, where 6,;, = 62°,
By0x = 67°, NA = 1.40, P = 10, ¢, = 0.
order ASPBs present a multi-focal-spot pattern, and the number of spots is also related
with the polarization order P as 2x(P — 1), and the SPP field is confined near the film
surface. More interestingly, the size of focused spots is much smaller than that of
focused spots formed in the far-field. The FWHM (full width at half maximum) of
spots is nearly 0.241 in the radial direction and 0.124 in the longitudinal direction,
which are both far beyond the Rayleigh diffraction limit. It is worth noticing that there
are many side-lobes beside each main lobe, which may be used to trap much more
particles under suitable conditions. The super-resolution multi-focal-spot interfering
fields are preferred to trap multiple nanometer-sized particles simultaneously.
Meanwhile, compared to the focusing without the metal film (called far-field focusing
here) as shown in Figs. 2¢ and 2d, the field enhancement by about two orders of
magnitude is also achieved because of the SPR, which also results in more stable
trapping. And higher field enhancement can be obtained by choosing more proper
excitation conditions, such as a right type of metal and its thickness.

The radiation force can be calculated according to the Rayleigh scattering theory
when spherical Rayleigh dielectric particles (¢ < A) are placed in the SPP field.
Figure 3 shows the calculated gradient forces produced by SPP fields on two different



Near-field multiple optical trapping... 293

types of particles, with a high refractive index 1.60 and a low refractive index 1.10,
respectively. For particles with a refractive index higher than that of the ambient
medium, there exist multiple equilibrium points at main-lobes and side-lobes where
the particles can be trapped. However, for particles with a refractive index lower than
the ambient, they cannot be trapped at these spots because of non-equilibrium, but may
be trapped at the center and move freely along the longitudinal direction.

In addition, compared with the results without the metal film (called the far-field
trapping here) as shown in Fig. 4, there are more equilibrium points at main-lobes and
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Fig. 3. Gradient forces produced by SPP fields on two different types of particles, where the refractive
indices of particles are 1.10 and 1.60, respectively, gradient force along the x axis at focus (a) and along
the z axis through focus (b).
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Fig. 4. The gradient forces along the x axis at focus (a) and along the z axis through focus (b) produced
by the focused fields on two different types of particles without the metal film. The calculated parameters
are the same as those in Fig. 3.
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side-lobes where the particles can be trapped for particles with refractive index higher
than that of the ambient, which means much more particles can be trapped than
far-field optical trapping. And the gradient force is also bigger because of the field
enhancement.

To achieve a stable trap, some conditions should be satisfied [30]. First, the gradient
force Fyrad should be larger than the scattering force Fyca- Generally, the ratio R goree =
= (Fgrad Jmax/(Fscat )max 18 Used to estimate the stability for a more conservative esti-
mation, where Ry . is called the stability criterion. Another condition is that the poten-
tial well generated by the gradient forces must be deep enough to overcome the kinetic
energy of the trapping particle in Brownian motion, which generally requires Ry, ormal =
=exp(-U,,/kgT) = 1, where kp is Boltzmann constant and the maximum depth of
the potential well U,, can be calculated as |Re(y)&)/,.¢/2|- When the particle size is
small, the stability criterion can easily be satisfied for trapping of particles with high
refractive index as discussed in Ref. [1], so only gradient force should be considered
in our simulation. We calculate the Rgorce and Rinermal for dielectric particles along
the x axis and z axis when the radius is 50 nm and n,, is 1.60. Rorce along the x axis
and z axis are 6.60x10°" and 1.38x10*, and R 1 is 1.55x107°1, which obviously
demonstrates the stable trap in the situation.

In addition, heating effect owing to high optical intensity should be considered in
some cases [31, 32], and a local temperature increase above the boiling point of water
could lead to bubble formation and very strong hydrodynamic effects disrupting
the trapped particle. The incident optical intensity has to be decreased in order to
achieve a small temperature change, but making the trap unstable at the same time.
Therefore, the interplay between optical forces and heating for trapped particles should
be further explored in future work.

therma

4. Conclusions

In summary, the near-field multiple optical trapping using high order ASPBs has been
proposed and demonstrated numerically, which shows that multiple nanometer-sized
particles with the refractive index higher than that of the ambient medium can be
trapped simultaneously on the metal surface. And compared with the far-field optical
trapping, the near-field optical trapping system can trap much smaller and much more
particles. Especially, the number of trapped particles can be flexibly manipulated by
changing the polarization order of ASPBs, which can be implemented using some
devices such as SLMs. The multiple optical trapping with high order ASPBs is
expected to enhance the capability of traditional optical trapping systems.
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