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A Bessel beam has the properties of propagation invariance and a self-healing effect, leading to a variety
of interesting phenomena and applications. Recently, as a planar diffractive element with miniaturized size,
metasurfaces are widely employed to manipulate light in the subwavelength region, including generating
a Bessel beam. However, such a metasurface-generated Bessel beam allows output light with no tunable
functions. Here, with the interplay of the geometric phase and the dynamic phase, we propose a method
to generate and allow conversion from any orthogonal polarizations to independent Bessel beams with a
single-layer dielectric metasurface. The simulation results indicate that the arbitrary conversion between
different Bessel beams is related to the spin-dependent orbit motion caused by the tight-focusing effect,
leading to the singularity of the spot. This physical mechanism is well studied and the theoretical model
for revealing the dependence of different incident polarization on the conversion dynamics is presented.
Our approach paves a way for efficient generation and multifunctional applications, ranging from high-
numerical-aperture devices to compact nanophotonic platforms for spin-dependent structured beams.
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L. INTRODUCTION

Bessel beams, as the most familiar type of nondiffract-
ing beams, have many intriguing properties and have
been extensively studied since first being introduction in
1987 by Durnin [1]. Considerable phenomena and appli-
cations related to Bessel beams have been previously
reported, such as the artificial Einstein’s ring [2], light-
sheet microscopy [3,4], superresolution imaging [5], and
optical trapping [6,7]. However, conventional techniques
for generating Bessel beams involve annular slits [8], an
axicon [9], and computer-generated holograms [10,11]
based on a traditional optical system with intrinsic limits.
For an axicon, the full width at half minimum (FWHM) is
restricted and the designed lens usually has a low numer-
ical aperture (NA) due to total internal reflection and
fabrication limits. Other methods are faced with a variety
of bulky devices and complex systems [12].
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To overcome the aforementioned limits, highly inte-
grated planar diffractive elements (PDEs), with the
promising development of miniature devices, are used to
generate such structured light beams [13]. One example of
a promising PDE is the subwavelength metasurface [14],
which is primarily dependent on either the geometric phase
[15,16] (i.e., Pancharatnam-Berry phase) or the dynamic
phase [17], corresponding to the rotation of the orienta-
tion angle relative to the reference axis of meta-atoms
and the design of a special structure, nanofins. Metasur-
faces possess the ability to allow subwavelength focusing
into an Airy spot, with a size of 0.611/NA, to reach the
Rayleigh diffraction limit, and thus, realize high-resolution
imaging [18—22] and a multiphoton quantum source [23].
Furthermore, improving image resolution by breaking the
diffraction limit for superresolution microscopy and pre-
cise optical manipulation have become subjects of great
interest. Recent studies have shown that the zeroth-order
Bessel beam generated by PDEs has a main lobe with a
size of 0.38A/NA, reaching the subdiffraction limit, which
could be extended into a needlelike region for light-sheet
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scanning. Additionally, the superposition of Bessel beams
with orders of n==1 can be used as a tractor beam for
pulling small objects against the propagation direction of
light [13,24-26]. Although the generation of a Bessel beam
via a metasurface has been reported [12,27,28], the highly
purified Bessel beam is usually generated by the arrange-
ment of optimized meta-atoms based on the geometric
phase only, and the generation of an arbitrary Bessel beam
with independent properties based on a single-layer device
has not been reported. On the other hand, the investigation
of a Bessel beam with a high NA is associated with the
tight-focusing effect, which involves the spin-orbit interac-
tion [29,30]. Previous work has demonstrated a conversion
of left- and right-circular polarization, eigen states of spin
angular momentum (SAM), into states with arbitrary val-
ues of OAM by means of a J-plate [31]. The output light
there is actually in paraxial regime, excluding the influ-
ence of longitudinal component of the light field and hence
isolating us from a rich variety of advanced applications
involving tight focusing [30,32,33].

Herein, we propose a compact all-dielectric metasurface
to generate and allow the conversion from an arbitrary spin
state to absolutely independent Bessel beams. Previous
studies have revealed that the modulated phase exhibits the
spin-dependent characteristic by combining the geomet-
ric phase and the dynamic phase [28,34-37]. For proof-
of-concept purposes, we design and numerically demon-
strate the generation and conversion of Bessel beams with
independent orders and different NAs. Additionally, the
symmetric and asymmetric splitting of dual-Bessel beams
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is also realized based on the method. The singularity of
the spot during the conversion process caused by the
tight-focusing effect with a high NA is studied, and the the-
oretical model of light-field estimation is presented. Our
approach may have potential applications in multifunc-
tional nanophotonic platforms, such as compact optical
microscopy and switchable optical tweezers, where Bessel
beams are required.

I1. DESIGN PRINCIPLE

Figure 1(a) depicts a schematic diagram of the pho-
tonic spin-dependent dual-Bessel beam generator, where
a denotes the aperture angle, the sine of which gives the
numerical aperture: NA =sin («). To allow the metasur-
face device to have different optical responses for orthog-
onal spin states normally incident on the metasurface,
it is necessary to simultaneously satisfy the following
conditions:

J () k7Y = &4 O ()R,

J)IET) = e | (kh)), e))
where J(x,y) represents the Jones matrix; [kT) and
|k~) represent two arbitrary orthogonal spin states, with
¥ (x,y) and ¢~ (x,y) being the corresponding uncorre-
lated phase profiles; and * denotes the complex conjugate.
Since the two photonic spin states in the quantum optics
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(a) Schematic diagram of spin-dependent Bessel beam generator formed by Si nanofins with length L, height H, and width

W. P and P, indicate the periods of the structure along the x and y directions, respectively. Right insets show Bessel beams with
independent orders and opposite circular polarization. (b) Transmittances (7 and 7)) and phase shifts (¢, and ¢,) as a function of the
nanofin size parameters, L and . (c) Phase shifts of 13 labeled nanofins, together with corresponding transmittances and polarization

conversion efficiencies of the selected nanofins.
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correspond to the orthogonal circular polarization (CP)
states with the electric and magnetic fields rotating about
the wave vector direction in the wave optics [29], the
orthogonal CP states are chosen to be the spin states by the
forms |k7) = |L) = 5 M oand 16y = 18 = % _1i ,
where |L) and |R) denote left-handed circular polarized
(LCP) and right-handed circular polarized (RCP) states,
respectively. Therefore, the Jones matrix J (x,y) can sub-

sequently become
i~ () -1
e Hl 1.] . Q)
—_jel e | i —i

The eigenvalues and eigenvectors of the Jones matrix
can be obtained by solving Eq. (2), so the relationship
between the phase profiles of the LCP and RCP states
and the phase shifts of nanofins along two perpendicular
symmetry axes can be expressed as follows:

1 [ gt
J(X,J/) = 5 —iei‘p+(x’y)

I(px_(py| =T,

(p+(an’) = §0x + 295

@ (xy) =@ —26. 3)

According to Eq. (3), one needs to build a phase library
of nanofins to realize the specific phase difference between
the dynamic phase ¢, and ¢, by changing the geometry of
the nanofin and material refractive index, and the geomet-
ric phase is controlled only by rotation of the orientation
angle 6. By the combination of the dynamic phase and
the geometric phase, when the beam passes through the
nanofin, the LCP and RCP states can be transformed into
their orthogonal polarization states and possess the same
dynamic phase and opposite geometric phase, to realize
uncorrelated phase control.

Based on the above discussion, the specially designed
unit cell, composed of silicon (Si) on a fused silica (SiO,)
substrate, is shown in the left inset of Fig. 1(a), which
can be considered as a birefringent waveguide [17,35]
because of the high-index contrast between the nanofin
(nsi=3.48) and air (n,;,= 1). Finite-difference time domain
simulations are performed to calculate transmittance, while
periodic boundary conditions are applied along x and
y axes, and the perfectly matched layers (PMLs) are
applied to the z direction. The working wavelength is set
as A = 1550nm, the heights of the selected nanofins are
fixed at H = 1500 nm, and the properly arranged array of
nanofins have a lattice constant of P, = P, = 600 nm. The
range of lengths (L) and widths () of the nanofins covers
200 to 550 nm, for 5 nm increments of each geometric vari-
able, and the results of transmittance 7, and 7, and phase
shifts ¢, and ¢, along the x and y axes are shown in the

right inset of Fig. 1(b). The phase library is built based on
13 nanofins, which provide 13 phase shifts, high transmit-
tances, and polarization conversion efficiencies, as shown
in Fig. 1(c).

I11. BESSEL BEAM WITH INDEPENDENT
ORDERS

The scalar form of Bessel beams propagating along the
z axis, in cylindrical coordinates (7, ¢, z), can be described
by

E@r, ¢,z) = AJ,(kr)exp (ik,z)exp (Ling), 4)

where A is the amplitude; J, is the nth Bessel func-
tion of the first kind; k=27 /A is the total wave number;
k. and k, are the longitudinal and transverse wave num-

bers, respectively, that follow the relation v'k.> + k> = k;
and ¢ = arctan(y/x) is the azimuthal angle, which repre-
sents the higher-order Bessel beam imparted by the optical
vortex.

For comparison with the optimized geometric-phase-
based metasurface, the target phase profile of the spin-
dependent Bessel beam can be written as follows [12]:

2w
9" (6y) = ===V +y2NA| +nd

2
o (x,y) = —T”W FyINA + (n+ D¢ (5)

where (x, y) represents the position of each nanofin,
A is the working wavelength in free space, and NA
is the numerical aperture of the metasurface. Here, we
keep the parameter NA;=NA,;=0.4 and demonstrate the
orders n; =0 and n, =1 for case 1, and n} =2 and
n, =3 for case 2, using two samples with R=12 um.
The longitudinal intensity distributions; calculated [using
Eq. (4)] and simulated transverse intensity distribu-
tions with FWHM; ~0.855 um, FWHM,; ~0.758 um,
FWHM;’ ~0.860 um, and FWHM,’ ~ 0.825 um; and the
corresponding Stokes parameter S3, indicating the interpre-
tation of the difference in relative intensity of orthogonal
CP states, are shown in Figs. 2(a)-2(d). The calculated effi-
ciencies (defined as the ratio of the power of the spot in the
x-y plane to incident power) for LCP and RCP incidences
are 61.53% and 61.40% for case 1 and 60.02% and 57.84%
for case 2.

To observe and analyze the continuous conversion of
Bessel beams of different orders, CP states with different
polarization angles are normally illuminated only. There-
fore, the conversion dynamics of the transverse pattern
with polarization angles, §, from —n/2 to 7/2 can be
shown on the hybrid-order Poincaré¢ sphere (PS) [38], as
shown in Figs. 2(e) and 2(f). It can be seen that the spots
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FIG. 2. Theoretical calculation and simulation results of Bessel beams with independent orders. (a),(b) Simulated longitudinal inten-
sity distributions (al),(bl), calculated (a2),(b2) and simulated (a3),(b3) transverse intensity distributions, Stokes parameters S3 (a4),
and normalized intensity profiles (a5),(b5) with efficiencies of 61.53% and 61.40% for case 1. (¢),(d) Simulated longitudinal intensity
distributions (c1),(d1), calculated (c2),(d2) and simulated (c3,d3) intensity of transverse patterns, Stokes parameters S3 (c4),(d4), and
normalized intensity profiles (c5),(d5) with efficiencies of 60.02% and 57.84% for case 2. (e),(f) Snapshots of transverse patterns for
different incident polarizations on path of the hybrid-order Poincaré sphere.

of singularity in both cases split into three parts from the
center and gradually extend outward to three parts. To
explain this intriguing phenomenon, the helical phase and
the phase of the axicon carried by the high-NA Bessel
beam have to be taken into account simultaneously. The
generation of a Bessel beam is associated with the tight-
focusing effect, which leads to the conversion from SAM
to OAM. For tight focusing, the spin-to-orbit conversion
leads to the following relation [30]:

L) — " TPOIL) + " |R) + € V?z),

IR) — " IR) DY) 4 D), (6)

where |L), |R), and |z) represent the LCP, RCP, and lon-
gitudinal components, respectively. Due to the presence of

the geometric phase, only the cross polarization of the out-
put field needs be considered [i.e., e"?|R) >> e/"=2?|L),
eDL) > ¢ (FI9|RY]. Moreover, compared with the
J plate, the longitudinal component has the same mag-
nitude and the interference is most significant for the
linearly polarized (LP) state incidence. In this context, both
the dynamic and geometric phases manipulate the helical
phase, which is determined by the spin-orbit interactions
of light, whereas tight focusing caused by the phase of the
axicon is determined only by the geometric phase. Fig-
ures 3(a) and 3(b) give theoretical and simulation results
of the longitudinal component at the LCP, LP, and RCP
incidences. Additionally, this physical mechanism also
appears in the focused-field-carrying OAM [39].

To further estimate the electric field distribution, the
polarization state of the input field on the hybrid-order
PS is divided into LCP and RCP components. Therefore,
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(b)

FIG. 3. Theoretical calculation
(left) and simulation results (right)
of longitudinal component of
Bessel beam with independent
orders for LCP, LP, and RCP
incidence. (a) Orders n;=0, n,=1
for case 1. (b) Orders n;’=0,
ny’ =1 for case 2.

0 10 1

by illuminating any CP state of different polarization
angles, the electric field can be expressed by RCP

and LCP as [(1 +ipn)/(v/2v1 + |;L|2)]e"‘er |R) and [(1 —
i)/(V2y/1 + |u|?)]e” |L) [where i = exp (i8)]. Then, the

iz V21 +

_ 2mexp (ik,) |: 1+ip

As a result, by varying the polarization angle of the
incident light, the electric field generated by the meta-
surface can be tuned continuously and estimated by

Eq. (7).

IV. BESSEL BEAM WITH DIFFERENT NAS

As another parameter to control the properties of a
Bessel beam, different NAs change the size of the main
lobe of the Bessel spot. Thus, the results for a zero-
order Bessel beam based on two samples with the same
radius, R =20 um, and NA;=0.4 and NA,=0.6 for case
3, and NA;”=0.6 and NA,’ =0.8 for case 4, at orthog-
onal CP state incidence are shown in Fig. 4. One can
see from Figs. 4(al)—4(d1) that the NA affects the effec-
tive depth of the Bessel beam along the propagation
direction. The longitudinal intensity distributions; calcu-
lated and simulated transverse intensity distributions, with

" J, (k,NA) +

total output field can also be divided into cross-orthogonal
CP states. By using the Fresnel diffraction integral, the
distribution of the electric field related to the polarization
angle can be written as

1—iu

V21 + |uf?

ei(n+1)¢Jn+1 (krNA):| . (7)

(

FWHM,; ~0.890 ym, FWHM, ~ 0.886 yum, FWHM,’ ~
0.889 um, and FWHM,’ ~ 0.841 um; and Stokes param-
eters S3 atz = 11 um, z = 7 um for case 3 and z = 7 um,
z = 3.5 um for case 4 are shown in Figs. 4(a)4(d). The
efficiencies of the Bessel beams for LCP and RCP inci-
dence are calculated to be 66.58%, 64.36% and 64.82%,
57.04%, respectively. As the incident polarization angle
changes, the main lobe shrinks, increasing the number of
side lobes, and the hybrid-order PS reduces to the stan-
dard plane-wave PS, as shown in Figs. 4(e) and 4(f). It can
be found that the symmetry of the spot is broken for the
incident elliptically polarized state, which can be explained
by the interference of longitudinal components due to the
tight-focusing effect [30]. On the basis of the previous dis-
cussion, the results with LCP, LP, and RCP incidence are
shown in Fig. 5, indicating that theoretical calculations are
in agreement with the simulation. Similarly, to estimate
the electric field with arbitrary incident polarization, by
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FIG. 4. Theoretical calculation and simulation results of Bessel beams with different NAs. (a),(b) Simulated longitudinal intensity
distributions (al),(bl), calculated (a2),(b2) and simulated (a3),(b3) transverse intensity distributions, Stokes parameters S5 (a4),(b4),
and normalized intensity profiles (a5),(b5) for case 3 with efficiencies of 66.58% and 64.36%. (c),(d) Longitudinal intensity distri-
butions (c1),(d1), calculated (c2),(d2) and simulated (c3),(d3) transverse intensity distributions, Stokes parameters S5 (c4),(d4), and
normalized intensity profiles (c5),(d5) for case 4 with efficiencies of 64.82% and 57.04%. (e),(f) Snapshots of transverse patterns for
different incident polarizations on path of the standard plane-wave Poincaré sphere.
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(

Consequently, by changing the polarization angle of  [35,37] can be used to simultaneously generate symmetric
incident light, the main lobe of Bessel beams with different ~ and asymmetric dual-Bessel beams with different deflec-
sizes can be tailored. tion directions and orders at the LP state incidence, by

introducing the offset values Ax; and Ax; into Eq. (5),

which indicates that the conjugated properties of Bessel

V. DUAL-BESSEL BEAM GENERATION beams with different incident polarizations can be broken.
Furthermore, to develop the potential capability of  Here, we demonstrate the symmetric dual-Bessel beams of

spin-multiplexing functions, the photonic spin Hall effect ~ the same (n1=n,=0) and different orders (n;=0, n,=1)
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FIG. 5. Theoretical (left) and
simulation (right) results of lon-
gitudinal component of Bessel
beams with different NAs for
LCP, LP, and RCP incidence. (a)
NA;=0.4, NA,=0.6 for case 3. (b)
NA;’=0.6, NA,’ =0.8 for case 4.

with deflection distances of Ax; = —3.5 um and Ax, =
3.5 um, as shown in Figs. 6(a) and 6(c), while the asym-
metric situation with Ax; = —4 um and Ax, = 2.5 um is
shown in Figs. 6(c) and 6(d).

VI. CONCLUSION

We investigate the generation and conversion dynam-
ics of typical nondiffracting beams with a photonic spin-
dependent metasurface, which can flexibly and effectively
control and manipulate the output beams by varying the
incident polarization of light. Singular splitting of the

(a) Symmetric

5 10 15 20 25-5 0 5

X (pm)

N

10 15 20
Z(um)

independent Bessel beams during conversion is due to
the contribution of the longitudinal component caused by
the tight-focusing effect, which is proved by both theo-
retical and simulation results. The proposed model of the
electric field at arbitrary incident polarization is estimated
by decomposing the orthogonal CP polarized states and
applying the Fresnel diffraction integral. Finally, simu-
lated dual-Bessel beams with symmetric and asymmetric
splitting are also demonstrated. With the development
of micro- and nanofabrication technology, we envision
this method to be utilized in miniature optical platform
exploitation, where different structured beams of high NA

Asymmetric

) (b2),
0 | ———— L 1
5 10 15 20 255 0 5

z(emy ‘y (wm)
(d2)
»
5 10 15 20 25-5 0 5§
z(um) ¥ (em)

FIG. 6. Longitudinal and transverse intensity distributions of dual-Bessel beams. (a),(b) Same order (n;=n,=0) with symmetric
(al),(a2) and asymmetric splitting (b1),(b2). (c),(d) Different order (rn;=0, ny= 1) with symmetric (c1),(c2) and asymmetric splitting

(d1),(d2).
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are required and can be applied in the fields of astropho-
tonics, switchable superresolution microscopy, and optical
manipulation of microparticles.
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