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Highly-accurate manipulation of focal
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The existing excitation models for circular Airy beams suffer from focal length deviation, which reduces
the positioning accuracy of the focal point. Using the principle of Fresnel diffraction, this study
investigates the influence of phase aperture diffraction on the focal point of circular Airy beams and
establishes a precise focal length control model for inversely solving the phase distribution from the
beam focus. On this basis, we design a circular Airy beam with a 10 cm focal length and employ a
metasurface to experimentally generate such a beam. The angular spectrum simulation and
experimental results demonstrate that the actual focal positions are at 10.034 cm and 10.04 cm,
corresponding to deviations of 0.34% and 0.4% from the ideal 10 cm focal length, respectively. In
contrast, the existing excitation model yields a focal length of 9.5530 cm, a 4.47% deviation from the
ideal value. Therefore, the proposed model significantly improves the focusing accuracy of circular
Airy beams. This study is expected to facilitate applications of circular Airy beams in ultra-high-
precision laser structuring, laser medicine, microscopic imaging and particle manipulation.

As a structured light field, the Airy beam'™ has attracted considerable
attention and research in recent years, holding significant application value
in areas such as particle manipulation®, laser processing’, microscopic
imaging®’, optical bullets'*"", and optical communication'’. When arranged
with radial symmetry, the Airy beam can be configured into a circular Airy
beam with arbitrary focal length'*", and its non-diffracting and self-healing
properties” facilitate stable propagation in free space. Moreover, the circular
Airy beam exhibits excellent focusing characteristics, maintaining low
intensity along the propagation axis before the focus, and the intensity at the
focal point increases by several orders of magnitude. This spatially selective
intensity distribution enables precise action within the focal region while
minimizing interference along the transmission path. As a result, the cir-
cular Airy beam is highly applicable to laser ablation technology'®",
allowing minimally invasive thermal ablation of specific tissues such as the
liver, the thyroid, and metastatic lymph nodes, while avoiding damage to
adjacent critical structures'®*. Owing to the exceptional focusing proper-
ties, circular Airy beams also enable high-precision structural fabrication™,
precise particle manipulation*”, and high-resolution microscopic
imaging”™™".

Researchers have conducted extensive studies on generating circular
Airy beams” . For instance, Davis et al.” used a single spatial light mod-
ulator to encode a binary phase within an annular region with an inner
diameter of 2.5 mm and an outer diameter of 6.9 mm, generating a circular
Airy beam with a focal length of 65 cm. Zhang et al.”* employed an all-
dielectric metasurface with an inner diameter of 15pum and an outer

diameter of 65 um to achieve an achromatic circular Airy beam in the
450-600 nm wavelength range, with a focal length of 1.3 mm. However, in
existing studies on exciting circular Airy beams based on catastrophe
theory™*”, the beam focus is primarily defined as the geometric intersection
of the parabolic trajectory and the propagation axis. Because of the dif-
fraction effects, the actual focal length deviates from the theoretical design
value, leading to a significant reduction in the spatial positioning accuracy of
the maximum intensity point. This deviation of the focus adversely affects
the precise control of the laser beam in the applications. In laser ablation,
even minor focal deviations can compromise surgical precision, leading to
unintended damage to healthy tissue. In laser micromachining, focal shift
introduces depth errors during drilling and reduces overall machining
accuracy”. Moreover, in imaging and particle manipulation, a displaced
focus degrades spatial resolution and trapping stability”, directly impacting
system performance. Therefore, achieving precise focal control—reducing
deviations of the focus—is essential for ensuring process reliability and
outcome quality across these high-precision fields. In 2018, Goutsoulas
et al.” considered the effect of diffraction propagation on the beam focal
length and used the Fresnel diffraction theory to analyze the forward pro-
pagation, systematically investigating key parameters affecting the focal
characteristics. However, this study did not take into account the diffraction
effects related to the size of the phase aperture. When the characteristic
dimensions of the phase modulator change, the actual focal length may still
deviate from the theoretical expectation, and this issue has not yet been
effectively resolved.
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Based on the diffraction theory, this study establishes a precise
focal length control model for inversely solving the phase distribution
of a circular Airy beam from the beam focus. Through the mathe-
matical relationships between the phase aperture and focal length, we
obtain a constraint equation for the phase aperture parameters,
systematically revealing the influence of phase distribution on the
focus and enabling precise control over the focusing of a circular Airy
beam. Via multi-parameter co-optimization, we design a circular
Airy beam with a 10 cm focal length and fabricate a metasurface to
generate it. Experimental results show that the actual focal length is
10.04 cm, deviating from the design target by only 0.4%. This study
enables precise control of the focal length of circular Airy beams by
establishing a focusing model based on aperture diffraction, pro-
moting their applications in high-precision laser structuring, laser
medicine, and particle manipulation.

Results

Precise focal length control model of a circular Airy beam

As depicted in Fig. 1, after phase modulation, the incident plane
wave converges along a parabolic trajectory described by the
equation®:

r=f@) =r a2, ¢y

where r is the radial coordinate in the propagation space, r, is the
inner diameter of the phase plate, and a is related to the trajectory
curvature. From the perspective of geometric optics, the geometric
intersection z, = ,/7;/a of the parabolic trajectory and the propa-
gation axis can be obtained by setting =0, which is treated as the
focal point.

To construct a circular Airy beam with a parabolic
trajectory, the light rays must be emitted along the trajectory
tangent. The optical path § provided by the phase plane is per-
pendicular to the light ray direction. This can be described as
dé/d¢ equal to df[z(p)]/dz, as shown in Fig.1b. Thus, the phase
satisfies’”:

Ao _do _, dfiep)] o
dp dp dz

where p represents the radial coordinate of the phase plane, k denotes the

wave vector, and ¢ represents the phase distribution.

Integrating the above equation yields the expression for the phase
distribution:

8p) = — S kalp — py)*", @)

where p, is equal to the inner diameter of the phase plate.

Based on the theory of geometric optics, the intersection of the beam
trajectory with the propagation axis is considered the focal point of the
circular Airy beam. However, the actual focal position is influenced by
diffraction during propagation. Therefore, the Fresnel diffraction formula is
employed to describe the propagation dynamics of the beam:

k i(kr*/2z) oo k -
w(r,0) = ET / PPV, (g) (ke /2z)dp7 (4)
0

where r represents the radial coordinate in the propagation space, and
¥o(p) = A(p)e*® represents the complex amplitude distribution at the
incident plane.

To derive the expression for the focal position of the circular Airy
beam, we set r = 0 and perform a third-order Taylor expansion of the total
phase ¥ = ¢(p) + kp?/2z in the Fresnel integral around z = z, + §z. The
complex amplitude of the circular Airy beam near the focus is then calcu-
lated using the stationary phase approach. The specific expression is”:

26\ 1? 2nkpz = [0 \1/3
w0, 02) = A<?) T ez ai [(zk ) gaz], )
where,Z = ¢(p) + I;LZ - @62, K(z) = |%| =24? is the trajectory
curvature, and g = df (z)/dz = —2a’z, is the trajectory slope. Because the
maximum of the Airy function corresponds to —1, we can substitute this
value into Eq. (5) by setting (2k* K)l/ ’ g0z = —1 to obtain the accurate focal
length expression for circular Airy Beam™:

zp=1z.+0z
-y _ 1 (6)
¢ [Zkzk(zp)]mg(zp)
As can be seen from Eq. (6), the focal length is modified by a term 6z
that is inversely proportional to the trajectory curvature and slope, rather

than being simply determined by the convergence point of the trajectory:
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Fig. 1 | Focusing model of a circular Airy beam based on Fresnel diffraction
theory. a Diagram of the circular Airy beam focusing model, where z. represents the
distance from the convergence point of the parabolic trajectory to the phase plane
along the propagation axis, zydenotes the focal length of the circular Airy beam, and
dz indicates the focal length correction term. b Diagram of the phase derivation from
the focus, where § denotes the optical path difference, d6/d¢ and df[z(p)]/dz
represent the slope of the optical path difference and the parabolic trajectory,

respectively. ¢ Analysis of the effect of internal phase aperture on the focal length f,
with the horizontal axis representing the internal phase aperture po, the vertical axis
representing the trajectory parameter a. In the figure, colors correspond to the focal
lengths of circular Airy beams simulated using the angular spectrum method under
various trajectory parameters. The black solid lines show the focal-length contour of
circular Airy beams simulated via the angular spectrum method; red dashed lines
show the contour from Eq. (6).
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Fig. 2 | Accurate focusing model of a circular Airy beam via phase aperture
constraints. a Comprehensive schematic of the accurate focusing model with the
inner and outer phase apertures. b Diffraction effect of the inner radius of the phase

aperture on the focal length. ¢ Diffraction effect of the outer radius of the phase
aperture on the focal length. d Flowchart of the multi-parameter co-optimization
process.

4 (b) . © h
80 1 360, 100
ug % 80 §
5240 3
a 06 = 60 =
(@) 5 180 2
z 0.4 %120 40 [;_;
y\[/} 0.2 60 | 20 2
‘ 0 0 ©
Ly b 150 o 0 30 60 90 120 150 180
H I 0 orientation angle(°)
S (d) (e)
M si Lx 2 2m
Si0, / ~
- E
P &
H 0.6
03
|
g 0
= . -
-0.3 '
2,=9.5530cm ! /<10.034cm
-0.6
\_ z(cm) Y,

Fig. 3 | Simulate phase distribution and optical field of a circular Airy beam with a
10 cm focal length. a Schematic of the metasurface unit cell. b Library of polar-
ization conversion efficiency for rectangular unit cells. ¢ Plot of geometric phase/
efficiency versus rotation angle for the selected unit structure. d Phase distribution of

the circular Airy beam with a 10 cm focal length. e Plot of the phase cross-section.
f Side view of the circular Airy beam propagation, showing the focal point at
10.034 cm (the white curved dashed lines indicate the parabolic trajectory of

the beam).

z, = ,/Ty/a. It should be noted that g(z,) <0, so the focal length of the
circular Airy beam is always larger than z.. Therefore, in theory, parameters
can be optimized using Eq. (6) to design a circular Airy beam with precise
focal length. However, simulations of the actual focal length using angular
spectrum theory with a series of values of the inner radius py of the phase
plate reveal a systematic deviation from the values calculated using Eq. (6).

Figure 1c shows that for certain values of parameters p, and g, the theoretical
focal length given by Eq. (6) (red dashed lines) deviates consistently from the
actual focal length of the beam (black solid lines). In the simulation, the
influence of the outer radius of the phase plate on the focal length was
eliminated by setting the outer radius to three times the inner radius, to
approximate an infinite extent. Thus, to achieve accurate focusing of the
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circular Airy beam, it is necessary to develop a comprehensive model that
accounts for both the inner and outer radii of the phase plate.

In this work, we used the modified focal length of Eq. (6) to establish an
accurate focusing model that comprehensively incorporates the diffraction
with the inner and outer phase apertures, as shown in Fig. 2. In deriving the
modified focus expression of Eq. (6) from the Fresnel diffraction integral of
Eq. (4), the total phase ¥ = ¢(p) + kp?/2z in the Fresnel integral is
expanded using a third-order Taylor series approximation around
z = z.+ 0z. Here, 6z represents a small expansion value within the
neighborhood of z,, and is significantly smaller than z,. Since the inner
radius of the phase plate is functionally related to éz. The selection of the
inner radius in the Fresnel diffraction-based focusing model is constrained
by the allowable range of éz. To quantitatively analyze the effect of 6z, we
introduce a key parameter ratio R = 8z/z, and perform calculations for
different inner radii, are shown in Fig. 2b. The yellow area in the figure
indicates that the theoretical calculation results are consistent with the
simulation results, while the blue area represents that there is a deviation
between two terms, and the contour lines depict the calculated R values in
different inner radii. Theoretical simulations reveal that when R < 0.0449,
corresponding to 8z < 0.0449z,, the theoretical formula agrees perfectly with
the simulation results. This provides a clear mathematical criterion for
optimizing the inner radius of the phase plate.

Furthermore, we study the influence of the diffraction from the outer
radius of the phase mask on the focal distance of the circular Airy beam.
According to catastrophe theory, for a caustic surface to form, the phase ¥ in
the Fresnel integral must satisfy ap ¥ = 0and app ¥ = 0.From 8p ¥ = 0,we
derive the relationship between the emission position p on the phase plane
and the propagation position z of the circular Airy beam as:
kp/z + @/(p) = 0. This equation includes two solutions on the phase sur-
face: p1 and p2, corresponding to the rays that make the dominant con-
tribution to the propagation position z, where p, < p,, as illustrated in Fig.
2a.Fromd,, ¥ = 0, we derive the expression for the spatial position pj of the
light ray emitted from the phase plane asiz; = —k / (/)//(pj), wherez, <z<z,.
For the focal position zf, there are two radial positions p1 and p2 on the input
plane corresponding to the rays that make the dominant contribution to the
focal point, and there exists an inequality constraint z, < z; <z,, it follows
from the inequality z, = —k/¢"(p,) > zj, from which we can drive:

py> <zfa>2 +py- @)

To ensure sufficient ray interference at the input plane for forming a
circular Airy beam with focal length z; the phase plate must include at least
the ray originating from p,, i.e., p, > p,. This leads to the derived constraint
on the outer radius of the phase plate:

Pa> (Zﬂl)z + po- ®)

To validate the theoretical formula (8), we simulate the focal distance of
circular Airy beams with varying outer radii of the phase mask, using a
designed focal length of 10 cm and selecting trajectory parameters within
the specified range 8z < 0.0449z,, as illustrated in Fig. 2c. The red dashed line
in the figure indicates the critical minimum outer radius calculated by Eq.
(8). As can be observed from the figure, when the outer radius of the phase
mask exceeds the critical value, the measured focal length remains strictly
consistent with the theoretical design value of 10 cm. However, when the
outer radius falls below the critical value (below the red dashed line), the
actual focal length obtained from angular spectrum simulations significantly
deviates from the designed 10 cm value because of aperture diffraction
effects. Thus, we have established definitive criteria for the inner and outer
radii phase parameters and developed a co-optimization process of multiple
parameters to precisely design a precise focal length circular Airy beam

[Fig. 2d]. The details are as follows:

zp=2z.+ 0z

$(p) = —4ka(p — py)”?
R<0.0449
pa>(za) +p,

objective functions : {
(€)

restrictive conditions : {

Study on the light field of circular Airy beams witha 10cm
focal length
Using the precise focusing model, we design a circular Airy beam with a
focal length of 10 cm. Using multi-parameter cooperative optimization, we
obtain the trajectory parameters o = 0.41 mm and a = 0.21196 m~*°, where
the intersection of the trajectory with the propagation axis based on the
geometric optics is z, = 9.5530 cm. According to Eq. (8), we select a mini-
mum outer radius p, = 0.86 mm for the phase plate. Substituting the above
parameters into Eq. (3) yields the phase distribution, as shown in Fig. 3d.
And we encode this phase onto a metasurface to experimentally generate a
circular Airy beam.

When the unit structure is rotated by an angle 6, the corresponding

Jones matrix can be expressed as™":
cos —sinf|t, O cos 0
cos 60 0 t,|[—sinf

sin 60
T(0) = R(—0)T,R(0) = Liﬂ 0 }

cos 6

(10)

where R(0) is the rotation matrix, t, and ¢, represent the complex trans-
mission coefficients of the x- and y-linearly polarized light beams passing
through the unit cell.

When the circularly polarized light is incident, the transmitted beam

can be expressed as’™%

2

T,(0) = T(e)[ } = .

1 Lt 1
tj

t,—t . 1
:| 4 )’61]29|: :| (11)
+J

tj

where y = 26(x, y) represents the geometric phase of the unit cell, and
3

x_ty

2
represents the polarization conversion efficiency of the unit cell.

For a rectangular silicon unit cell with a period P = 300 nm and height
H =480 nm located on the SiO, substrate (Fig. 3a), we employ the finite-
different time-domain (FDTD) method to simulate the polarization con-
version efficiency of rectangular unit cells with different dimensions at a
wavelength of 633 nm, as shown in Fig. 3b. From the results, we select the
unit cell with the highest polarization conversion efficiency. This cell is
170 nm in length and 100 nm in width, and achieves a polarization con-
version efficiency of 97%. By rotating the unit cell in 10° steps from 0° to
180°, we simulate the phase response and efficiency of the cross-polarized
state, as shown in Fig. 3c. The results demonstrate that the phase response of
the selected unit cell varies linearly with the rotation angle, whereas the
efficiency remains consistent across the entire range. Then, by changing the
rotation angles of the unit cell, we obtain a metasurface with the phase
distribution in Fig. 3d.

Using angular spectrum method, we numerically simulate the light
fields of the circular Airy beams in free space, as shown in Fig. 3f. The figure
shows that the beam energy propagates along the parabolic trajectories, with
the intensity peak appearing behind (z;= 10.034 cm) the intersection of the
trajectory with the propagation axis (z, = 9.5530 cm), where the minimum
interval of z values is 10pm during the simulation. The relative error between
the measured focal length and the design value of 10 cm |(2Zigea))/Zideal| 1S
0.34%. This deviation stems from the higher-order truncation when
applying Taylor expansion to the total phase during the calculation using the
Fresnel diffraction formula (4). In comparison, the deviation between the
focal point z, from geometric optics and the actual focal point |(z-Z;gear)/
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Fig. 4 | Simulation of the x-z axial side-view intensity distributions of circular
Airy beams under different phase aperture parameters. a Specific parameters,
phase diagram, and the beam propagation process when the inner phase aperture

z(cm)

fails to satisfy the condition R < 0.0449. b Specific parameters, phase diagram, and
the beam propagation process when the outer phase aperture does not fulfill the
requirement p, > (Zfa)2 + po-
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Fig. 5 | SEM images of the metasurface and diagram of the experimental
optical path. a SEM image of the metasurface and b its magnified view. ¢ Diagram of
the experimental optical path. QWP: quarter-wave plate. MS: metasurface. The

microscopic measurement system consists of an objective lens, a tube lens, and a
CCD camera. The metasurface is installed on a linear motor stage that moves along
the z-direction. d Picture of the experimental optical path.
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z=0pm

410pm

Fig. 6 | Optical field distribution during the zero calibration of the metasurface.
a Optical field distribution when the metasurface is located 10 pum before the zero
position; b Optical field distribution when the metasurface is at the zero position;

¢ Optical field distribution when the metasurface is located 10 um after the zero
position; d-f Corresponding magnified views.

Zideall is 4.47%, indicating that this model significantly improves the focusing
accuracy of the circular Airy beam.

Furthermore, we consider the two restrictive conditions of the phase
plate dimensions for the designed focal length of 10 cm: (1) the phase plate
dimensions do not satisfy the condition R <0.0449; (2) the phase plate
dimensions satisfy R<0.0449 but fal to meet the condition
P> (zfa)2 + p,- Then we calculate the x-z cross-sectional optical field
distributions of the circular Airy beams, as shown in Fig. 4. As can be seen
from the figure that the beam still follows a parabolic trajectory toward the
focus and maintains low intensity along the z-axis before the focus. How-
ever, the specific geometry of the parabola varies with different parameters,
with parabolic geometry variation of different parameters. Because the
phase plate dimensions do not meet the requirements, the actual focal points
shift forward to 9.65 cm (situation (1)) and backward to 10.4 cm (situation
(2)), corresponding to deviations of 3.5% and 4% from the designed focal
length of 10 cm. These results further confirm that the dimensional
constraints of the phase plate primarily affect the longitudinal focal
position of the beam, rather than its intrinsic propagation char-
acteristics. Therefore, the restrictive conditions and optimization
model proposed in this work fundamentally serve to enable precise
control over the focal point while ensuring the stability of the beam’s
propagation properties.

Experimental results and analysis

Figure 5a, b shows scanning electron microscopy (SEM) images of the
metasurface. Figure 5¢, d shows a diagram and experiment of the optical
path. A 633 nm linearly polarized beam with the spot size of 2 mm emitted
from a laser first passes through a spatial filter system to produce clean plane
beams with the spot size of 7.2 mm, then manipulated by a quarter-wave
plate, a 2 mm pinhole, and impinges perpendicularly onto the metasurface.
After passing through the metasurface, the beam is modulated to generate a
circular Airy beam. We use a microscopic measurement system consisting
of a 4x objective lens (NA = 0.1, f= 18.5 mm), a tube lens (f= 180 mm), and
a CCD camera with a resolution of 4024 x 3036 and a pixel size of
1.85 x 1.85 pum (acA4024, Basler) to characterize the optical field distribu-
tion of the circular Airy beam. The metasurface is fixed on a linear motor
stage (XMS160-S, Newport) with a travel range of 160mm and a

bidirectional repeatability accuracy of £0.04 um to enable scanning mea-
surements along the z-direction, thereby mapping the axial intensity
distribution.

To ensure the accuracy of the measurement, we calibrate the zero
position of the metasurface. In the calibration process, the microscopic
measurement system (comprising the objective lens, tube lens, and CCD) is
first secured. The position of the motor stage is then adjusted in the step of
1 um, while observing the image captured by the CCD, as shown in Fig. 6.
The adjustment continues until the distance between the front surface of the
objective lens and the metasurface equals the focal length of the objective
lens f= 18.5 mm [Fig. 5¢, d]. At this point, a clear ring-shaped spot with an
inner radius of 410 um and an outer radius of 860 um appears on the CCD
[Fig. 6b]. When the metasurface deviates from the focal point of the
objective lens by 10 pm, diffraction clearly occurs at the edges of the ring-
shaped spot within the white dashed boxes in Fig. 6d, f. When the meta-
surface is positioned at the focal plane of the objective lens, the plane is
defined as the z = 0 plane. The linear motor stage is then moved to gradually
shift the metasurface away from the focal plane of the objective lens,
allowing measurement of the beam intensity distribution within the
0-12 cm range.

We employ the linear motor stage with a travel range of 160 mm and a
step of 100 um to conduct 20 repeated measurements of the light field of a
circular Airy beam within the range 0-12 cm, as shown in Fig. 7. The on-axis
intensity is obtained by extracting the central intensity of the circular Airy
beam at different z planes. Then we calculate the focal length of the circular
Airy beam, as shown in Fig. 7a. The measured result is

Sexp =10.04 £ 0.006 cm (a deviation of 0.4% from the design value). Figure
7b-j shows the results of the 16th measurement. Figure 7b presents on-axis
normalized intensity of the circular Airy beam. The experimental results are
highly consistent with the simulation results apart from the small noise
peaks before the focus, which are caused by the discrete nature of the
metasurface unit cells. Figure 7c presents the intensity comparison between
z. and z;; from which we can see that the intensity of z¢is larger than the z..
Figure 7d presents a comparison between the simulated and experimental
one-dimensional normalized intensity profiles at the focal position zs
The figure shows that the main lobe intensities are highly consistent, while
the experimental result exhibits higher sidelobes. Figure 7e-j display the
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Fig. 7 | Experimental field distribution of the circular Airy beam. a Repeated

experimental measurements of the focal length. b Experimental and simulated axial
intensities of the circular Airy beam. ¢ Normalized experimental intensity of z, and
z;. d Experimental and simulated one-dimensional intensities along the x-axis at the

focal point of 10.04 cm. e-j Experimental two-dimensional intensity distributions of
the circular Airy beam at different positions: z=2 cm, 4 cm, 6 cm, 9.553 cm,
10.04 cm, and 12 cm.

experimental two-dimensional intensity distributions at z=2cm, 4 cm,
6cm, 9.5530 cm (z.), 10.04 cm (2, and 12 cm, respectively. The results
demonstrate that the beam achieves maximum intensity and excellent
focusing characteristics at the focal point z.

In summary, using the Fresnel diffraction theory, this study
constructs a precise focal length control model for inversely sol-
ving the phase distribution of circular Airy beams from the beam
focus. By systematically investigating the diffraction effects of the
phase plate aperture on beam focusing, we define the constraints
on the phase aperture, and develop a multi-parameter cooperative
optimization model. On this basis, we design and realize a circular
Airy beam with a focal length of 10 cm. Both angular spectrum
simulations of the beam propagation and experimentation with a
metasurface demonstrate a high agreement between the actual

focal position and the designed focal length. The focal length error
was reduced from 4.47% to 0.4%. The significance of achieving
such a high level of accuracy in focal positioning lies in its direct
impact on application performance. In fields such as high-
precision laser structuring, laser medicine, and optical particle
manipulation, even sub-percent deviations in focal position can
lead to noticeable losses in processing resolution, surgical targeting
accuracy, or trapping stability. The improvement from 4.47% to
0.4% represents an order-of-magnitude enhancement in position-
ing accuracy, which effectively enables more reliable and repea-
table beam control. This work therefore not only provides a
theoretical framework for the precise manipulation of circular Airy
beams, but also advances their applicability in scenarios where
focal precision is critical.
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Methods

Metasurface fabrication

This single-layer metasurface is fabricated through deposition, patterning,
lift-off, and etching. First, a 500 um-thick silicon dioxide substrate is coated
with a 480 nm-thick polysilicon film through inductively coupled plasma-
enhanced chemical vapor deposition. Following this, a hydrogen silses-
quioxane (HSQ, XR-1541) electron beam resist is spin-coated and then
baked at 100 °C for 2 min on a hotplate. The desired pattern is defined using
a standard electron beam lithography system (Nanobeam Limited, NB5).
The development process is carried out in NMD-3 solution (2.38% con-
centration) for 2 min. Pattern transfer into the polysilicon film is ultimately
accomplished via inductively coupled plasma etching (Oxford Instruments,
Oxford PlasmaPro 100 Cobra300).

Calculation of beam spot size modulated by a spatial filter system
We use a spatial filter system to expand the input beam and generate the clean
plane beam without sidelobes, as shown in Fig. 8. The input Gaussian beam has
spatially varying intensity “noise”. When a beam is focused by an aspheric lens,
the input beam is transformed into a central Gaussian spot (on the optical axis)
and sidelobes, which represent the unwanted “noise”. The pinhole with dia-
meter of 15 um in the spatial filter system can block the sidelobes and pass the
center spot. Then the center spot can be modulated and expanded to a clean
plane beam. The diameter of the output beam can be calculated as:

fc
D,, =%£D,,
out fA m

where fc is the focal length of the collimating lens, £, is the focal length of the
aspheric lens, and D, is the diameter of the input beam.

Accuracy limitations of focal length in experimental
measurements

During the experimental measurements, the main sources of system error
include zero-position calibration error, repeatability accuracy error of the
motorized translation stage, and quantization error of CCD. We conducted
a quantitative analysis of each error source individually. The maximum
error in zero-position calibration was +10 pm, while the bidirectional
repeatability accuracy of the motorized translation stage was +0.04 um. The
quantization error of the CCD is attributed to the limited precision of
readout data due to the 8-bit analog-to-digital converter of the CCD. We
employed the angular spectrum algorithm to simulate the intensity varia-
tion along the z-axis near the focus of the circular Airy beam with a mini-
mum step of 100 um, 50 pm and 10 pm. The results were normalized relative
to 255. With a step size of 100 um, the CCD can just resolve the variations.
Therefore, the quantization error of the CCD is £100 um. In this paper, the
CCD quantization error is the primary factor affecting measurement
accuracy.

Calculation of focal length in the experiment
Based on repeated measurement results, we define the focal length of the
circular Airy beam as:

fExp :fis7

where the f is the mean value of the focal length, f; is the experimental value
of the i-th trial, and s is standard deviation, expressed as:

n =2
Zi:l(fi l_f) (n — 20).

n—
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