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Super-Difiraction Longitudinally Polarized Optical
Needle With Ultra-Long Focal Depth Generated by a
Radially Polarized High-Dimensional Circular
Hollow Sinh-Gaussian Beam

Si-Mo Wang ', Wei Yan

Abstract—In this paper, the incident beam called high-
dimensional circular hollow sinh-Gaussian (HD-CHsG) beam with
anovel wavefront is proposed, which is determined by three param-
eters (m, o, 01). Based on the Richards-wolf vector diffraction
theory, it can be focused into a longitudinal polarized optical needle
through a high numerical aperture lens. The effects of the three
parameters (m, oo, o 1) on the resolution and depth of focus of the
longitudinally polarized optical needle are simulated and analyzed.
In the condition of (m, oo, 01) = (8, 0.6, 0.125), a super-diffraction
longitudinal optical needle with ultra-long focal depth (resolution
0.401, focal depth 18.361, depth-to-width ratio 45.9:1) is generated.
In addition, compared with a radially polarized incident beam
whose amplitude distribution is Gaussian and circular hollow sinh-
Gaussian (CHsG) distribution, the resolution and depth of focus of
the longitudinally polarized optical needle obtained by focusing
the HD-CHsG beam are higher. Both simulations and experiments
are carried out to demonstrate the availability of our method. Our
findings are of great significance to the production, manipulation,
and application of longitudinally polarized optical needle.

Index Terms—Optical needle, super-diffraction, ultra-long focal
depth, vector diffraction theory, high-dimensional circular hollow
sinh-gaussian beam.

1. INTRODUCTION

PTICAL needle with resolution beyond the diffraction
O limit and ultra-long focal depth play an important role in
many applications, such as particle acceleration [1]—-[4], optical
trapping [5], [6], fluorescent imaging [7], material processing
[8], optical data storage [9], and super-resolution microscopy
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[10]. The Abbe diffraction resolution limit (0.5A/NA) indicates
that the spatial resolution of the microscope imaging system
is directly proportional to the incident beam wavelength (4),
and inversely proportional to the numerical aperture (NA) of the
optical system [11]. Using a short-wavelength illuminating beam
and ahigh NA lens can improve the resolution, but it cannot make
the resolution exceed the diffraction limit. For one thing, the
focus of special electromagnetic wavebands and the scarcity of
imaging medium materials limit the reduction of the wavelength
of the incident beam. For another thing, the numerical aperture
of the focusing objective NA = nsina (7 is the refractive index
of the immersion liquid, and « is the maximum half-angle of
convergence) can’t be increased indefinitely. In addition, the
resolution of the focused spot (FWHM = k; A/NA) is inversely
proportional to the depth of focus (DOF = koA/NA2Z) [12].
Using a short-wavelength incident beam and a high-NA lens to
improve the resolution comes at the cost of a shorter focal depth.
Therefore, it is challenging to obtain an optical needle with
super-diffraction resolution and ultra-long focal depth under the
condition of limited wavelength A and NA.

The appearance of a cylindrical vector beam, especially a
radially polarized beam, provides a potential solution to this
problem. The optical needle named by Wang et al. has attracted
wide interest because it satisfies sub-wavelength (0.43%1) and
non-diffraction [13]. It is generated by tightly focusing a radially
polarized Bessel Gaussian beam modulated by a phase filter.
Following the work by Wang et al., various researches have
emerged to improve the resolution and DOF of the optical
needle. Among these researches, the focus is on optimizing the
structure of the filter [13]-[20]. For example, Lin ef al. designed
an amplitude filter through Euler transformation to obtain a
longitudinally polarized optical needle with a resolution of 0.8
and a focal depth of 91 [14]. Zhan et al. generated a high-purity
longitudinal polarized optical needle (FWHM = 0.405A, DOF =
81) by discrete complex pupil filter [15]. Using the filter to adjust
the amplitude or phase of the incident beam can improve the
resolution and focal depth of the optical needle. However, the
design of the filter is complicated, the manufacturing is difficult,
and the conversion efficiency is low. In addition, the center of
the filter needs to be coaxial with the center of the objective
lens. Therefore, the method of generating optical needles based
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on filter modulation makes some applications more difficult or
even impossible.

In recent years, it has been frequently reported that the input
beam’s wavefront is carefully designed to obtain an optical
needle with high resolution and long focal depth. For example,
Kitamura er al. used a high NA aspheric lens system to focus a
radially polarized narrow-width annular Bessel-Gaussian beam
to generate a sub-wavelength beam [21]. The FWHM of the focal
spotis approximately 0.4 and the DOF is more than 4. Kozawa
et al. used a higher-order radially polarized Laguerre-Gaussian
beam [22]. When the radial mode order p is 12, the lateral
resolution is enhanced. Lin et al. analyzed the characteristics of
the sub-wavelength structure produced by a radially polarized
doughnut Gaussian illumination beam [23].

The above studies have shown that the hollow beam can be
used to improve the resolution and DOF of the optical needle.
The generation, propagation, and focusing characteristics of hol-
low beams with different amplitude distributions have aroused
widespread interest in recent years [24]-[26].

In 2012, Sun et al. proposed a generalized hollow sinh-
Gaussian (GHsG) beam, which is a new type of Hermite-
sinusoidal-Gaussian beam [27]. The circular hollow sinh-
Gaussian (CHsG) beam is a general form of the CHSG beam. It
is widely used in optical tweezers and optical traps because of
its hollow structure characteristics [28]—[30]. In addition, based
on the radially polarized CHsG beam, Lin et al. obtained a
longitudinally polarized spot with a radius of 0.47A and a high
beam quality of 83.4% by selecting the beam order of m = 8 [31].
Huang et al. studied the radiation force of the CHsG beam acting
on Rayleigh metal particles [32]. This method greatly improved
the stiffness of the radial trap and expended the distance of the
axial trap. Sundaram et al. used an azimuthally polarized CHsG
beam to obtain an optical needle [33]. A seven-belt complex filter
and a spiral phase hologram filter are designed to jointly control
the phase and amplitude of the incident beam. However, it is
difficult to fabricate and the optical conversion efficiency is low.
Moreover, the sidelobe intensity of the obtained optical needle is
obvious. Murugesan et.al studied the characteristics of surface
plasmon polaritons excited by radially polarized CHsG beam
and achieved the lateral and axial confinement in the generated
plasmonic focal spot by manipulating the beam parameter (m,
wo) [34]. However, an optical needle with long focal depth and
high resolution cannot be realized. Senthilkumar et al. realized
a variety of new focal spot patterns by adjusting the beam order
m, waist size wg, and spirality C of the spirally polarized CHsG
beam [35]. Among them, the resolution and focal depth of the
optical needle structure obtained in this study are 0.41A and
2.54A, respectively. The optical needle structure with a higher
aspect ratio is not obtained.

In this paper, based on the research of the CHsG beam, a
novel wavefront determined by three parameters (m, o, 1) is
obtained through the electric field of the GHsG beam, which
we named as high-dimensional circular hollow sinh-Gaussian
(HD-CHsG) beam. According to the Richards and Wolf vector
diffraction theory, the focus characteristics of three radially
polarized beams with different amplitude distributions (Gaus-
sian, CHsG, HD-CHsG) are simulated and analyzed. The results
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show that the HD-CHsG beam has better focusing performance.
After that, the influence of the parameters (m, og, 01) on the
longitudinally polarized optical needle is also analyzed in detail.
In the following, we will use “optical needle” to replace the term
“longitudinally polarized optical needle”. Under the condition
of (m, oo, 01) = (8, 0.6, 0.125), an optical needle with a
resolution of 0.41 and a DOF of 18.36A has been obtained.
We established an experimental system and indirectly verified
the method through the magnifying microscope method. The
experimental results show that the transverse optical intensity
distribution is highly consistent with the simulation result of the
vector diffraction theory. In addition, the DOF of the optical
needle measured by the experiment is 16X, and the measure-
ment error is 13.1%. These simulation and experiment results
proved the feasibility and superiority of using radially polarized
HD-CHsG beam to generate super-diffraction longitudinally
polarized optical needles with ultra-long focal depth.

II. RADIALLY POLARIZED HD-CHSG BEAM AND ITS TIGHT
Focus MODEL

The tight focus model of the incident radially polarized HD-
CHsG beam through a high NA objective lens is shown in Fig.
1. The electric field of the HD-CHsG incident beam at the pupil
can be defined as Eq. (1) for a high NA objective lens, where
00 = wylfand o1 — wy/f. O is determined by NA of the objective
lens and satisfies 0 < 0 < arcsin(NA/n). n = 1.0 is the refrac-
tion index of free space. The characteristics of the HD-CHsG
beam are determined by parameters m, og, and o, simulta-
neously. The related derivation process of Eq. (1) is shown in
Appendix A.

2 2\ 1/2
E,,(0) = sinh™ lsin@(coza + sn120> ]
99 01

sin®fcos?0  sin?f
exp (— 5 - ) . (1)

2
) 07

According to the Richards-Wolf vector diffraction theory, the
electric field near the focus of the radially polarized HD-CHsG
beam can be expressed as Eq. (2)-(3) [10], [13], [36]. E(12)
and E,(r,z) represent the transverse and longitudinal electric field
near the focus z = 0, respectively. The azimuthal electric field is
zero everywhere in the diffraction field. In Egs. (2) and (3), « =
arcsin(NA/n) represents the maximal value of the convergence
angle 0, NA is the numerical aperture of the objective lens (NA =
0.95), n is the refractive index of the immersion liquid (n = 1), A
is the coefficient of power (A = 1), k = 27n/A is the wavenumber,
Jo and J; denote Bessel functions, and the wavelength 1 =
532nm.

E.(r.z)= A/VCOSHSin(ZG)Em(G)Jl(kT sin 6)
0
exp(ikz cos 0)d6. (2)

E.(r,z)=—-2A / Vcos 0sin?0 E,, () Jo (kr sin 6)
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Fig. 1. The scheme of the tight focusing system.
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Considering that E,(r,z) and E,(z) are orthogonal, the total
electric energy density is given as I, = |E,(1,2)]*+|E.(5,2)]*. Some
evaluation indicators are used to evaluate optical needles. First,
the resolution is characterized by the full width at half-maximum
(FWHM) of the optical needle in the radial direction. Second,
the depth of focus (DOF) is measured by the axial length whose
axial intensity is more than 80% of the maximum axial intensity.
Third, the ratio of the maximum value of the longitudinal field
over the maximum value of the transverse field is calculated
by Eq. (4), which can not only be used to evaluate the specific
gravity of the longitudinal field of the optical needle but also
can characterize the sidelobe suppression ratio. The obtained
super diffraction longitudinally polarized optical needle with
ultra-long depth is always expected to have a large sidelobe
suppression ratio.

Izmax
T “)

Tmax

M =

III. NUMERICAL SIMULATIONS FOR THE RADIALLY POLARIZED
HIGH-ORDER HOLLOW SINH-GAUSSIAN BEAM AND ITS
FOCUSING PROPERTIES

A. Numerical Simulation Results and Analysis of the
HD-CHsG Beam

Using the expression of the electric field defined by Eq. (1),
the intensity distribution of the HD-CHsG beam is determined
by the parameters m, 0o and 1. When m is 2, 4, 6, and 8, the
normalized intensity of the HD-CHsG beam with specific oy
= 0.6 and 07 = 0.375 is shown in Fig. 2(a). It is easy to see
that the maximum intensity position of the HD-CHsG beam
remains unchanged under different m, while the beamwidth
decreases as m increases. Obviously, in the case of the same
oo and o, the HD-CHsG beam with a larger m focused by a
high NA lens has a higher effective NA. In contrast, the intensity
distributions of HD-CHsG beams with different parameters o
and o are also investigated. In the case of m =2, and o1 = 0.6,
when g is 0.125, 0.25, 0.375, and 0.5, the normalized intensity
distribution of the HD-CHsG beam is shown in Fig. 2(b). The
position of the maximum intensity of the HD-CHsG beam is
shifted to the right while the value of ¢ is increasing. However,
as shown in Fig. 2(c), the position of the maximum intensity
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of the normalized intensity distribution of the HD-CHsG beam
remains unchanged with different o ; in the case of m = 2 and
oy = 0.6. Contrary to Fig. 2(a), the beam width is proportional
to o ;. The HD-CHsG beam with a smaller o ; is provided with a
higher effective NA when focused by a high NA lens. Therefore,
one can control the intensity distribution of the HD-CHsG beam
by choosing m, o, and o ; reasonably.

B. Focusing Property of Radially Polarized Beams With Three
Different Amplitude Distributions

In order to justify the focusing advantage of the HD-CHsG
beam with (m, oy, o), the tight focus results of the radially
polarized HD-CHsG beam and the other two radially polarized
beams with different amplitude distributions are compared and
studied.

The intensity distributions of the radially polarized incident
beam with three different amplitude distributions (Gaussian,
CHsG, and HD-CHsG) near the focal point after being focused
by a high NA lens are shown in Fig. 3(a), (b), and (c), respec-
tively. The radially polarized Gaussian, CHsG, and HD-CHsG
beams are governed by (0, 0.6, 0.6), (2, 0.6, 0.6), and (2, 0.6,
0.375), respectively. Obviously, the transverse field shows a dark
hollow shape while the longitudinal field has a sharp peak profile
at the focal plane. Therefore, the transverse field is useless for
focusing to form the optical needle, and the sharpness of the
optical needle depends on the longitudinal field. The blue and
the green solid line in Fig. 3(a4), (b4), (c4) are the normalized
intensity distributions of the total field along the longitudinal
z = 0 and radial » = 0 directions under each condition. When
the amplitude distribution of the incident beam is Gaussian
(Fig. 3(a4)), the FWHM, DOF, and M of the optical needle are
0.50%, 0.96A, and 6.75, respectively. As shown in Fig. 3(b4),
when the amplitude distribution of the incident beam is CHsG,
the FWHM, DOF, and M of the optical needle are 0.461, 1.22A,
and 9.56, respectively. Compared with the Gaussian beam, the
resolution and DOF of the optical needle obtained by the CHsG
beam are increased by 8% and 27.1%, respectively. In the case
of the same m, the FWHM, DOF, and M of the optical needle
obtained by the HD-CHsG beam are 0.42A, 2.12A, and 15.73,
respectively. Compared with the CHsG beam, the resolution and
DOF of the optical needle are increased by 8.7% and 73.8%,
respectively. Compared with the other two incident beams with
different amplitude distributions, the HD-CHsG beam has a
higher degree of freedom in regulation. In addition, adjusting
the parameters of the HD-CHsG beam at the same time can
make the FWHM, DOF, and M of the optical needle better.

C. Focusing Property of the Radially Polarized
HD-CHsG Beam

In order to further verify the proposed scheme, the tight
focus characteristics of the radially polarized HD-CHsG beam
with different (m, o, o) are studied. Using the electric field
expression of the HD-CHsG beam at the pupil defined by Eq.
(1) and the vector diffraction theory, the influence of m, o, and
o ; on the focused optical needle is simulated and analyzed.
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Focusing performance of radially polarized beams with three different amplitude distributions with (m, o, o 1) focused by high NA lens (NA=0.95).

(al)-(a4) for the Gaussian beam with (00.60.6); (b1)-(b4) for the CHsG beam with (20.60.6); (c1)-(c4) for the HD-CHsG beam with (20.60.375). (al), (bl), and
(cl) represent the distributions of the transverse field component. (a2), (b2), and (c2) represent the distribution of the longitudinal field component. (a3), (b3), and
(c3) represent the distribution of the total field component. The green and blue solid lines in (a4), (b4), and (c4) represent the normalized intensity distribution of
the total intensity of the optical needle in the radial direction (r=0) and longitudinal direction (z=0), respectively.

1) Influence of m on Focusing Spot: InFig. 4, the simulations
of HD-CHsG beam with different m have been presented. In
Fig. 4(a4), and (b4), the blue and green solid lines represent
the normalized intensity distribution of the focused optical field
along the longitudinal (z = 0) and transverse (r = 0) direction,
respectively. When m = 8 and m = 2, the DOF of the optical
needle is 3.601 and 2.12A, the former is improved by 69.8%
compared with the latter. At the same time, the FWHM of the
optical needle is 0.40A and 0.42A, the former is 4.8% less than
the latter. In the case of the same m, the FWHM of the optical
needle changes slightly while the DOF has a significant increase
trend as m increases. Therefore, under these circumstances, the

DOF of the optical needle can be increased to a certain extent
by increasing m of the HD-CHsG beam.

2) Influence of 00 on Focusing Spot: As shown in Fig. 5, for
the radially polarized HD-CHsG beam with a specific m and
o1, we analyzed the influence of o on the optical needle. As
shown in Fig. 5(al)-(a4), the FWHM and DOF of the optical
needle generated by the radially polarized HD-CHsG beam with
(2, 0.125, 0.6) are 0.71 and 2.52, respectively. When oy =
0.375, the FWHM, and DOF of the optical needle are 0.48X
and 1.12, respectively. It can be found that the DOF of the
focal spot obtained by compressing o is increased but the
resolution is reduced. Therefore, it is impossible to obtain a
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optical needles obtained by focusing the HD-CHsG beam when o are 0.125, and 0.375, respectively. (al), and (b1) represent the distribution of the transverse
field. (a2), and (b2) represent the distribution of the longitudinal field. (a3), and (b3) represent the distribution of the total field. The green and blue solid lines in
(a4) and (b4) represent the normalized intensity distribution of the total intensity of the optical needle in the radial direction (r=0) and longitudinal direction (z=0),

respectively.

sharp optical needle structure only by reducing oo, mainly be-
cause compressing o will make the transverse field component
dominate.

3) Influence of ol on Focusing Spot: In addition, under
the condition of the radially polarized HD-CHsG beam with
specific m and o, the influence of o; on the focused optical
field is simulated and analyzed as follows. The transverse field,
longitudinal field, and total field of the incident HD-CHsG beam
with (2, 0.6, 0.125) focused near the focal point through the high
NA lens are shown in Fig. 6(al)—(a3). The FWHM, DOF, and
depth-to-width ratio of the optical needle are 0.4, 13.6A, and 34,
respectively. As a contrast, under the condition of the radially
polarized HD-CHsG beam with (2, 0.6, 0.375), the FWHM,
DOF, and depth-to-width ratio of the optical needle are 0.424,
2.12x, and 5.05, respectively. The sidelobe suppression ratio M

of the optical needle in Fig. 6(a3) and (b3) are 25.1489, and
15.73, respectively. Consequently, the longitudinal field of the
focused optical field can be increased by compressing o of the
HD-CHsG beam, which is beneficial to improve the resolution
and the DOF of the optical needle.

In the above content, not only the focusing performances
of the radially polarized beams with three different amplitude
distributions (Gaussian, CHsG, HD-CHsG) passing through a
high NA lens are investigated, but also the focus character-
istics of the HD-CHsG beam with different parameters (i,
09, 01) are studied in detail. The resolution of the optical
needle can exceed the diffraction limit, but it is still limited
by the super-oscillation criterion. Therefore, the FWHM cannot
be less than 0.38A\/NA [37]. In Table I, the resolution, focal
depth, depth-to-width ratio, and sidelobe suppression ratio of the
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TABLE I
FOCUSING PERFORMANCE OF HD-CHSG BEAM UNDER DIFFERENT
PARAMETERS FOCUSED BY LENS WITH NA=0.95

Rows (m, 60, 07) DOF FWHM depth-to- M
> 00Ol ) ) width ratio
1 0,0.6,0.6)  0.96 0.50 1.92 6.75
2 (2,0.6,0.6) 1.22 0.46 2.65 9.56
3 (2,0.375,0.6)  1.12 0.48 2.33 7.11
4 (2,0.125,0.6)  2.52 0.70 3.60 333
5 (2,0.6,0.375)  2.12 0.42 5.05 15.73
6 (2,0.6,0.125)  13.6 0.40 34 25.1489
7 (8,0.6,0.375)  3.60 0.40 9.00 19.7823
8 (8,0.6,0.125) 18.36  0.40 45.9 25.6988

optical needles with different parameters are compared. From
Rows 3 and 4 of Table I, it can be seen that the transverse
field of the optical needle is dominant when compressing .
Similarly, as shown in Fig. 7(b), the FWHM and DOF of the
optical needle are inversely proportional to 0. Therefore, the
desired super diffraction longitudinally polarized optical needle
with ultra-long depth can’t be obtained by a single adjustment of
0. On the contrary, the focusing performance can be improved
by decreasing o1 as shown in Rows 5-6 and Rows 7-8 of Table I.
It is obvious from Fig. 7(c) that the FWHM is proportional to
o1, while DOF is inversely proportional to o(. Furthermore,
with the same (o, 01), the DOF are increased from 13.6A to
18.36) in comparison with the value shown in Rows 6 and 8
of Table . It can also be found from Fig. 7(a) that the DOF is
proportional to the m, while m has little effect on FWHM. At
the same time, comparing Rows 5 and 8 of Table I, the FWHM
is reduced to 0.4X, and the DOF is increased to 18.36A. The
depth-to-width ratio can reach 45.9 in the case of (8, 0.6, 0.125).
In conclusion, the focusing performance can be modified with
the increase of (m, o) and the decrease of . It should be noted
that here we consider m = 8 as a special example to illustrate the
focusing advantage of the radially polarized HD-CHsG beam.
However, considering the diffraction effect and the limitation

of the amount of light in practical experiments, it is difficult
to create the HD-CHsG beam with too large (m, o) and too
small 0.

IV. EXPERIMENT
A. Experimental Setup

In order to verify our theoretical approach, an experimen-
tal setup as shown in Fig. 8 is established. The excitation
wavelength of the laser is 532nm. HD-CHsG beams with dif-
ferent parameters can be obtained by modulating the hologram
generated by the spatial light modulator. The HD-CHsG beam
with (m, og, 1) = (8, 0.6, 0.125) is used as the incident beam
of the experiment. First, we modified the excitation path of
the modified version of the Mach-Zehnder system customized
in Refs. [38] and [39]. The transformation of linearly polar-
ized Gaussian beam to radially polarized HD-CHsG beam is
achieved by using a spatial light modulator (SLM, X13138
series, HAMAMATSU) and a commercial polarization mode
converter (RPC, ECS002180, Arcoptix). Then, a 4f system
configured by Fourier lenses L3 and L4 is used to image the
SLM plane on the entrance pupil plane of the high NA lens (L5).
A spatial filter in the back focal plane of L3 is needed to remove
the higher-order diffracted terms generated by the hologram.
Finally, the modulated radially polarized HD-CHsG beam is
used as the incident beam, which is tightly focused through
a high numerical aperture objective lens (NA = 0.95, 100X,
Nikon) to generate a longitudinally polarized optical needle.

Since the size of the optical needle is much smaller than
the pixel size of the CCD camera, we used a magnification
microscope system to capture the focused optical field. The
magnification microscope system consists of a 100X objective
lens (NA = 0.95, X100, Nikon), a tube lens (f= 200, Nikon), and
a CCD camera (resolution of 2048 2048 and pixel size 5.5 pm x
5.5 pm). The objective lens is mounted on a three-dimensional
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Fig.7. The relationship between FWHM (blank line) and DOF (blue line) and
the parameters m, oo, and o1, respectively. (a) (m, 0.6, 0.375), (b) (2, 0¢, 0.6),
and (¢) (2, 0.6, 01).

nano-positioner (PZT, Micro-Nano Optics) with a linear scan-
ning range of 200 pm and a minimum step length of 1nm.

It is worth noting that the magnifying microscope system not
only has the spatial frequency filtering ability but also acts as a
polarization filter [40]. Therefore, the longitudinal component
of the longitudinal polarized optical needle is always suppressed
in the structure of the image. The CCD camera observed is
the transverse component of the longitudinally polarized optical
needle rather than the total optical field distribution. In this paper,
the DOF of the transverse component is measured to indirectly
characterize the DOF of the optical needle.

B. Results and Discussion

The simulation and experimental results of the optical field
distribution of the transverse component of the optical needle
along the radial direction at the focal spot are shown in Fig. 9(al)
and (a2), respectively. Fig. 9(a3) is a comparison diagram of
simulation and experimental results along the direction of the
white dashed line. It can be seen that the experimental results are
in good agreement with the simulation results. The normalized
optical intensity of the transverse component obtained by the
CCD is basically consistent with the simulation result, which
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Fig. 8. Experiment setup: L1 and L2 constitute a collimated beam expanding
system, P: Polarizer, BS: Beam splitter, SF: spatial filter, RPC: a commercial
polarization mode converter, PZT: three-dimensional nano-positioner, L5: tube
lens.
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Fig. 9. Transverse optical intensity: (al) Result of simulation. (a2) Result of
the experiment. (a3) The normalized intensity distribution of simulation (solid

green line) and experimental (solid blue line) results along the white dashed
axis.

proves that the resolution of the optical needle obtained by the
experiment is consistent with the simulation result.

It is considered that the axial length of the transverse optical
field consistent with the simulation result is the DOF of the
optical needle measured by the experiment. The intensity distri-
bution of the transverse component of the optical needle captured
by the CCD at positions z = —9A, z = 0, z = 71 are shown in
Fig. 10(al)—(a3), respectively. Fig. 10(a4) shows the 3D result
of the optical field recorded along the z-axis visually. The white
bar is equivalent to 0.5A. The transverse component maintains
the intensity distribution similar to the simulation result in the
range of z = —9 to z = 7X. Therefore, the DOF of the optical
needle can be obtained indirectly as 16A, which is slightly lower
than the simulation result. The measurement error is 13.1%.

C. Measurement Error Analysis

It should be noted that in the experiment, problems such
as axial deformation and rough edges can be detected in the
transverse component field of the optical needle [41], which
is mostly produced by the combined impact of the following
factors. To begin with, the procedure of using a grating and a
4f filter system to eliminate the SLM’s zero-order light cannot
entirely eliminate background light, which will influence the
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Fig. 10.  (al)—(a3): Experimental results of the irradiance of the imaged field
at z = -9, z = 0, and z = 72, respectively. (a4): Experimental results of the
irradiance of the imaging field along the z-axis.

optical needle observation. Second, the incident beam’s homo-
geneity and stability are crucial influencing elements. Third, the
detected transverse optical field component contains axial defor-
mation due to the CCD’s limited resolution and pixels, which
degrades the profile. Fourth, the stability of the air bearing table,
installation error, and the flatness of the optical components will
also deteriorate the quality of the transverse component field of
the optical needle observed by CCD. Finally, the nano-positioner
has stringent operating environment requirements. The drift of
the PZT produced by the unstable environment will damage
the measurement’s precision. Furthermore, it can be found that
the side lobes are almost invisible in the experimental results,
which is primarily caused by weak sidelobe and insufficient
CCD exposure.

V. CONCLUSION

In summary, we proposed a new type of wavefront, which is
determined by three parameters (m, 0, 0 1). The incident beam
with this wavefront is called the HD-CHsG beam. The charac-
teristics of the HD-CHsG beam and its tight focus performances
are clarified in this paper. Compared with the radially polarized
incident beam with Gaussian distribution and CHsG distribu-
tion, the optical needle produced by the HD-CHsG beam has
significant advantages. The relationship between the HD-CHsG
beam with different parameters (m, o, o) and the characters
(FWHM and DOF) of the optical needle is studied. The results
show that increasing m and oy while reducing o ; can effectively
improve the resolution and DOF. Under the condition of (m,
o9, 01) = (8, 0.6, 0.125), a longitudinally polarized optical
needle with a resolution of 0.40X, a focal depth of 18.361,
and a depth-to-width ratio of 45.9 is obtained. In addition, we
demonstrated the generation of the radially polarized HD-CHsG
beam with (m, oy, 07) = (8, 0.6, 0.125) in the experiment, and
observed the transverse optical field generated at the focal point.

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

Using the magnifying microscope system, the DOF of the optical
needle is indirectly obtained as 16A, and the measurement error
is 13.1%. The experimental results are highly consistent with
the theoretical results.

Further study on the lithography exposure methods beyond
the diffraction limit will make the three-dimensional charac-
terization of the optical needle possible. Through theoretical
and experimental studies, the superiority and feasibility of this
method are proved. The super-diffraction longitudinally po-
larized optical needle with ultra-long focal depth is expected
to be widely applied in lithography, optical data storage, and
super-resolution imaging.
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