F44% F108/2024 £ 5 B/FFER
i 25 N
TEERRIK

Je 123 [ AR 28 19 e 1 8 5y et g ) it

ERNLEEX, RAK, AR, 262 MW, B AEAT

"TURE R R R S TR, I 45BH 6210105
CPE R R R A B TR EBE, U1 4R PH 621010;
PR R K A AR U B R R A LG =, I 4RBH 621010

TEE AT X% G0 IR A 28 14 32 B0 A7 S AR B 0% B A 1] 50, 48 T — b L T2 DR R g8 00 i A i R i kR
PGB 7 R B, 45 A b WA 7 B B 1 A A S A7 B P03 L 1 X 4 2=632.8 nm B4 81 it 41 Y6, 38 2o 7 25 18] )6 3 1) 25
i B AR IR 3 AR FE AR 0 5 3, 45 81 T A2 A=300000A (18984 pum) 248 R=4000A(2531.2 pm ) i 8 3 #7035 58 4&
PR IF R B 4G A AN A B SR AR (CMOS) ML I )5 S5 FLUEA TR AE B HCRAE . L0 45 R R W] i 2
S X A 3 B AR AL PR L 2R BT M 2 42 55 Sy 6.029 mm B9 EHIR BB 205 ; S A B BE AR £E B 7 B AL i R 1 2 i 4
B 22.384 pm /N FATHARBR 23.732 pm, SEI T IR o> E R A L Z A LA G5 RSP T A AN AR R AL ROk

20 B O A AT P B TV
KR PIOE; A EDEIE S 88

FESES 0436 XHkARERD A

1 5 7

1% 55 58 45 2% 18 52 2 Bl DL AT 565 40 BIR 1% B 1, B 2 (]
PR AR T S e /ME 0.50/NAY i A2 T
EB K, NA SR BUE LR o 28 BEAT 5 BR (DL) , AT
PR S HE R AR, X WA O aE i
K2 1 % B B A7 i A A DG I LA
B BUA Y 2 AT S A PR SR AR Y ik, T ' i i U
PR R R I IRETY T A E
BLAEUT IR R T AR, IO L e s g
BERART K

e IR RS A MR AR T &
i, I AE 23 18] ey SR P 3R 5 I B S . iR I
P 5 W0 % 0T LA K T 6 5 f i 45 R0 JF A Ry sl
[ JE2 B A5 7N AE RS 7N T 5 24 A0 A BR A4 06 3 43 i
3 2 A B A SR D A A% ' b 1 g b 4 OF T
W& AT 8, BOE b oa] LS AR AT /N (088 0 B 3R 4
R

UL AF S, 3k TF 24l R 3% BrUHL BT 55 N B3 1 R 40
62 B B AT T R T K RS . 2020 4F, Zhang
T T R AE — 2 TS B AR R KRB AL AR
W% % 4, B0 U Kl 632.8 nm 19 46 I 4R O L 8 i

JCEEIR Y Y PR R M Mg ET; Ot

DOI: 10.3788/A0S240552

SO, JiE _F AN [ 5 11 A Al i ik 49 2K 6 Bl S 80 BT 75 4
A IR T AR L VR R 8 Ak B B IR % 15 e R 32 B A A 4
A, SC G 45 SR WA 7R FE I 604 Ab S B T 24 0.874 % b
UL AT 5t e B 439 7 ) RE R 5 T 4 5 2023 4F-, Zheng 451
B X TAE P K M 632.8 nm MR 4R 6T T —F B &
AR P B B, B S0, J I AR AL B 8 A o PN 35 %
AN BT, 43 B ot e 4 A s RS RD 3 i 55 9 L 7E 15002
1 375 3 0 [ PN AT )35 %) 0.3150/NA B 4 9%, [A] B 5
MWLM E089% . LidHBIRY BRAELK LI T
TE 378 4 W B A, HOE 3 R A T RS 8 B 4k i T
R, T AN e L s B R i A A B
il 7E 55 /N RH i L

25 18] 6 9 1 &% (SLM) 1E Sy — Ff ml 38 il 0% 3% /9%
Yo A ot R e R A, s v o R
o D SN Y WERSIE 3= U ) o A S |
P B = A S B2 A AR L 2019 4, Xu AR
25 (1] ' 8 ] 1 1 — o % 25 4 2 Bk LA AR B e M
PE I T, 45 A R Y B R AR A Rk DL ZE R -
e H A B R PR T M A P a0 O BE o 0 4 T
(FWHM) 24 0.967 1% Y By D177 5 W B 5 2022 4, /N %
SR A s )6 IR g AN R 6 T R 4 R AR
Tia) R 1) 6 ol Qi 4% Y6 3 9 D A AT R 4R F RO R

Wi BE. 2024-01-23; EEEHH. 2024-03-02; RAHHE: 2024-03-18; MEKEELZBHE: 2024-04-12

EgmA-: Z AR BE Ak 42 (62105271) U 1|4 BE 2T 3 £ 31 X1 (2020Y70160)

(SYJJ20210411) .V 5§ BF B KA+ 5L 42 (192x7160)

BIEEE . zxwu@swust.edu.cn

7 i AV o B I A B €

1026025-1


https://dx.doi.org/10.3788/AOS240552
mailto:E-mail:zxwu@swust.edu.cn
mailto:E-mail:zxwu@swust.edu.cn

R — 5 1) B LA, G B BROE 22 £ R, £ A
B 2 1) F0RE 1) B EWHM 34 2y 0.745 4% &% B D1 A3 5 4%
B o b R B 5 R 2 T O 0 i e A5 3 TR A BB,
AT B 3 R AR R AR T TR I ) 2 A At oG
SR A ARG I PR T A 2 O AR R O A il A
J] £51

AR SCHE T — b BT 23 8] ) 8 il 4 2B B 388 43
PER T T R B IR R % T
P E B % RS A O~2n YU 1B P SR FH S 18 AR A3 3%
¥ o R Y 5E B RN 42 s EAR o SR (COMS) AL
SRR AT R SRR EEK A=
632.8 nm Ky 18 i B 6 A G, BAREBE AL B (/=
300000A) b 7= £ T Il FWHM 4 22.384 pm R H £
BE, /N T B DL A SR BR (0.50/NA, 23.732 pm) , SEHL T
I PR A . X I AR = B ROG AR R o B
Ho2F AR AR E 2 SR T B E S P BT
N FH I3
2wl BERE S ok &

%

178 B 3R 06 A ST, 9 3 8 4 B R AR AR 1
BEREE . B4R G A G2 25 (8] % I8 & 48 8 B
e, E A A R A S IS AR AR EE S SR AT TR
HOH B RO . R T BEHRL T REAE YIRS

P13 (]I V] 4 ) TG 37 o 23 k2R 5 T J B

Fig. 1 Working principle of far-field super-resolution focusing

based on spatial light modulator
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Fig. 2 Flowchart of binary particle swarm algorithm for optimal design of super-oscillatory mask
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Fig. 4 Theoretical design results. (a) Propagation plane optical field intensity; (b) propagation direction peak intensity, transverse

FWHM and side lobe ratio curves; (c) focal plane optical field intensity; (d) field intensity curve along radius through center of
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Fig. 5 Schematic diagram of the platform for far-field super-

resolution focusing optical field construction and

measurement platform based on spatial light modulator
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Abstract

Objective

cannot exceed its theoretical minimum value of 0.54/NA, where A is the working wavelength and NA is the numerical

The traditional focusing device is restricted by the Abbe diffraction limit. This means that the spatial resolution

aperture. Existing methods to break the diffraction limit require a near-field environment, which is insufficient for far-field
super-resolution imaging in the optical sense. The principle of optical super-oscillation states that it is theoretically possible
to produce a super-resolution spot of arbitrary smallness by rationally modulating the wavefront of incident light. Optical
super-oscillation has been extensively studied by researchers in super-resolution optical lenses, and this principle enables
the experimental realization of far-field super-resolution focusing. However, the optical field regulation of the super-
oscillation lens depends on precise nano-processing technology. Additionally, the fabrication cost and complexity limit the
device to a small size. Thus, we propose a method to generate the far-field super-resolution optical field based on the
spatial light modulator. The design of the far-field super-resolution focusing device is based on the super-oscillation
principle, with the binary particle swarm optimization algorithm and the angular spectrum diffraction theory combined. The
generated focal spot full width at half maximum (FWHM) is smaller than the diffraction limit, which can be employed to

construct the far-field super-resolution optical field.
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Methods The device is designed based on the super-oscillation principle and adopts eight-value phase control for

circularly polarized light with a wavelength of 632.8 nm. The two-dimensional phase distribution of the device is optimized
using the binary particle swarm optimization algorithm and angular spectrum diffraction theory. This optimization helps
obtain the optimal phase of the mask and its corresponding characteristic parameters. The device is composed of a series of
concentric ring belts, each with 8 um width, which is equal to the size of spatial light modulator (SLLM) pixels adopted in
subsequent experiments. To obtain an optimized phase mask, we calculate the phase of each ring belt and generate a
grayscale image based on the SLLM phase control characteristics. Additionally, to verily the focusing performance of the
designed device, we design and build a construction and measurement system for the far-field super-resolution optical field.
We measure the characteristic parameters of the super-resolution optical field using an objective lens combined with a
complementary metal oxide semiconductor (CMOS) camera. The motorized linear translation stage is moved to obtain the
two-dimensional optical field distribution at different positions. Finally, an image processing algorithm is then utilized to
extract the key focusing parameters of the focal spot, leading to a three-dimensional intensity distribution of the optical
field.

Results and Discussions First, the corresponding grayscale images are generated based on the phase of each ring belt of
the super-oscillatory mask obtained from the optimized design (Fig. 3). Next, the design results of the optical field are
calculated by adopting the angular spectrum diffraction theory (Fig. 4). An experimental platform is then set up, and the
super-oscillatory mask is loaded onto the liquid crystal screen of the spatial light modulator. Finally, the optical field is
scanned and tested within the range of Z=185.00 mm to Z=195.00 mm. The scanning step AZ is 0.05 mm, and the
intensity distribution of the optical field is obtained. Experiment and theoretical results demonstrate excellent agreement,
and the transverse FWHM at the focal length of the focal spot is 22.384 pm, which is below the diffraction limit
(0.54/NA, 23.732 pm), with far-field super-resolution focusing achieved (Fig. 6). Along the propagation direction, the
vertical FWHM is 6.029 mm, creating an optical needle (Fig. 7). The device is easy to operate and does not require

complex processing.

Conclusions To solve the problem of traditional focusing devices are constrained by the diffraction limit, we propose a
method for constructing a far-field super-resolution optical field with eight-value phase control based on the optical super-
oscillation principle. By adopting particle swarm optimization and angular spectrum diffraction theory, we design a far-field
super-resolution focusing device for circularly polarized light with a wavelength of 632.8 nm. This is achieved by loading a
super-oscillation phase mask onto the liquid crystal screen of a spatial optical modulator. By adjusting the phase of the
incident optical field, the device generates an optical needle with the vertical FWHM of 6.029 mm. The FWHM at the
focal length of the focal spot is lower than the diffraction limit, thus achieving far-field super-resolution focusing. This
method can be applied to the visible bands and extended to other optical bands, providing core focusing devices for optical

microscopy, optical imaging, and other optical applications.

Key words physical optics; spatial light modulator; optical super-oscillation; far-field super-resolution focusing; angular

spectrum diffraction; optical field measurement
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