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We generated a super-resolution optical tube by tightly focusing a binary phase modulated azi-
muthally polarized laser beam. The binary phase modulation is achieved by a glass substrate with
multi-belt concentric ring grooves. We also characterized the 3D beam profile by using a cross-
shaped knife-edge fabricated on a silicon photo-detector. The size of the super-resolution dark spot
in the tube is 0.32, which remains unchanged for ~ 4\ within the tube. This optical tube may find
applications in super-resolution microscopy, optical trapping and particle acceleration.
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polarization.

Super-resolution focused light spots are always
expected in scanning optical microscopy. There are
bright focused light spots and dark focused spots in
stimulated emission depletion (STED) microsco-
py,' and the two kinds of spots have different light
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frequencies. For obtaining nanosized effective light
spot, the bright spot acts as the excitation beam to
excite the fluorescent molecules and the dark spot
acts as the STED beam to de-excite the marginal
fluorescent molecules. However, the size of effective
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light spot depends largely on the parameters of the
dark focused spot. To reduce the size of focused
bright light spots and obtain super-resolution, some
researchers used binary optics to modulate the
phase of light field on the aperture of the condensing
lens.*

In this experiment, we apply a binary optics to
the aperture of a focusing lens to obtain an optical
tube with super-resolution dark spot, which may
lead to a much higher resolution in STED micros-
copy. This super-resolution dark spot is achieved by
tightly focusing an azimuthally polarized Bessel—
Gaussian laser beam with a combination of a binary
optics and a high-NA lens. We get the optimized
parameters of the binary optics, and the results of
modulating the phase by the binary optics are not
only reducing the size of dark focused spot but also
enhancing the depth of the focus. This sub-
wavelength focused dark spot makes the STED
microscopy achieve higher super-resolution while
the three-dimensional scanning would be much
more easy to access with the longer focal depth. It
will be significant to the researches of the biomedi-
cine and the molecular structure. Also it makes the
optical tube become the more ideal STED beam.”®

Following the theory of Richards and Wolf,” and
the earlier works,'"~% the electric field near the focal
plane of an azimuthally polarized Bessel-Gaussian
beam focused by a high-NA lens can be expressed in
the following form:

E,(r,2)
= 2A/ cos'/? 0 sin 01(6).J, (kr sin ) e <5044,
0
(1)

where 0 is the tangential angle with respect to the
z-axis, @ = arcsin(INA), and the origin is r=0, z=0
located at the focal point position. k = 27/ is the
wave number, J;(x) is the first-order Bessel func-
tion of the first kind and [(f) is the amplitude dis-
tribution of the azimuthally polarized Bessel-
Gaussian beam, which is given as

. 2 .
0o (20 ] (02).

where (§ and y are parameters which we take as unity
in our configuration. It is similar to illuminating
with a Laguerre-Gaussian beam. Here, we use a fo-
cusing lens with the numerical aperture of 0.95
(o = 71.8°). In this case, the dark focused spot has a

full width of the half maximum (FWHM) as large as
0.4 X and the length of nondiverging region is 4.
To obtain an optical tube that has smaller dark
spot and longer focal depth, we add a tailor-made
binary optical element on the focal lens aperture.
This optical element is a glass substrate with five-
belt concentric ring grooves of which the changes in
phase are 0-m alternations, and the radius r; =
sin#;/ NA corresponds to the angle of 6, Then the
function {(f) in Egs. (1) and (2) should be replaced
by the function T'(0) (), where T'() is the trans-

mission-function'*:

1, f0r0§9<(91, 92§6<63,
64§6<O{, (3)
; f0r91§9<02, 03§0<94

T(0) =
-1

We optimized the parameters to obtain the op-
tical tube of perfection, and we suggest the set of
angles found from reasonable optimizations of all
parameters as an example, the corresponding posi-
tions of r; and 6#; are shown in Table 1.

The electric field intensity distribution in focus
for this case is shown in Fig. 1(b). The FWHM of
the dark focused spot in Fig. 1(b) is 0.32), which is
smaller than that obtained without the binary op-
tics shown in Fig. 1(a) (FWHM = 0.4)).

For the detection, two methods of measuring the
focal spot size have been reported so far: knife-edge
scanning'”'% and a photo-resist exposure method.'”
We employed the knife-edge scanning method in
this study because it gives spot size as a function of
focal depth. For this knife-edge method, we used a
photo-diode to measure the photocurrent change as
a function of the knife-edge position by cutting the
focused beam spot with the sharp cross-shape of a
metal blade. The structure of the cross-shaped
knife-edge detector is shown in Fig. 2(b). The
photo-diode is fabricated by combining the p-GaAs
and the substrate of n-GaAs and produces the de-
pletion layer between p-GaAs and n-GaAs. And
then the Au/Ti is coated on the surface of p-GaAs.
There is a cross-shaped knife-edge in the Au/Ti
film. This detector is set on a nanometer platform
moving in three-dimension direction.

Table 1. Optimized parameters of binary optics.

i 1 2 3 4

O(degree)  4.96 21.79 34.25 46.87
r(ry) 0.091 0.391 0.592 0.768
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Fig. 1. (Color online) (a) Intensity distribution in focus
without the binary optics. (b) Intensity distribution in focus
with the binary optics. (c) Cross-section of intensity distribu-
tion with (black line) and without (blue line) the binary optics.

The experiment setup is shown in Fig. 2(a). The
transversal linear polarized beam is projected by a
He—Ne laser and passed through a collimating lens,
then reflected by a mirror set at an angle of 45°
respect to the optical axis, and the laser beam be-
came an azimuthally polarized beam after modu-
lated by the polarization converter (PC),'® then it
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Fig. 2. Schematic experiment setup. (a) LL, linear polarized
laser; CL, collimating lens; M, mirror; PC, polarization con-
verter; BP, binary optics; MO, microscope objective (NA =
0.95); KD, knife-edge detector set on a nanometer-platform
(gray region). (b) The cross-shaped knife-edge detector.

will be tightly focused by a hybrid lens which has an
additional binary optics on its aperture, and
detected by the knife-edge detector that sets on a
nanometer platform. The PC is fabricated by gluing
four segmented half-wave plates together, and the
optical axis of these four half-wave plates are set at
particular angles as shown in Fig. 2(a). The binary
optics we designed is achieved by electron-beam li-
thography on a glass substrate. Thus, we can get
the electric field intensity of all the points near the
focus plane by shifting the cross-shaped knife-edge
detector in three-dimension direction. We recon-
structed the intensity distribution of the dark spot
in —z plane that is shown in Fig. 3(b), and it got a
perfect match with the calculated result in theory as
shown in Fig. 3(a).

As it is shown in Fig. 3(c), the focused azi-
muthally polarized beam is circular symmetry, and
hence the electric intensity distribution in the y—z
plane is the same as the z—z plane. The length of
this optical tube which is the distance of the non-
diffraction region is 4, and the radius of the central
tube (FWHM) is 0.32), it is smaller than the dif-
fraction limit for this focusing lens A/(2NA) =
0.526. In addition, the centric ring of the hollow
optical tube has seized about 56.9% of energy of the
electric field in the focus while the sidelobes have
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Fig. 3. The electric intensity distribution in the x—z plane
after the phase modulation of the binary optics. (a) Calculated
result. (b) Experimental result. (c) Cross-sectional of the beam
at different positions along z-axis.
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high divergence, and there are also some methods to
eliminate the sidelobe effects,'??" thus we can find
application to use this super-resolution optical tube
feasibly in comparatively higher utility efficiency.

In conclusion, we have generated and observed a
super-resolution optical tube in experiment by
tightly focusing a binary phase modulated azi-
muthally polarized laser beam. The binary phase
modulator we used here can not only reduce the size
of the focused dark spot to achieve super-resolution
but also enhance the depth of the focus. Compared
with the focused azimuthally polarized laser beam
without using the binary optics, it could increase
the resolution of the STED microscopy by 25% with
the same intensity, or reach the same resolution
with a lower intensity which is quite significant to
the application of the STED microscopy in bio-
medical research for that the laser with higher in-
tensity may injure cells.
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