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1. Introduction

Bessel beams are spatially structured beams with diffraction-free
properties'?. In recent years, Bessel beams have been extensively
studied due to their non-diffracting and self-healing properties
and have been used for exploring novel features and applications,
such as generating light bullets with non-spreading features in a
space-time domain'®!, enhancing the imaging quality'*), convey-
ing particles backward or forward"”, realizing polarization rota-
tion along propagation direction'®”), and producing frozen waves
with arbitrarily tunable axial envelopes[s"m]. Furthermore,
their accelerating property also has become one of the important
extensions of Bessel beams. Unlike the conventional Bessel beams
that propagate in a straight line, many types of quasi-Bessel
beams that propagate along predefined trajectories, including
the spiral linel'", the snake-shaped line!'?), and even an arbitrary
curvel’** have been proposed. A decade ago, Bessel beam
propagating along a circular trajectory had been proposed in
the nonparaxial region [">'°!. Based on this nonparaxial acceler-
ating beam, we have recently proposed a new type of autofocusing
beam, i.e., a tightly autofocusing beam!'”). The longitudinal field
of the tightly autofocusing beam can be greatly enhanced by
employing cylindrical polarization.

Cylindrically polarized beams, generally called cylindrical
vector beams, have received considerable attention in recent
decades because of their unique focusing characteristics!"* ),
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We numerically demonstrate that the tight focusing of Bessel beams can generate focal fields with an ultra-long depth of
focus (DOF). The ultra-long focal field can be controlled by appropriately regulating the order of the Bessel function and the
polarization. An optical needle and an optical dark channel with nearly 1004 DOF are generated. The optical needle has a
DOF of ~104.9/ and a super-diffraction-limited focal spot with the size of 0.1942. The dark channel has a full-width at half-
maximum of ~0.346, and a DOF of ~103.84. Furthermore, the oscillating focal field with an ultra-long DOF can be also
generated by merely changing the order of the input Bessel beam. Our results are expected to contribute to potential
applications in optical tweezers, atom guidance and capture, and laser processing.

Keywords: Bessel beam; vector beam; tight focusing; depth of focus.

Radially and azimuthally polarized beams are two typical cylin-
drical vector beams. After focusing, the former can generate
a strong longitudinal electric field component using a high
numerical aperture (NA) aplanatic lens, of which the spot size is
smaller than the conventional optical diffraction limit. While the
latter has a strong longitudinal magnetic field component. These
focusing properties have a wide range of applications in many
fields, such as quantum optics and information'**), laser micro-
machining®”!, super-resolution microscopy'*®), and second-
harmonic generation®”). On the other hand, the focusing field
manipulation is a hot research topic of vector beams. In many
research, the focal fields with special structures, including an
optical needle®® an optical cage[”], a flattop field® and
an optical dark channel®, are created by modulating the
polarization, amplitude, and phase of the beam. The optical nee-
dle has a non-diffraction property and an ultra-long depth of
focus (DOF). These properties have shown tremendous poten-
tial for various practical applications, such as optical litho-
graphy®?), optical data storage®”), and high-resolution optical
imaging®**. Moreover, different optical elements, such as the
Pancharatnam-Berry phase element!*”, the spatial light modu-
lator®®), periodically poled crystals’®”), and metalenses**, are
employed to experimentally generate the ultra-long focus field.
To increase the length of the optical needle, several methods are
proposed, including high NA objective lenses with a diffractive
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optical element (DOE , a spherical mirror™", a Fresnel
zone plate!*?); artificial neural networks'*’!, and a phase
mask!**!. In addition, different spatially structured beams have
been used as the incident beam to generate optical needles'*>*®!.
Particularly, the circular Airy beam with autofocusing properties
has been reported to generate a super long optical needle and a
dark channel when focused with a high NA lens'*”). Revealing
the tightly focusing properties of other structured beams is still
an ongoing research topic.

In this work, we investigate the tight focusing of cylindrically
polarized Bessel beams (CPBBs) using a high NA lens based on
Richards-Wolf vector diffraction theory. By tuning the order of
the Bessel function and the polarization of the beam, an optical
needle, an optical dark channel, and an oscillating focal field are
generated, all of which have ultra-long DOFs. The focusing
properties, including the full-width at half-maximum
(FWHM), the polarization, and the DOF, are discussed in detail.
It reveals that as the order of the input Bessel beam increases,
the optical needle and the FWHM decrease. These results are
expected to contribute to potential applications in optical tweez-
ers, atom guidance and capture, and laser processing.

2. Theoretical Principle

The schematic of the CPBB focused using a high NA aplanatic
lens is shown in Fig. 1, where the left side represents the intensity
distributions of the CPBBs with radial and azimuthal polariza-
tions, and the green and blue markers depict the change process
of the radial and azimuthal polarization, respectively. The elec-
tric fields near the focal plane can be derived from the Richards—
Wolf vector diffraction theory!'®!. The electric field components
near the focus can be expressed as

E

r Omax
E, =A/ I(@)p(0)~/ cos O exp(ikz cos §)do, (1)
E, 0

where the polarization vector p is

cos ¢ sin 8 cos 0], (kr sin 0)
p= sin ¢, sin 6], (kr sin 6) . 2)
i cos @y sin? 0] (kr sin 6)

Here, (, ¢, z) are the cylindrical coordinates in the focal field, E,,
E,, and E, denote the three components along the coordinates,
A is a constant meeting of A = kf, f is the focal length of the lens,
k=2x/4 is the wave number in the vacuum, ¢, decides the
polarization state of the incident beam, ,,,, is the maximum
aperture angle determined by the lens and meets
Omax = sin~1(NA), 1(0) is the amplitude distribution of the input
beam, and ], (-) denotes the n-order Bessel function of the first
kind. We chose the incident CPBB, which is expressed as!'”]

1(8) =] 4(kf sin 6) exp(—af sin 0), 3)

Vol. 21, No. 7| July 2023 Chinese Optics Letters

-—>

Fig. 1. Schematic of the tight focusing of the CPBB, where the insets denote
the amplitude and the polarization profiles of the input beam, the green and
blue markers denote the radial (e,) and azimuthal (e,) polarizations, and
0 denotes the angle between the focused ray and the z-axis.

where f is the order of the Bessel function, and « is a decay
parameter, which guarantees the finite energy. Here, the order
p can mainly regulate the radius of the main lobe of the input
of the CPBB, which can be set as an arbitrary positive real num-
ber. Substituting Eq. (3) into Eq. (1), one can calculate the ampli-
tude distributions of the three polarization components of the
focal field. As shown in Eq. (1), some parameters of the focusing
system affect the intensity distribution remarkably. In the fol-
lowing, we will analyze the influence of the order  and the inci-
dent polarization on the focusing characteristics of the CPBBs.

3. Results and Discussion

First, we investigate the tight focusing properties of the radially
polarized (¢, =0) CPBB through a high NA aplanatic lens.
We set the parameters as follows: NA =0.95, 1 =633 nm,
f=240pm, a=10°m™!, #=1700. Figures 2(a)-2(c) depict

0 50 100  -100 -50 0 50 100

2
1 1
z |@ z |© T
g Z 08 -1
3 os g =i
= = 06 -1,
= =04
g g
30 202
0.2 0
2100 -50 0 50 100 2 0 1 2
JA x4

Fig. 2. Optical needle is generated by the tightly focused CPBB. (a)-(c) The
intensity distributions of the longitudinally and radially polarized components
and the total field in yzplane, with the transverse focal spots within 54
squared areas inserted. (d) The intensity profile of the optical needle along
the zaxis. (e) The total field, radially, and longitudinally polarized components
in the focal plane.
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the intensity distributions (normalized by the total peak inten- Figure 3(b) shows the DOF versus f, as well as the energy
sity) of the longitudinally (I,) and radially (I,) polarized compo- proportion 7 of the longitudinal field. Here, # is defined as
nents and the total field (I), respectively, where the insets show  7,/(z, + 7,), where 7,, =2z [|E, ,|*rdr. Clearly, this indicates

the corresponding transverse spot in the focal plane (z=0).  that the CPBB with a larger § produces a stronger longitudinal
Figure 2(d) shows the total intensity profile along the z-axis,  field when it is tightly focused. More energy is assigned to the
and Fig. 2(e) depicts the normalized transverse intensity distri-  longitudinal field, which dominates the formation of the optical
bution profiles of I, I,, and I.. The longitudinal and radial ~ needle. This shows the possibility of creating ultra-long optical
components are better able to maintain the shape during trans-  needles with small spot sizes in the longitudinal direction. When

mission over a rather long distance. The longitudinal compo- = 2000, # is as high as 79.36%, the ratio of I, sy /I, may is 7.05,
nent resembles a zero-order Bessel beam, while the intensity the spot size is 0.194%, and the length of the optical needle
distribution of the radial component looks like the first-order  reaches 104.881. As f continues to increase, the DOF would

one. The ratio of the peak intensity of the longitudinal compo- no longer increase, and the optical needle would turn into an
nent to that of the radial one is ~3.06. Since the radial com-  oscillating field. Therefore, we need to choose the appropriate
ponent is weaker, the focal field forms a long optical needle  beam parameters to obtain the ultra-long optical needle.

of 170.261. In addition, the FWHM of the optical needle is Generally, the growth of the order 3 of the Bessel beam would
0.7364, and the spot size is calculated as 0.42542. The optical nee- increase the radius of the main lobe, and thus more side lobes

dle with an ultra-long DOF would have potential applications would lie beyond the lens aperture. When f is large enough,
in many practical applications, such as nano-lithography, super  the focal field of the CPBB would no longer be an optical needle
resolution imaging, and data storage. but would become the longitudinal oscillating fields, as shown in
The optical needle can be affected by the order of the input  Figs. 4(b)-4(e). The oscillating number can be precisely regu-
Bessel beam. Figure 3(a) shows the FWHM and the peak inten-  lated by the number of ring lobes of the CPBB inside the lens
sity ratio between the longitudinal and radial components of  aperture. As shown in the Fig. 4(a), when = 2158, 2180, and
the optical needle versus the order . With the increase of f, 2206, the ring numbers of the CPBBs are 7, 5, and 3, respectively.
the FWHM decreases, while the ratio of I /I, max increases.  We could see from Figs. 4(b)-4(e) that the peak number of the
Namely, a larger /3 generates an optical needle with a higher  longitudinal oscillation is exactly equal to the ring number.
aspect ratio. As can be seen from the numerical results, the trans-
verse dimension of the beam can reach diffraction limit size.
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the input CPBBs with different 8, where the abscissa has reached the upper
limit. (b)-(e) The normalized intensity distribution and intensity profile of the
Fig. 3. The focusing properties of the optical needle in the focal plane versus total field in yzplane when f = 2158, 2180, 2206, and 2238 with an
B.(a) The FWHM and ratio of /may/hmax. (b) The DOF and energy proportion (7). NA = 0.95, respectively.
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Fig. 5. Optical dark channel is generated by the tightly focused CPBB. (a) The
intensity distribution of the total field in the yz-plane, with the transverse focal
spots inserted. (b) The transverse intensity distribution of the azimuthally,
radially, and longitudinally polarized components at the focal plane. (c) The
DOF and the FWHM of the focal plane versus f.

The intensity of the oscillating field gradually decreases when it
moves away from the focal plane. The oscillating phenomenon
arises mainly from the interference between the optical needles
generated by the focusing of the ring-shape lobes, where the
adjacent ones are out of phase, since these ring-shaped lobes
have different radii. They produce optical needles with different
DOFs when focused by the objective lens. The interference of
these optical needles forms the oscillation field, especially when
f = 2238 and the ring number of the CPBB is only 1. The focal
field produces an optical needle with a DOF of ~21.974 and a
FWHM of ~0.384, which is longer than that generated from
the radially polarized, narrow-width annular beam!®®!. It is
important to note that when more than enough ring lobes
participate in the focusing, the oscillation is not necessarily
noticeable but could be dimly seen, as shown in Fig. 2(d).
The controllable oscillation peak in the focal field might help
to orderly arrange the particles for the application of the optical
tweezer when it is used to capture multiple particles.

Next, the focusing property of the azimuthally polarized beam
is investigated, where the parameters are the same as that in
Fig. 2, except ¢, = 90°. Figure 5(a) depicts the normalized inten-
sity distribution of the total field in the yz plane and the trans-
verse focal spot (see the inset). The focal field resembles the first-
order Bessel beam and behaves as an ultra-long dark channel, of
which the DOF is about 162.754. Figure 5(b) shows the normal-
ized transverse intensity distribution profiles of I, I,, and I, at
the focal plane. The focal field has only the azimuthally polarized
component, where the FWHM of the dark core has a sub-
diffraction size of 0.414. Compared with the dark channel gen-
erated by focusing a double-ring-shaped azimuthally polarized
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beam with a high NA lens axicon'*!, of which the FWHM is 0.5
and the DOF is 48/, the dark channel of our method is narrower
and longer. Figure 5(c) depicts the FWHM and the DOF of the
dark channel versus f, revealing that the DOF and the FWHM
gradually decrease as f increases. An ultra-long dark channel
with a FWHM of ~0.3461 and a DOF of ~103.814 at =
2000 can be generated using our method. The ultra-long dark
channel will be useful for atom guiding'™’.

4. Conclusion

In conclusion, we have investigated the CPBBs that have been
tightly focused using a high NA aplanatic lens. By modulating
the polarization and the order of the Bessel function, we can con-
struct the ultra-long focus field. Numerical results show that the
optical needle and dark channel with nearly 1004 DOF could be
generated. The optical needle can be tuned into the longitudinal
oscillating focal field with appropriate parameters. By further
changing the order, we can easily regulate the DOF and FWHM
of the optical needle and the optical dark channel. We believe
that this work will help to explore the properties of the tight
focusing of vector beams.
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