44 % 10 H1/2024 £ 5 B /%2R

K EHRIK

Je TR AR 10K Gefi S I 1] G 5t 22 1) BR OB 3R At s

IRA, hkF, 0E, 5, TRE

[V R A B &, [ 200444

WE 55N AUREAE ORI M B ERTE R S BEAR ], A SCHR I T — R e 4P1 3R M5 R G0 bl o S 2R SR I 7 R R i
7 e AT LR 2 ) 5 e 0] BE B BRTE S8 SRS BERY U5 0k o 1207 TR R R E T I B AR AL T 1] Y A TR AR T R 2R T
AP AR ZR G0 00 45 A 0 e 30 (RS A SR A AR SRR B AR O B B4 Wy B I LT L B e A e SR T R AL T AR B 3
IR PR A BB T KRR, LR ARAT B R AOLBE . KU A5 R R W], Q1 i BT 2R SO6BER) 25 [0 7 1] 15 ¢ B 19 A5 A%
TRE WAL 5 10— B, BRIE 2R O 0 2 ] (9 BE 2t 45 TR AR T R I o AR WY Y 5 15 LU AR G0 ik T R0 T LA
B AT ML 23 8] o7 B Y BRI SR OB B, 30 2 ) A 8 7 5 9 A4 490 ROE 1 R AT AR R Y T A {1

K WHEDLE; BOERAOURE,; Ml TRA; APIRERS

FESES 0436 XHARER A

1 5 5

1986 4, Ashkin'"'il i 5250 & H, LA BOE &0
o SR AR 15 2 A0 4 BT T AR B AR R T, X
T AR B BB Ry Al AR Ok AT LU
FH B H A T mOR 2 S AR E  R 4 R g ok
BRI IR AR E T . 2 RIS R B BRI Ok
25 ¥ T LA N 21 2 46 3 00 BB gl B, i 2 AT
23 [A] 4 ¥ 20 BRI S 19 28 = 33 (VOR) W i 3 1 %
AR RE A 2 AR B I A, e e Ok
B O A M ERIE R AR BE A o ]
) 45 = 4k 25 18] 43 3 32 00 BROE 6 B 766 2 W0 Es F
AR ARRE i TR R e A I S NG (S
HE. TEEBERTFHRU 5, Zhan 5 & B, Y 4l
AR IL R & JE R I AR R IR OG R iR R AE A
& R ) o, AT ERHE R MBS EE ) AN S AR
il 1) B 1 RN T, RETE B = 4 O 2 I DR R
4 BB F . {H 2011 4F , Ohlinger 25 % B, >4 4 4k
PR 4 Jm R B, DR S R0 A S O A
6 2% 0 #4850 R IR (R A5 O 2 e AR 0 vk S
2016 4, ol i S R B, A8 1) D 4R O SR 4P R R
AT Y BEER Y B A5 06 B, H rp 1 a8 0% b i) B RN AP
B FR Go X B PE T KT 9 b S O Al fg
S B RG E l ARILR AR B & JE R T, OF BE RS 1
il &8 B s sh ik . ik 240k, B 2 A4 Bk
T BB EBE Y vk — AR5 Bl B, Zhan 26

DOI: 10.3788/A0S231679

& A B 7 R 2 mT LA e il b AR e B AN R i 2
BRI AL

SR, A 3 AT AT R0, AT PR iR E A R Bk OB
AR BEAR R AT LAY o AR SORE K 2 B B it
FIAB RGO REGE T T — el A A
WL 25 0] J7 1m) R B B BROE RO R O vk o %
D7 ¥ 8 i B ) 4P SR fE Ok A A T R 2 (DA) B9 48
B, AR O BOE 6 BE 007 B S TR 4P R B R
ge fE R BRI A T R R K B AR AL T ) A
Koo XA IT A T AL AT AR R, Al RLOR R
it .

2 PrPAEAS RO RN ik

145 T B LA A B B N i 7 ] £ BROE
WA R R, HhE () R4PIRERS,E
Fh T A X 1 LA A T 4 5 0 7 B L AR (NA) B
R I R4 T b 5 A 7 1l
AP () BT R . 8T Rk il (L, 60, o) %
L Hoh LR R, 0, BT RS
ek C2 ) 1 77 160 BRI i, 0 D 25 WL A T KRR AE 2y
ST B9 HE R S o AR 7 B A e 1 28 Tl A TR
2% F) 5 5 3 0 T AR T £ 90 5 5 4 i 4 O e 2 30 i AL
ST, SR FH AR A A 22 AR 37 (9 6 K 4k 5 5T 35 I 5%
I 90 3 A A A A XK

F o Fe R B T R4 LR S R A B R, Y
| /| << L/28}, 2 i il 7 KL A B iR 40 Aok

Wi HE . 2023-10-20; fEEEHHE: 2023-11-20; RABH: 2023-11-30; MEBHEZHB: 2023-12-12
BEeTH.: FEEARRYE4 (12274281, 61108010) . FHEHT [ 48R 2% 34 (16ZR1411600)

BIS1E#& . ‘yanfangyang@shu.edu.cn

1026033-1


https://dx.doi.org/10.3788/AOS231679
mailto:E-mail:yanfangyang@shu.edu.cn
mailto:E-mail:yanfangyang@shu.edu.cn

£ 44 % F 10 H1/2024 &£ 5 B/ RFFER

(@ 4 |objective ) ©
__. -
\/ dipole antenna
> 6
e
/ ' y
¢ 7
dipole antenna %o
._i_.-
wavefront x L
v objective
pupil plane G

P17 AR s () BRI 5 4RO BE vk 1R B o (

a)APIRE RS (b) %S R ¥ KL

Fig. 1 Schematic diagram of method for generating spatial spherical focused spots. (a) 4Pi focusing system; (b) spatial dipole antenna
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Generation of Spatial Spherical Focused Spots Based on Reverse Radiation of
Dipole Antenna
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Department of Physics, College of Sciences, Shanghai University, Shanghai 200444, China

Abstract

Objective To solve the problem that the traditional method can only produce spherical focused spots along the optical
axis, we propose a method to generate spherical focused spots in any arbitrary spatial direction in a 4P1 focusing system,
which consists of two opposing high numerical aperture objective lenses with the same focus. Spherical focused spots with
equivalent three-dimensional spatial resolution have important applications in optical microscopy and metal particle capture.
In particular, these spots can trap metal particles at resonant wavelengths, which is because the enhanced axial gradient
force and the symmetry of the 4Pi focusing system can offset the axial scattering and absorption forces, making it possible
to stabilize the trapping of resonant metal particles and precisely control the motion trajectory of metal particles. Spherical
focused spots should be generated at any spatial position to capture resonant metal particles at arbitrary spatial positions.
To our knowledge, this is the first time that controllable spherical focused spots can be obtained at an arbitrary spatial
position. The proposed method features greater flexibility than traditional approaches, making it highly valuable for

applications involving nanoparticle capture at arbitrary spatial locations.

Methods

focusing system using dipole antenna radiation fields generated by de-focusing. The method involves placing the spatial

We present a method to generate spherical focused spots with the specified spatial direction and spacing in a 4P1

dipole antenna with predefined lengths and polarization direction at the focal point of the 4Pi focusing system and solving
the inverse problem to determine the input field on the objective pupil plane that generates spherical focused spots. By
utilizing the field on the pupil plane and selecting the appropriate length of the dipole antenna, spatial spherical focused

spots can be obtained.

Results and Discussions Firstly, the number of generated spatial spherical focused spots is related to odd or even
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multiple of half wavelength (Fig. 2). When the length of the dipole antenna L is an odd multiple of half wavelength, two

same intensity spherical spots symmetrical at the center of the focus are formed in the set spatial direction. When L is an
even multiple of half wavelength, three spherical focused spots with the equal size are formed, with one high-intensity spot
at the focus and two lower-intensity spots symmetrically arranged. Since the distance between spatial spherical focused
spots is calculated to be equal to L, the distance of spatial spherical focused spots can be easily adjusted by changing the
parameter L. Meanwhile, arbitrary spatial directions of spherical focused spots are created to demonstrate the flexibility of
the proposed method (Figs. 4 and 5). It is observed that the direction of the spherical focused spots is consistent with the
polarization direction of the dipole antenna. Finally, we investigate the normalized input field Ei(p,gp) required to create
the spatial spherical focused spots (Figs. 6 and 7). It is evident that the polarization direction of the input field is determined
by the dipole antenna parameter ¢,, and the dipole antenna parameter ¢, determines the spatial rotation angle of the input
field.

Conclusions We present a simple and flexible method for generating spherical focused spots of prescribed length and
controllable spatial orientation. By focusing the electromagnetic field radiated by a virtual dipole antenna in reverse at the
focal point of a 4Pi focusing system, spherical focused spots with specified characteristics can be conveniently obtained.
The simulation results show that the number of spherical focused spots is related to odd or even multiple of half a
wavelength, and the distance between spherical focused spots is adjustable and only depends on the antenna length L,
while the spatial direction of spherical focused spots is controllable and depends on the antenna parameters (00,;00).
Furthermore, all spherical focused spots generated by the optical antennas are of the same size, with a full width at half
maximum (FWHM) of 0.459A. The generated spatial spherical focused spots have potential applications in precise multi-

point trapping of spatial nanoparticles with full degrees of freedom, showing broad prospect in optical micro-manipulation.
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