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A method for generating enhanced evanescent Bessel beam is reported. When a radially polarized
beam is strongly focused onto the last interface of one-dimensional photonic band gap structure,
enhanced evanescent J,, type Bessel beam can be generated via the band-edge resonance. Similarly,
enhanced evanescent J; type Bessel beam can be created by reversing the multilayer structure under
azimuthally polarized illumination. These enhanced evanescent Bessel fields may have important
applications in optical manipulations of nanoparticles. © 2010 American Institute of Physics.

[doi:10.1063/1.3486013]

I. INTRODUCTION

Bessel beam is a nondiffracting beam solution of the
free-space wave equation first introduced by Durnin et al.'
The transverse distribution of this beam is nth-order Bessel
function J, of the first kind with field amplitude
D(x,y,z;k)=exp(ik.z)J,(k,r), where K +k'=n’k; and x>
+y%=r%. When k, <nk,, this solution describes a propagating
Bessel beam that maintains the transverse intensity distribu-
tion along the propagation z axis. It can be considered as the
superposition of a set of plane waves with wave vectors
along the surface of a cone, leading to the popular generation
methods using an axicon or conical lens.? Evanescent Bessel
beam solution can be obtained if one allows k,>nk0.2’4 It
can be realized by transmitting a Bessel beam across a di-
electric interface beyond the critical angle.2 Recently, highly
focused cylindrical vector (CV) beams such as radial and
azimuthal polarizations were explored to generate evanescent
Bessel beams.™ It is well known that when radially or azi-
muthally polarized beams are focused by high numerical ap-
erture (NA) aplanatic lens, the electric field in the vicinity of
the focus can be expressed as a set of integrals containing
zeroth order or first order Bessel functions.” Thus any type
resonance structure that gives rise to sharp angular transmit-
tance could be used to mimic the function of an axicon and
create Bessel beam near the focus. For example, it has been
experimentally demonstrated” that Jo type evanescent Bessel
beams can be produced utilizing radial polarization as well
as the angular selectivity of surface plasmon resonance
(SPR). Both J, and J; type evanescent Bessel beams can be
generated using the angular selectivity provided by the de-
fect mode of a one-dimensional photonic band gap (1D
PBG) structure along with highly focused radially or azi-
muthally polarized beams.

For practical applications, high field strength, and flex-
ibility are important metrics for different generation meth-
ods. The SPR based method can generate enhanced fields but
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only creates J, type evanescent Bessel beams with radial
polarization. The defect mode method generates both J, and
J, types of evanescent Bessel beams but the intensity
throughout is low. In this paper, we demonstrate a new
method using the gigantic transmission band-edge resonance
in 1D PBG. By reversing the multilayer structure and switch-
ing the illuminate polarization between radial and azimuthal,
both J, and J; type enhanced evanescent Bessel beams can
be realized.

Il. PRINCIPLES AND THEORETICAL DESCRIPTION

The proposed setup is shown in Fig. 1. A CV beam (ra-
dially or azimuthally polarized) illuminates the pupil plane
of an oil-immersion aplanatic lens to produce a spherical
wave converging toward the last dielectric-air interface of
the 1D PBG located at the focal plane. For practical pur-
poses, a circular blocking mask is placed in the pupil plane
of the objective lens to eliminate potential imperfections of
the CV beams and reduce the direct transmissions through
the 1D PBG at angles near normal incidence. Owing to the
use of this circular blocking mask, the illumination after the
objective lens corresponds to a range of NA between
NA,.x=1.43 (given by the NA of the objective lens) and
NA,,in=0.15 (given by the radius of the blocking mask). The
1D PBG consists of 2N alternating high and low index of
refraction dielectric layers. For practical reasons, we choose

aplantif lens  high index material (ny, hy)

Radially
or
azimuthally z,
polarized
illumination
blocking mask
A —\
. . N\
matcht]ni oil low index material (n, hy)
n=1.

FIG. 1. (Color online) Diagram of the proposed setup for generate evanes-
cent Bessel beam.

© 2010 American Institute of Physics
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FIG. 2. (Color online) (a) Field distribution of p-polarization in the 1D PBG
at resonance. Transmission coefficient is shown in the inset; (b) |E.|> and
|E,)? at the bottom of the 1D PBG for a radially polarized illumination. The
corresponding two-dimensional (2D) distribution of the total field strength
|[E? is shown in the inset. (c) Total field strength |E|* along the z axis,
showing the evanescent decay. (d) Normalized transverse profiles of |E,|? at
different distances from the bottom of the 1D PBG.

N=5 in this paper. Each period consists of two layers with
index of refraction of ny=3.2 (e.g., GaP) and n;=2.0 (e.g.,
TiO,), respectively, with thickness ratio of n;:ny. For an
excitation wavelength of 633 nm, the period thickness is
chosen to be 150 nm, whereas hy=57.7 nm and h;
=92.3 nm. For radially polarized beam illumination, the
stack order is shown in Fig. 1.

It is known that periodic structure can be designed as 1D
PBG structure and the field amplitude transmission at the
band edge will experience sharp peak resonance due to the
high density of state.® Inset of Fig. 2(a) shows such a sharp
and gigantic transmission coefficient for radial polarization
(p-polarization). The transmission curve demonstrates the
angular selectivity of the 1D PBG. Such a sharp angular
resonance combined with the rotational symmetry of the
setup mimics an axicon for the generation of Bessel beams.
For the high index incident medium (oil, 7,=1.5) and exit
medium (air, n,=1) we use, the resonant angle 0,,:42.14"
shown in inset of Fig. 2(a) indicates that the incident wave
experiences total internal reflection from the 1D PBG. The
field at the last interface is resonantly enhanced and con-
fined, as shown in Fig. 2(a).

The field distributions just after the 1D PBG can be cal-
culated with the method developed in Ref. 7. For radially
polarized illumination, the field consists of a radial compo-
nent and a strong longitudinal component

emax
E(r,¢,z)=2A f cos'?(9)P(0)t,(6)sin 6 cos 6
[7)

X Jy(kyr sin O)expliz(k3 — k3 sin® 6)2]d6,
(1)
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Bmax
E(r,@,z) =i2A f cos'*() P(6)1,(6)sin* 6
Hmin

X Jo(kr sin @)expliz(k3 — ki sin® 6)"2]d6.
(2)

If the illumination is azimuthally polarized, only a donut
shape azimuthal component exists

amax
Ey(r,¢.2) =2Af cos2(6)P(0)t,(H)sin 6
0min

X J](klr sin G)exp[lz(kg — k% Sin2 0)1/2]d0,
3)

where tp(6’) is the transmission coefficient of the
p-polarization and #,(6) is the transmission coefficient of the
s-polarization at the incident angle of #; A is a constant given
by the incident power; P(6) is the pupil apodization function;
J,,, 1s the mth-order Bessel function of the first kind; k| and k,
are the wave vectors in the medium above and below the
multilayer structure; 6,,,, is determined by NA of the objec-
tive lens  with  Op=sin!(NAL/7)  and  Opin
=sin"!(NA,,;,/n,). Inset of Fig. 2(a) shows that t,(0) has one
delta-function like resonant peak, t,(6)=t,(6,)8(0-6,).
Thus Egs. (1) and (2) can be reduced to exp[iz(k%
—k7 sin? 6,)"?] multiplied with Bessel functions. Since k;
—k% sin? 6, <0, evanescent Bessel beam which evanescently
decays away from the last interface into the exiting medium
is resulted.

lll. RESULTS AND APPLICATIONS

Numerical simulations based on Egs. (1) and (2) are pre-
sented in Figs. 2(b)-2(d). The field strength |E|* of the eva-
nescent Bessel beam generated at the last interface of the 1D
PBG is shown in the inset of Fig. 2(b). The peak of the
generated Bessel beam is stronger than the result using SPR.’
The field transverse profiles are illustrated in Fig. 2(b). The
full width half maximum (FWHM) of the central spot is
0.30\. The decay length is estimated from Fig. 2(c) to be
about 0.28\ defined by the 1/¢? point along the z axis. Nor-
malized transverse profiles of field strength at different dis-
tances from the last interface are plotted in Fig. 2(d). The
main lobes nearly overlap each other, indicating the nondif-
fracting property of Bessel beam. Consequently, an enhanced
evanescent J,, type Bessel beam can be obtained with the
proposed setup under highly focused radially polarized illu-
mination.

Similarly, highly focused azimuthal polarization can be
used to realize enhanced evanescent J; type Bessel beams.
Inside the 1D PBG, TE, and TM waves are localized in dif-
ferent index layers due to the different phases at the bound-
ary. If we reverse the multilayer structure with the n; dielec-
tric being the ending layer and leave the other parameters
unchanged, TE polarized waves will be enhanced instead
[Fig. 3(a)]. The numerical results calculated with Eq. (3) are
shown in Figs. 3(b)-3(d). An enhanced J, type Bessel beam
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FIG. 3. (Color online) (a) Field distribution of s-polarization in the 1D PBG
at resonant angle; (b) |E,|* at the bottom of the 1D PBG for an azimuthally
polarized illumination. The corresponding 2D distribution of the total field
strength |E|? is shown in the inset. (c) Total field strength |E|* along the z
axis. (d) Normalized transverse profiles of |E,|* at different distances from
the bottom of the 1D PBG.
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with an annular shaped focal region is generated with azi-
muthal polarization. The FWHM spot size of the main lobe
is 0.25\ and the decay length is 0.29\.

In the above examples, we have chosen the number of
period N=5 for practical reasons. In general, for smaller
number of periods, the resonant transmission peak will be
broadened and the transmission at lower incident angles will
increase. Consequently, the quality of the generated evanes-
cent Bessel beam will degrade and the normalized transverse
profile will no longer maintain constant shape. For increased
number of periods, the generated field total intensity will
decrease due to a too narrow resonant peak. In addition, de-
sign with more periods demands more complexity on fabri-
cation and becomes less practical.

Enhanced evanescent Bessel beams may find applica-
tions in optical tweezers.” Due to the strong scattering/
absorption force, metallic particles are generally considered
difficult to trap. Radial polarization has been shown to be
advantageous for stable trapping of metal nanoparticle since
the axial Poynting vector of highly focused radial polariza-
tion near optical axis is substantially zero, minimizing the
scattering/absorption forces that destabilize the trap.lo We
perform a simulation with the enhanced evanescent J,, Bessel
beam under the same conditions as Ref. 10 for a gold Ray-
leigh particle with diameter of 38.2 nm (¢=—10.98+1.33/ at
633 nm) and 100 mW laser power (Fig. 4). It can be seen
that extremely strong axial field only contributes to gradient
force. There is one equilibrium point in the transversal plane
where the particle can be stably trapped [Fig. 4(c)]. The gra-
dient forces are 50% larger compared to the results of Ref.
10 owing to the band-edge enhancement. Due to the evanes-
cent decay of the generated Bessel beam, the gradient force
in the z direction pointing toward the 1D PBG [Fig. 4(d)] is
ten times higher than that reported in Ref. 10. Similarly,
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FIG. 4. (Color online) Radiation forces produced by highly focused radial
polarization on a gold particle. (a) Calculated time averaged Poynting vector
for a highly focused radial polarization at the focal plane; (b) sum of axial
scattering and absorption forces in transverse plane; (c) transverse gradient
force; and (d) axial gradient force.

N

enhanced J; evanescent Bessel beam is useful to trap mag-
netic nanoparticles, hollow particles, and particles with a re-
fractive index lower than the ambient.""

This comparison for the applications in optical tweezers
demonstrates the importance of the field enhancement at the
band edge, which is one of the key advantages of this pro-
posed method for the generation of evanescent Bessel beam.
The 1D PBG structure reflects the majority of impinging
focused wave and only a small fraction of the incident angu-
lar plane wave spectrum will be able to couple to the surface
mode. However, the field enhancement factor is high enough
to overcome this to achieve trapping performance better than
the case for highly focused CV beams in free space. The
generation efficiency can be further significantly improved if
the incident CV beam amplitude distribution P(6) can be
shaped into a narrow annular distribution that better matches
to the resonant coupling angle.

IV. CONCLUSION

In summary, we studied a novel setup to generate en-
hanced evanescent Bessel beams. When a radially polarized
beam is highly focused onto the last interface of a 1D PBG,
the band edge resonance mimics the function of an axicon
and creates resonantly enhanced field at the last interface of
the 1D PBG, creating an enhanced evanescent J, type Bessel
beam. By reversing the 1D PBG and switching the polariza-
tion of incident beam to azimuthal, J; type enhanced evanes-
cent Bessel beam can also be generated conveniently. These
enhanced Bessel beams may have important applications in
optical manipulations of dielectric, metallic, and magnetic
Rayleigh particles near the surface.
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