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position in axial direction
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Abstract: In order to generate double doughnut-shaped focal spots at adjustable positions along the axial dir-
ection, a vortex phase zone plate based on a formula of annular radius derived from vector diffraction integ-
ral was designed. The focusing properties of the modulated vortex phase zone plate were further investigated
in a tightly focused system. First, integral formulas of linearly and circularly polarized vortex beams were

calculated under high NA focusing conditions. Then, the intensity distributions of linearly and circularly po-
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larized vortex beams in a high NA focusing system were simulated by integral formulas with various axial
shifting distances and topological charges. Finally, the corresponding experimental results of linearly and cir-
cularly polarized light were also given, utilizing a spatial light modulator loaded on double doughnut-shaped
phase patterns. The double doughnut-shaped focal spots with a topological charge of 1 and axial distances of
+10 pm and +15 pm were produced when the incident light was linearly polarized. As well as the double
doughnut-shaped focal spots with axial distances of +20 um, topological charges of 1-4 were also produced
when the incident light was circularly polarized. The simulated and experimental results demonstrated that
two doughnut-shape focal spots with controllable axial shifting distances and dark spot sizes could be pro-
duced in the tight focusing region of a high NA objective when it is modulated by the vortex phase zone
plate. This kind of vortex phase zone plate could be applied in the field of optical micromanipulation, two-

beam super-resolution nanolithography, and Stimulated-Emission-Depletion (STED) fluorescence micro-

scopy.
Key words: doughnut-shaped focal spots; high numerical aperture; optical vortices; phase modulation; spa-

tial light modulator
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Fig. 1 Schematic diagram of the vortex phase zone plate
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Fig. 2 The simulation results of incident linearly polarized
light with n=1 and NA=0.85. The axial shift dis-
tances of the vortex phase zone plate are: (a) |Az|=
10 um; (c) |Az|=15 pmy; (e) |Az| = 20 um. (b), (d) and
(f) are the corresponding yz cross-section distribu-
tions of the total intensity in (a), (b) and (c), respect-

ively
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Fig. 3 The simulation results of linearly polarized light (a)—(c) and circularly polarized light (d)—(f) with n=1, |Az|=10 um and

NA=0.85. (a), (d) are the xy cross-section distributions of total intensity; (b), (¢) are the normalized intensity along x

and y axis directions; (c), (f) are the 3D iso-surface plots of the total intensity with ;= 0.51,,¢, [, = 0.314«
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Fig.4 (a)—(d) are the phase distributions of vortex phase zone plate, (e)—(h) are the corresponding xy cross-section distribu-

tions of light intensity in the tight focusing field illuminated by circularly polarized light, in which NA=0.85, |Az|=
20 pum and the topology charge: (a), (e) n=1; (b), (f) n=2; (c), (g) n=3; (d), (h) n=4
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Fig. 5 Schematic diagram of the optical path in experi-

ment, where PHF is a pin hole filter, CL is a collim-

ation lens, BS is a beam splitter, P is a polarizer,

SLM is a spatial light modulator, PM is a plane mir-

ror
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Fig. 6 The experimental results with different axial shift

distances. (a), (d) are the vortex phase distributions
with |Az|=10 um and |Az|=15 pm; (b), (c) are the
total intensity distributions on xy cross-section at
10 um and —10 um, respectively; (e), (f) are the total
intensity distributions on xy cross-section at 15 um

and —15 pum, respectively
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Fig. 7 The experimental results of the focusing distribu-

tion on xy cross-section with different topology
charges. (a), (b), (c), (d) are the phase distributions
of the zone plate with n=1, n=2, n=3 and n=4, re-
spectively; (e), (f), (g), (h) are the corresponding ex-
perimental results for (a), (b), (¢) and (d) after zone

plate modulation, respectively
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