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Zone plate design for generating annular-focused beams™
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Annular-focused beams have attracted attention because of their novel properties and applications in optical trapping,
high resolution microscopy, and laser-induced periodic surface structuring. Generation of this beam is very important and
necessary. In this article, a novel design of zone plate for forming the annular-focused beams is proposed. The design
principle is introduced, and the characteristics of zone plate are analyzed by numerical simulation. The result shows that
the zone plate can form a monochromatic ring-shaped intensity distribution in the focal plane. And the design method is
also generally suitable for designing the other optical elements to generate the annular-focused beams.
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1. Introduction

The fabrication of nanostructures on surfaces is of
paramount importance in nanotechnology and materials
science.!!! Recently, exploiting the small Gaussian focusing
beam, laser-induced periodic surface structuring (LIPSS) has
successfully stitched the nanostructures seamlessly with ~ 1-
nm long-range uniformity on bulk and thin films.!*8 How-
ever, due to the small size of the laser beam (< 10 wave-
lengths) and the scanning speed (< 10 pm/s), it is much too
slow to induce large-size grating structures with the step-and-
scan fashion. According to the step-and-scan fashion, the ra-
dial scan method based on annular focused beams will in-
crease the efficiency greatly. By continuously changing the
radius of the annular focused beam, nanostructures can be cre-
ated sequentially, with existing structures creating new struc-
tures.

Various approaches have been demonstrated to gener-
ate annular focused beams, such as axicon-lens, intra-cavity
method, crystal fibre, ring-focusing mirror, etc.9-161 Accord-
ing to the methods above, special structure design of zone
plate can also generate annular beams. It has advantages of
simplicity, availability, convenience. And combining with the
spatial light modulator,!!”! a focal ring with arbitrary radius
will be obtained without fabricating any elements. Yu et al.
proposed the concept of Dammann zone plate!!®!1°1 and Ma
et al. proposed the Fresnel-Dammann zone plate,?”! which
can generate a series of annular beams. However, their advan-
tage is equal-intensity multi-beam parallel optical manipula-
tion, while LIPSS needs only one annual focused beam be-

cause of the nonlinear feedback mechanisms,[®! Hidaka,[?!]
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Zhang et al.,?) and Sabatyan!>’! proposed a similar specific
structure of Fresnel zone plate, changing the focus from a spot
to the ring-shape. But whether the phase-shifted method or the
shifting-rotating method, they all designed only one structure
of zone plate that the area of inner zones is smaller than that of
outer zones. Actually, we also proposed a zone plate design in-
dependently, and two different structures were designed. One
is the same as what was mentioned above, and the other one
is just the opposite that the area of outer zone is smaller than
that of inner zone. Compared with the former structure, the
latter can suppress the central diffraction intensity and focus
sidelobe obviously. In this paper, we design a zone plate to
generate ring-shaped focus and simulate the light field energy
distribution by scalar diffraction theory based on the two dif-
ferent structures. Furthermore, in order to use the zone pate
in the LIPSS, the diffraction properties with different object-
image distances and wavelengths are simulated.

2. Principle of design

Figure 1 shows a schematic diagram of the concept of the
ring focal zone plate. As is well known, a classic Fresnel zone
plate (FZP) that is shown in Fig. 1(a) is a combination of a se-
ries of concentric rings and concentrates the light in a similar
fashion to a conventional refractive lens. Its one-dimensional
structure is shown in Fig. 1(b), and it is so designed that the
optical path lengths for the light deflected from adjacent zones
toward a common focal point differ by an integral multiple
of a design wavelength. If x, denotes the distance between
the n-th structure and the axis, f denotes the focal length, this
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condition is expressed mathematically as

2
5+ = <f+ ”2)‘) : (M

The amplitude of a diffracted plane wave in the fo-
cal plane of structure in Fig. 1(b) was simulated and calcu-
lated. Figure 1(c) shows the normalized intensity profile of
the diffracted wave in the focal plane. It is clearly evident that
a single focal spot has been achieved.

Transfer the one-dimensional structure by d in the direc-
tion perpendicular to the primary axis, and take another side

to be symmetric, then we are able to obtain Fig. 1(e) and
) )\ 2
(Vn+d)"+ £ = <f+ 2) , )

where x/, denotes the distance between the n-th structure and
the symmetry axis. If d value is positive, the width of the
successive outward zones will be gradually increased-then-
decreased as seen in the upper of Fig. 1(e), exactly unlike the
structure of classic FZP, but like that in Refs. [21-23]. And if
d value is negative, the width will behave exactly like FZP as
seen in the lower of Fig. 1(e). This is our unique design.
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Fig. 1. Schematic diagram of concept of novel zone plate, showing (a) classic FZP, (b) linear FZP, and (c) its simulation results, (d) ring focal zone

plate, (e) one-dimensional structure, and (f) its simulation results.

Amplitude of a diffracted plane wave in the focal plane
of the structure in Fig. 1(e) was simulated and calculated simi-
larly. Figure 1(f) shows the normalized intensity profile of the
diffracted wave in the focal plane. It is clearly evident that two
focal spots with a distance of 2d have been achieved.

Rotate the structure around the symmetry axis, then we
will obtain Fig. 1(d) and have

2
<\/m+d)2+f2=<f+n§> . 3)

Equation (3) is similar to those in Refs. [21-23]. In general,
our method and the methods described in Refs. [21-23] can
be used to design the structures similar to zone plate structures
of Eq. (3) by the direct structures or phases. They are essen-
tially identical. But compared with them, our method is very
comprehensive. We consider both positive d and negative d,
while they all ignored the condition of negative d. Moreover,

our method is easy to understand, and can be directly applied

to the design of other optical elements.

3. Numerical simulations

In the following, to corroborate the analytical results we
perform a numerical simulation by using Kirchhoff diffraction
formula. Amplitude of a diffracted wave U (x,y,z) of wave-
length A at a certain propagation distance z from an object
denoted by a pupil function P(x',y’,7’) can be expressed as

convolution term

2mweik

P {P(x,y)eXp B’Z (x2+y2)]}, 4)

U(x,y,2) =

where ) and exp [;—i (x2 + yz)] denote the convolution opera-
tor and free space response function, respectively.

Firstly, we define the ring focal zone plate. The focal
length is 50 mm for a wavelength of 632.8 nm. The plate is

composed of a large number of square base elements. The
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size is 6 umx6 pum, which is similar to the spatial light mod-  unique design. In order to compare and analyze the two differ-
ulator pixel pitch. As a result, the minimum width of zone is  ent structures, the zone plates with the same ring focal radius
6 um. Figure 2 shows the microstructures of the zone plates had the same size. We considered the following four cases: (i)
with different ring focal radii. Because of the pixel size, the  the radius is smaller than half of the plate size; (ii) the radius
strips are meander lines. As a result, it will result in some is close to half of the plate size, and (iii) the radius is bigger
errors. The structures with positive d are the same as those  than half of the plate size, and (iv) the radius is bigger than the

in Refs. [21-23], while the structures with negative d are our  plate size.
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Fig. 2. Structures of ring focal zone plates with different values of d.
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Fig. 3. Energy distributions and intensity profiles of ring focus with different values of d.
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To examine the focusing properties of the proposed model
and compare the performances of two structures, simulations
were performed by considering Eq. (4). Amplitude of a
diffracted plane wave in the focal plane was simulated and cal-
culated. Figure 3 shows the light field energy distribution and
intensity profile of ring focal spot with different values of d. It
is clearly evident that the focal spot is a ring, and the radius co-
incides well with the theoretical design. And the results with
positive d coincide well with those in Refs. [22,23], too. There
is another relatively weak focal spot in the focal plane cen-
ter of both positive structure and negative structure. However,
in Fig. 1(f) which is the result of one-dimensional structure,
there does not exist a similar phenomenon. So, the relatively
weak spot may come from the superposition of the integrals
of diffraction in the zones. In the LIPSS, the integrals can be
prevented from being superposed by using a high-pass filter.
A comparison between the positive structure and the negative
structure reveals that the negative structure can suppress the
central diffraction intensity and the ring focus sidelobe obvi-
ously. In the state of same size, the performance of negative
structure is better than that of the positive structure.

In Fig. 3, there exists a relatively weak focal spot in the
center. It indicates that it may be independent of wavelength,
and the zone plate can form an extra micro-focus broadband
modulated source by polychromatic light illumination. In or-
der to demonstrate the inference, we performed the simula-
tions with structure d = —0.6 mm and the wavelengths of
532 nm, 632.8 nm, and 800 nm. Figure 4 shows the results.
It reveals that the plate can form a monochromatic focal ring
and a micro-focus broadband modulated source in the focal
plane, which corresponds to the predictions. It is a distinc-
tive characteristic, but the related applications need explor-
ing. Figures 4(a) and 4(b) show the light field energy distri-
bution and intensity profile, respectively. Besides the micro-
focus, the 532 nm is mainly distributed inside the focal ring,
and the 800 nm is mainly distributed outside the ring. In
the micro-focus, the intensity of 632.8 nm is the highest, and
the 800 nm is the lowest. The intensity of the focal ring is
about 2.8 times that of micro-focus. Moreover, we performed
the simulation of the wavelength response properties of the
micro-focus, which can be seen in Fig. 5. It rapidly increases
and then decreases with wavelength increasing and it peaks
at 421 nm. It fluctuates significantly at wavelength less than
531 nm, by comparison, it just obtain slight fluctuation at
wavelength more than 531 nm. It indicates that the negative

structure has both focusing function and attenuation function.
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Fig. 4. (a) Energy distribution and (b) intensity profiles of ring focus for
three different wavelengths.
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Fig. 5. Wavelength-dependent normalized intensity of micro-focus.

4. Conclusions

In this paper, we introduced a ring focal zone plate and
analyzed its focusing performance. It can form a ring focal
spot in the focal plane and a micro-focus broadband modulated
source under the polychromatic light illumination. Therefore,
an annular-focused beam with continuous changing radius can
be produced. This will be useful in LIPSS because of the
great increasing of the fabrication efficiency. And this design
method will be generally suitable for designing the lens and

mirrors which can produce annular-focused beams.
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