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Kl 1 PVB R AL A EHR T U RAIAL /34 (al), (a2) R = 600 pm, m = —5; (b1), (b2) R = 600 pm, m = 5; (c1), (c2) R =
800 pm, m = 3; (d1), (d2) R = 800 pm, m = 5. HRSHN Ay = 30 V/jum, wy = 100 pm

Fig. 1. Intensity distribution and phase distribution of PVB at the source plane: (al), (a2) R = 600 pm, m = —5; (bl), (b2) R =
600 pm, m = 5; (c1), (c2 ) R = 800 pm, m = 3; (d1), (d2) R = 800 pm, m = 5. The rest of the parameters are Ay = 30 V/pm, w, =

100 pm.
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Fig. 2. Intensity distribution and phase distribution of DR-PVB at the source plane (z = 0): (a), (b) Ry = 600 pm, m; = -5; Ry =
800 pm, my = 5; (¢), (d) Ry = 500 pm, m; = —5; Ry = 800 pm, my = 5. The rest of the parameters are the same as in Fig. 1.
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Fig. 3. System device diagram and particle force analysis
diagram (lower right).

\
HAEAS G m] UKo 2218, 3k — 73 55 PR DL 2
IR-TEOER WA B3 A LA R, 45— 8 5%
JERERCH IR PVB W3 M Z(E A4 0 (H. AR
FEAREIE B3, R 3 S R BORLHE B (R 3R AE D5
RAEAL, ARHT 55 AAUOHE I (7 AR AR s i /IMELAL,
H RS 2O AR AT RE RN 73R 2ok

3 R & DR-PVB % #| ke 0y 13 3%

HCRLAL T e I, 2252 BG5S 1
M. 4 loRE AR~ ARAT 5 B A BB B 26 PR (0 <
Ao/20), AT LR B M B AT o B s 7 £
AR BT 52 2 A C R 71, B Aot 52 21 1 e Am S

I3 RREE IRy P B4
T nma® [n? —
FGrag = 2 c <ni2+;) VI(T‘,QD,Z), (8)

128nmm %8 (02 —1\°
FS t = € ( 5 ) I(Ta<;072)» (9)
“ “ 3eM n2 + 2

P, e, BOGAE 2 BAERE T i E IO, o 2
BETF A%, ¢ RS PO, A = Ao/ RTE
SRR RIBA, Xy S IOAE T2 TR, n, =
oy BRI,y B THFH, n, SEHF
PR IHTAE 3, B BRI SN T TR 7
PRI, B 0, < 1, WIS T, K2, Wi
BIRELT

088702-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 8 (2025) 088702

25

20

15

y/nm

10

Intensity/(10'5 V2.m~—2)

y/nm
Intensity /(105 V2.m~—2)

z/pm

K 4  DR-PVB 7 £ 1AL B G343 10, f= 5 mm, Ay =
0.6328 pm  (a) R, = 600 pm, m; = —5; Ry = 800 pm, my =
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Fig. 4. Intensity distribution of DR-PVB at the focal plane,
f=5mm, Ay = 0.6328 pm: (a) R, = 600 pm, m; = —5;
R, = 800 pm, my, = 5; (b) Ry = 500 pm, m; = -5; Ry =
800 pm, my = 5.
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Fig. 5. Distribution of optical radiation force in the z-y
plane for high refractive index particles by focused DR-
PVB, the arrows indicate the direction of the combined
Farad,e and Fgpaq,, and the background is the intensity dis-
tribution at the focal plane, n, = 1.332, n, = 1.592, a =
5nm: (a) Ry = 600 pm, Ry, = 800 pm; (b) R, = 500 pm,
Ry, = 800 pm; the rest of the parameters are the same as in
Fig. 4.
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Table 1.  Location of light intensity maxima in Fig. 5.
AF RAE P AR KA 7
14 (0, 44.286, 0), (£2.519, +3.467, 0), (+£4.076, +1.324, 0)
R, = 600 pm, Ry, = 800 pm o4 (4+1.898, +5.843, 0), (+4.97, £3.611, 0), (+6.144, 0, 0)
32 (42.69, £8.27, 0), (47.043, 45.117, 0), (+8.706, 0, 0)
14 (0, £4.244, 0), (£2.494, +3.433, 0), (£4.036, +£1.311, 0)
o (+£1.996, +6.145, 0), (45.227, +3.798, 0), (+6.461, 0, 0)
Ry = 500 pm, Ry = 800 pm %3 (0, £8.160, 0), (+4.796, +6.601, 0), (+7.760, +2.521, 0)
A (+2.839, +8.740, 0), (+£7.435, +5.401, 0), (£9.190, 0, 0)
540 (0, £10.658, 0), (£10.136, £3.293, 0), (4+6.264, +8.622, 0)
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Fig. 6. Plots of the variation of the optical radiative force received by the particles at the positions of different light intensity max-
ima with the z-axis or y-axis: (a), (b) R; = 600 pm, Ry, = 800 pm; (c), (d) R; = 500 pm, Ry, = 800 pm, and the rest of the paramet-

ers are the same as in Fig. 5.
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Fig. 7. Variation of zaxis oriented optical radiation force F, (Fgpa,, -Ficar) With zaxis coordinates for particles near the point:

(a) Ry = 600 pm, Ry = 800 pm; (b) R, = 500 pm, Ry = 800 pm, and the rest of the parameters are the same as in Fig. 5.

2 A RALTEN T BH DR-PVB X &5t 5ok 7 R4

Table 2.  Capture positions of high refractive index particles by focused DR-PVB for different R combinations.
RFRAE TR AR B
£k (0, +£4.286, —0.502) (£2.519, +3.467, -0.502) (+4.076, +1.324, -0.502)
R, = 600 pm, Ry = 800 pm H24 (£1.898, £5.843, —0.427) (£4.97, +3.611, —0.427) (46.144, 0, —0.427)
H3 (£2.69, +8.27, —0.745) (47.043, +5.117, —0.745) (48.706, 0, —0.745)
1 (0, +4.244, —0.346) (+£2.49, +3.43, —0.346) (+4.03, +1.31, —0.346)
R, = 500 um, R, — 800 um H22 (£1.99, +6.14, -0.308) (£5.22, +3.79, -0.308) (£6.46, 0, —0.308)
¥ (0, £8.160, —0.2) (44.796, +6.601, —0.2) (+7.760, +2.521, —0.2)
A (0, £10.658, —0.37) (£10.136, +3.293, —0.37) (4+6.264, +-8.622, —0.37)
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%4 DR-PVB WL 4 HORLAE 2y PRI CHR ST 14374, ny = 1, n,, = 1.332, e =5 nm  (a) Ry = 600 pm, Ry = 800 pm;

(b) B; = 500 pm, R, = 800 pm; HAZH 5 4 4 A1 [A
Fig. 8. Distribution of optical radiation force in the z-y plane for low refractive index particles by focused DR-PVB, n, = 1, n,, =
1.332, a = 5 nm: (a) R, = 600 pm, Ry = 800 pm; (b) R; = 500 pm, Ry = 800 pm; the rest of the parameters are the same as in Fig. 4.

3 A8 R IMEN B

Table 3. Location of light intensity minima in Fig. 8.

Y

AR RAE SRR GRR AR/ ME L B

Ry = 600 pm, Ry = 800 pm gkl (£1.415, +4.357, 0), (£3.706, £2.693, 0), (+£4.581, 0, 0)
k| (£1.505, +4.634, 0) (+3.942, +2.864, 0) (+4.872, 0, 0)
H2d 0, £6.731, 0 3.956, £5.445, 0 6.401, £2.08, 0

R; = 500 pm, Ry = 800 pm 0, + S = ) (* * )
%34l (42.545, 47.833, 0) (+6.663, +4.840, 0) (£8.236, 0, 0)
Hal (0, £9.427, 0) (£5.541, £7.627, 0) (48.966, 4+-2.913, 0)

— (=, 4.357,0) 6 F(b) — (1.415, y, 0)

Z
a
3
Ry
0
—
<
= )
_90 . . . . . . . . . .
—10 -5 0 5 10 —10 -5 0 5 10
z/pm y/nm
— (=, 4.634, 0) --- (=, 6.731, 0) — (1.506, y, 0) ---(0,y,0)
- (x, 7.833,0) - (=, 9.427, 0) -2 (2,545, 5, 0) —— (0, y, 0)
101()
Z
a,
=
Ry

15
z/pm

OB AE G AR /ME L B AL Z B0 YR ST B8 2 5hs ¢ B2k (a), (b) Ry = 600 pm, Ry = 800 pm; (c), (d) R; = 500 pm,

R, = 800 pm, HAZH 5K 8 HHIF
Fig. 9. Plots of the optical radiation force on particles at the position of the light intensity minima versus the a-axis or y-axis:
(a), (b) Ry = 600 pm, Ry = 800 pm; (c), (d) R, = 500 pm, Ry = 800 pm, and the rest of the parameters are the same as in Fig. 8.
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Bl 10 OB ZESE IR AR AMELRU BT 52 B BRI I F. (Foraa,s — Fecat) B8 2 BIARFREIZEAL () Ry = 600 pm, Ry = 800 pm; (b) Ry =

500 pm, R, = 800 pm, HABHE K 8 HH

Fig. 10. Variation of zaxis-directed optical radiation F, (Fiyaq,, —Fscat) Teceived by particles near the point of light intensity minima

with zaxis coordinates: (a) R; = 600 pm, Ry, = 800 pm; (b) R;

same as in Fig. 8.

500 pm, Ry = 800 pm, and the rest of the parameters are the

# 4 KRF RAETEN T B4 DR-PVB MG b T IR 35

Table 4.  Capture positons of low refractive index particles by focused DR-PVB for different R combinations.
A RAHA RSB PR E
R, = 600 pm, Ry = 800 pm Bk (41.415, £4.357, 0) (£3.706, +2.693, 0) (+£4.581, 0, 0)

EEE (£1.505, +4.634, 0) (+£3.942, +2.864, 0) (+£4.872, 0, 0)

o (0, £6.731, —0.005) (£3.956, +5.445, —0.005) (+6.401, £+2.08, ~0.005)
Ry = 500 pm, Ry = 800 pm .

3l (42.545, 47.833, —0.001) (£6.663, +4.840, —0.001) (+8.236, 0, —0.001)

A (0, £9.427, 0) (£5.541, £7.627, 0) (+8.966, +2.913, 0)
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Fig. 11. Plots of the ratio of the maximum axial gradient force Fg,q, max to the other forces (Fj, Fg) with respect to the particle

radius for high (n, = 1.592) and low (7, = 1) refractive index particles for different R combinations, n,, = 1.332: (a) R; = 600 pm,

R, = 800 pm; (b) Ry = 500 pm, Ry = 800 pm, and the rest of the parameters are the same as in Fig. 4.
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Capture of Rayleigh particles by focused
double-ring perfect vortex beams”
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(Shanzi Center of Technology Innovation for Light Manipulations and Applications, School of Applied Science,
Taiyuan University of Science and Technology, Taiyuan 030024, China)

( Received 25 December 2024; revised manuscript received 6 February 2025 )

Abstract

The double-ring perfect vortex beam (DR-PVB) is generated through the superposition of two concentric
perfect vortex beams (PVBs). In this work, firstly, the intensity and phase distribution of the DR-PVB in the
source plane are studied. Secondly, based on the Huygens-Fresnel principle and the Collins formula, the
intensity distribution of the DR-PVB after being focused by an ABCD optical system that includes a focusing
lens is obtained. The results indicate that the intensity distribution of the focused beam is consistent with the
interference pattern of two Bessel Gaussian beams. Furthermore, the number of spots in the focused intensity
distribution is a multiple of the absolute value of the difference in topological charges between two PVBs. On
the other hand, the overall size of the light beam can be adjusted by changing the focal length of the lens.
Thirdly, the optical radiation force, exerted by the focused DR-PVB, on Rayleigh particles with different
refractive indices, silica and bubbles, are analyzed, respectively. The results show that the focused DR-PVB can
capture both high and low refractive index particles in water. In addition, by comparing the focused DR-PVBs
under different radius combinations, it found that the light intensity distribution can be changed with the beam
radius, which leads the position and quantity of the captured particles to change. This result provides a new
idea for adjusting the capture of particles in future experiments. Finally, the gradient forces, scattering, and
Brownian forces acting on the particles in the x, y, and z directions are analyzed, respectively. Based on our
analysis, the condition for stable particle capture, where the gradient force must overcome the effects of
Brownian motion and scattering forces, is established. Therefore, the theoretical size range of particles that can
be captured by the focused DR-PVB is determined. Compared with other beams, such as Airy beams and
Bessel beams, the focused DR-PVB can be modulated by changing the topological charges of the two PVBs,
making it possible to capture multiple particles. These results have potential applications in optical

manipulation.
Keywords: perfect vortex beam, optical tweezer technology, array beams, optical radiation force
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