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Fig.1 Schematic diagram of optical system
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Fig.2 Schematic diagram of the nano-pillar unit and the relationship between its rotation angle and related parameters.

(a) Schematic diagram of a single nano-pillar unit; (b) relationship between the rotation angle of the nano-pillar unit

and the transmittance(triangular line), polarization conversion efficiency(circular line), PB phase(square line)
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Fig.3 Schematic diagram of hyperbolic phase metasurface and light field distributions. (a) Three-dimensional schematic

diagram of the hyperbolic phase distribution metasurface; (b) light field distribution of the metasurface along

the beam propagation direction; (c¢) focal plane light field distribution of the metasurface along the beam propagation

FEMEE AL b A SCHE % R IR BRI T —
AR, K6 pm MARBEATEEEMGY, W 4(a)
TR i 6 5 B ol 3R SRR R 4

WA 4 frs , &R AR5 77 4 T N
FEIREAH L H = A BRI E 4 (D R . B 4D Rt
FETE AR 5 AR AR A B LA A A (1) 5K
5 (3) R L Horp g 48 Sk X 1D AR A o AL S 2R
HHET ML . AP CERILR, =2 pm B, 7] LU
IR 4D I B T, Sl T AR £E 10~12 pm
A CHIRFR 43 Bl 2 42 ok AR 5t 4 PR AR A T A HE T AH
BLr AT H T A DL SR ' 1% 8 3 T Ay T AR 57 40

direction

AL RN 43 77 4 T WL FEIR . B 4o
iy DUSE IR S o A 1 1 A 106 35 43 A

W 5Ca) JT 7R R i L 3 B i 4 1 4 36 10—
R, B 5(h) FE 5o R 4 9k BR i i, )
FEIR IV R T M A R BE . AR N
437 A B ER T 5 AN A3 7 A 1 DL ZE RO A
B0 IEAE WOCH A T B0 X 3 i 2 4 = 5
Jad s D, WE SCD AL, AT 4 A SEERY
JR IS O AR TR L BibRIE Ry 1.2.3.4 5,
5Ce) ~ (@) 43 WM 5(b) ~ (d) By £k 4y #i 7w
=,

2105001-3



F 48 % 5 21 #1/2021 £ 11 A/HEHN

P4 b 3R FE ek 4y i ) R TR T B D63 20 A SRz il 4. (e B R0 I 5 400 ) 8 5 T = 4 7R 8 B 5 (b) o 6 T A1 3R
TRAF CEARA RO WAL G J5 17 D6 3% 43 1 5 (o) 1B 4 (b) WY £8 V00639 43 45 5 () B0 I A 32 5 4 T AH oz %o HG 1
HE £ kg U i TR AR 52 70 A1 S5 £ S 5 TR 52 20 A o 365 80 20 D TR R AR B2 0 Al 7E 242 10~ 12 pom B YRR ]

Fig.4 Schematic diagram, light field distribution and phase curves of the metasurface with an annular obstacle added.

(a) A three-dimensional schematic diagram of the metasurface with the annular obstacle added; (b) optical field

distribution of the outer ring part of the metasurface (radius R,) along the beam propagation direction; (c) focal

plane light field distribution of Fig.4 (b); (d) hyperbolic phase and conical phase comparison chart, where the blue

dotted line is the hyperbolic phase distribution, the solid line is the conical phase distribution, and the inset is an

enlarged view of the two phase distributions in a radius of 10~12 pm

3 MRS

3.1 BEEOCXAREGSH

ARICWTHT — A2 H 12 pm 19 R 10, R H
2o e 5 I 06 A B, BT 10 pm, it E
TR BOG R AL R By 63 40 A dn 1l 6 Ca) Jr
IR BB Ry s O G IR TEAG 4B IR 25 43 51 9. 45 pm
11,54 pm(2.3 5 Jy Bl 28 0o S o 9 45 - 11 Ab ) 1) A 1

s E 6 () FE 6 () Iran . 18 $83X HAS Jmy 1k 28
TR I A5 A ey 38R 2 0 O TR B o 1 4 TR
(FWHM) 43514 0. 47 pm 0. 61 g, P\ i) 2 4
320 0.9 pm 1.2 pm[ A0 6(d) ~ (D FiR ], X
LA ) RAR ] 2 4 T 43 ) E SR s BRA JR B S
DYCH D HIE o M2 e i KR — 2 bW
MZ B,

S i

2105001-4



F 48 % 5 21 #1/2021 £ 11 A/HEHN

circular obstacle circular obstacle

B 5 WGy RE s B S mmE o, (I L8 R 00 R i R BB (b) IR 4 7 AR I ER
THT I 1 63 43 A1 5 (o) SR IR ER 43 77 1 DU ZE SRS 6 3 434 5 (D BE 37 JRy 325 o0 S SR A 6 45 43 A 5 Ced BRI U8 ] 5.(b) 1Y
LRI 43 5 (D WFEIR G 5 (o) LR 4310 5 (@) B F1 Ry da 250 G SR 1B 5(dD i 2 B 43 A

Fig.5 Schematic diagram, light field distribution and linear distribution of the metasurface with ring-shaped obstacle added.

(a) A two-dimensional schematic diagram of the metasurface with the annular obstacle added; (b) optical field
distribution of the spherical wave generated by the inner ring; (c) optical field distribution of the Bessel light
generated by the outer ring; (d) optical field distribution of the array local hollow beam; (e) linear distribution of

spherical wave in Fig.5(b); (f) linear distribution of Bessel light in Fig.5(c¢); (g) linear distribution of the multiple

hollow beam in Fig.5(d)
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Fig.6 Multiple bottle beam light field diagram and linear diagram. (a) Optical field distribution in the beam propagation direction
of the multiple bottle beam; (b) (c¢) optical field distribution at 9. 45 pm and 11.54 pm; (d) linear distribution of
Fig.6(a), in which the longitudinal FWHM of the two hollow beams are 0.9 pm and 1.2 pm, respectively; (e)(f) linear
distribution of Fig.6(b) and Fig.6(c), and their transverse FWHM are 0.47 pum and 0.61 pm, respectively
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Fig.7 Influence of different relative aperture values on the light field of local hollow beam. (a) A two-dimensional optical

field distribution diagram of an array local hollow beam with different RA along the beam propagation direction;

(b) linear fit of different RA and transverse FWHM; (c)linear fitting of different RA and radial FWHM
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Fig. 8 Two-dimensional light field distribution diagrams of a metasurface with different apertures of an annular obstacle

along the beam propagation direction. (a) R, =5 pm; (b) R,=6 pum; (¢) R, =7 pm
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Abstract
Objective  Recent studies have shown that the optical system that produces the bottle beam is gradually

diversifying. However, most optical systems are more complex and the resulting bottle beams are larger in size.

This article uses the metasurface to generate a bottle beam. The ultrasurface system is straightforward and well-

integrated. The lateral and longitudinal inner diameters of the generated bottle beam are considerably reduced, and
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the capture of tiny particles is more accurate. This has potential research and application value for multiparticle
capture and precise capture.

Methods In this study, to generate multiple bottle beams, an opaque annular obstacle is added to the metasurface
with the hyperbolic phase distribution (PB phase). The metasurface is constructed with titanium dioxide (TiO,)
nanopillars arranged on a silicon dioxide (SiO,) substrate. To design the working wavelength of the nanopillars to
632.8 nm, the length, width, and height of the super surface nanopillars are designed to be 377, 87, and 600 nm,
respectively. Moreover, by varying the relative aperture value (RA) of the metasurface, the lateral and longitudinal
inner diameters of the bottle beam are altered. The number of bottle beams produced can be altered by changing the
size of the annular obstacle on the metasurface.

Results and Discussions This article produced four micron-level bottle beams [Fig.6(a)]. Further, by increasing
the RA value of the metasurface, the lateral and longitudinal inner diameters of the bottle beams are reduced [ Fig.7(a)].
Thus, the RA value of the metasurface can be changed to alter the size of the generated light field. We select one of
the bottle beams and observe that its transverse and radial full width at half maximum (FWHM) are roughly linear
with RA [Fig.7(b)—(c)]. In this paper, the number of bottle beams produced is changed by changing the size of the
annular obstacle on the metasurface [Fig.8(a)—(c)].

Conclusions The metasurface method used in this paper generates four bottle beams. Two of the bottle beams are
selected. The measured FWHMs of the two bottle beams are 0. 47 and 0. 61 pm in the transverse direction,
respectively, and 0.9 and 1.2 pm in the longitudinal direction. Simultaneously, this paper finds that by changing the
RA value of the metasurface, the inner diameter of the multiple bottle beams is variable, and its transverse FWHM
and radial FWHM are roughly linear with RA. Therefore, if particles with a specific size need to be captured, the
metasurface with a specific RA can be designed to generate a bottle beam with the required size. This paper also
found that the size of the outer ring that controls the annular obstacle remains unchanged, and when its size is
changed, the number of the bottle beams is changed to 2, 4, and 5, respectively. The size of the multiple bottle
beams produced in this paper is considerably reduced, and capturing tiny particles is more accurate, which is of great
significance to the study of particle capture.

Key words physical optics; bottle beam; metasurface; Pancharatnam-Berry phase; interference
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