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We study the focusing properties of a double-ring-shaped azimuthally polarized beam through an annular high NA

objective lens. It is shown that a subwavelength focal hole (~0.54) with a quite long depth of focus (~264) is achieved
near the focus. This kind of nondiffracting focal hole is called dark channel, which may have applications in atom

optical experiments, such as with atomic lenses, atom traps, and atom switches.
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In recent years, research interest in the tight focusing of
light beams with radially and azimuthally electric field
polarization has been increasing due to its unusual
properties and the potential applications of the resulting
light configuration [1-8]. It has been shown that tight
focusing of radially polarized light beams can produce
a very strong longitudinal electric field component within
the focus, which also has a diameter smaller than that of a
focused linearly polarized light beam. Recently, a subwa-
velength light needle with a depth of focus of about 41 has
been generated by focusing a radially polarized beam with
a high NA objective lens after passing it through a binary
phase optical element [9,10]. In another study, a sub-
wavelength light needle with a longer depth of focus (over
9.51) has been generated using dual beam focusing [11].
The tight focusing of the azimuthally polarized beam is
also studied. A dark channel with a subwavelength focal
hole in the focal region has been achieved [12]. This dark
channel may have many applications, ranging from atom
optics to single molecule detection, in which the dark re-
gions of zero intensity are required [13—15]. In this Letter,
we investigate the focused properties of a double-ring-
shaped azimuthally polarized beam by an annular high
NA objective lens. We find that the depth of focus of the
subwavelength dark channel can be extremely extended
to 264. We also find that the polarization direction of the
focused electric field can be controlled by changing the
central radius of pupil apodization of the objective lens.

According to the vectorial Debye theory, for the
double-ring-shaped azimuthally polarized beam focused
by an annular high NA objective lens, the electric field
E(r, ¢, 2) near the focus can be written as [15,16]
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where 7, ¢, and 2z are the cylindrical coordinates at an
observation point; « =sin"!(NA/n) is the maximum
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angle determined by NA where 7 is the refractive index
in image space; ¢ is the ratio of the inner focusing angle
Opin to @, as shown in Fig. 1; A(0) is the pupil apodization
function at the objective aperture; k = 27/ is the wave
number; and A is a constant. J; is the Bessel function of
the first kind of order one.

The incident beam is assumed to be a Laguerre—
Gaussian beam; therefore, the pupil apodization function
after the objective lens can be written as [1,17]

40) = 25 exp - (50 i (4220Y.
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Here L}, is the generalized Laguerre polynomial. If p = 1,
the incident azimuthally polarized beam is a double-ring
azimuthally polarized one, as shown in the left part of
Fig. 1. p is the ratio of the pupil radius and the incident
beam waist in front of the focusing objective lens.
According to Egs. (1) and (2), we perform some nu-
merical calculation to show the focused intensity distri-
bution near the focus. Here, for simplicity, we assume
that the refractive index n =1 and A = 1. It is obvious
that some parameters of the focusing system affect the
intensity distribution remarkably. We focus on the influ-
ence of the parameter § on the focused intensity distribu-
tion. Figure 2 gives the electric energy density profiles of
the total field near the focus for the focusing system with
6 = 0 and 6§ = 0.75. The other parameters for calculation
are NA = 0.6 and f = 1.2. It is shown that when 6 = 0, the
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Fig. 1. (Color online) Scheme for a double-ring-shaped
azimuthally polarized beam focused by an annular high NA
objective lens. The beam section of the incident beam is plotted
in the left part of the figure, in which the arrows indicate the
direction of the polarization.
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Fig. 2. (Color online) Intensity distribution of the focused field
near focus for the double-ring-shaped azimuthally polarized
beam focused by a high NA annular lens. (a) 6=0;
(b) 6 = 0.75. The other parameters are = 1.2 and NA = 0.6.

depth of focus of the dark channel is about 121 and the
radii of the focal holes are not uniform along the dark
channel. However, when § = 0.75, the radii of the focal
hole are shown to be uniform along the dark channel,
with its FWHM about 0.54 and its depth of focus about
264. This indicates that the depth of focus of the dark
channel is extremely extended, showing nondiffracting
properties. The intensity distribution of the focused elec-
tric field is similar to that of a high order Bessel beam.

When the radially polarized beam is focused by a high
NA objective lens, the strong longitudinally polarized
light intensity can be achieved, and in some special cases,
a quite long needle (a depth of focus of about 41in [10,11]
or 9.5 in [12]) of a strong longitudinally polarized field
with homogenous intensity along the optical axis can be
generated. Apart from the strong longitudinally polarized
field, there is also a comparatively weak radially polar-
ized field near the focus. Different from the work in
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Fig. 3. (Color online) Intensity distribution of the focal hole in
the focal plane 2z = 0. The orange-colored arrows in (a) and (b)
indicate the polarization direction. (a) 6 =0; (b) 6 = 0.75;
(c) The intensity distribution for § = 0 (solid curve) and § =
0.75 (dashed curve). The other parameters are the same as
in Fig. 2.
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Fig. 4. (Color online) FWHM of the dark channel along the
optical axis z. § = 0 (solid curve), and § = 0.75 (dashed curve).
The other parameters are the same as in Fig. 2.

[10-12], the focused field of the double-ring-shaped
azimuthally polarized beam focused by a high NA objec-
tive lens only has an azimuthal component, with other
field components vanishing. In Fig. 3, we plot the inten-
sity distribution at the geometrical focus (2 = 0) for the
cases 6 = 0 and 0.75. We find that for the case of 6 = 0,
the focused energy is mainly located in the inner ring of
FWHM at about 1.221, and the polarization direction is
clockwise [see Fig. 3(a)]. However, when 6 = 0.75, the
intensity distribution of the focused field has many rings,
and the FWHM of the inner ring is reduced to about 0.54.
More importantly, the polarization direction of the inner
ring becomes anticlockwise [see Fig. 3(b)]. For the other
focused rings, the polarization directions are also
azimuthal, but change their polarization direction alter-
nately. If the incident light is linearly polarized, the
intensity distribution across the geometrical focus is
asymmetrical [18]. However, if the incident light is
radially or azimuthally polarized, the focused intensity
in the focus is symmetrical. This is one reason why
radially or azimuthally polarized beams are frequently
used to microdrill materials [19]. It should be pointed
out that when we choose 6 = 0.75, a lot of energy of
the incident light beam is blocked by the central part
of the annular aperture. We estimate that in this case over
80% of the incident energy is lost.

The variation of FWHM of the dark channel along the
optical axis is presented in Fig. 4. We find from Fig. 4 that
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Fig. 5. (Color online) Intensity distribution in the xz plane.
(a) NA =0.8, (b) NA=0.9. §=0.75. The other parameters
are the same as in Fig. 2.
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Fig. 6. (Color online) (a) Depth of focus and (b) FWHM of the
focal hole in the focal plane as a function of NA. § = 0.75, § =
1.2 (solid curve), and g = 1.3 (dashed curve). The other para-
meters are the same as Fig. 2.

when § = 0, the FWHM of the focal hole experiences a
large change along the dark channel. However, for the
case of § = 0.75, the FWHM of the focal hole along the
dark channel is nearly unchanged.

In Fig. 5, we plot the electric energy density profiles of
the total field near the focus for the focusing system with
NA = 0.8 and 0.9. We find that the increase of the NA re-
sults in the decrease of the depth of focus and the FWHM
of the dark channel. It is shown that when NA = 0.8, the
depth of focus is shortened to 9.84 and the corresponding
FWHM of the focal hole is 0.3821, and that when
NA = 0.9, the depth of focus is 6.74 and the focal hole
is 0.3424. The variation of the depth of focus of the dark
channel and the FWHM of the focal hole in the focus with
the NA is plotted in Fig. 6. It is shown that both the depth
of focus of the dark channel and the FWHM of the focal
hole in the focus decrease with the increments of the NA.

In conclusion, we have investigated the focusing prop-
erties of a double-ring-shaped azimuthally polarized
beam through an annular high NA objective lens. By
changing the central truncation of the annular high
NA objective lens, we can generate the dark channel,
i.e., the subwavelength focal hole (~0.51) with a super-
long depth of focus (~264). It is shown that the FWHM
of the dark channel is nearly unchanged. We also find
that the polarization of the electric field near the focus
is azimuthally polarized. The polarization direction of
the focused electric field around the dark channel is
clockwise or anticlockwise, depending upon the para-
meters of the focusing system. This provides us a novel

method for controlling the direction of polarization of the
focused field. The super-long dark channel may have ap-
plications in atom optical experiments, such as with
atomic lenses and atom traps [20].
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