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Nondiffracting light beams receive substantial attention in various areas due to their properties of diffrac-
tionless propagation and achievable subwavelength beam size. Extending the propagation distance and
compressing the beam size of nondiffracting beams are crucial to their practical applications. However, it
remains challenging to achieve nondiffracting light beams with a subwavelength subdiffracting transverse
size and a long propagation distance with controllable intensity profiles in both transverse and longi-
tudinal directions. Here, we propose an optimization method to generate an ultralong-superoscillation
nondiffracting light beam with full control of the beam intensity profile. A 45Xi-long-superoscillation
nondiffracting light beam, the transverse sizes of which are within the range of 0.37A—0.4 along the prop-
agation axis, is experimentally demonstrated by a metalens based on continuous phase modulation using
geometrical phase metasurfaces. Our method provides an attractive way to controllably generate ultralong-
superoscillation nondiffracting beams on a subwavelength scale and might find fascinating applications in
optical manipulation, materials processing, data storage, microscopy, and spectroscopy.

DOI: 10.1103/PhysRevApplied.19.014041

I. INTRODUCTION

The spreading of a light beam during its propagation
is an inevitable result of the diffracting nature of electro-
magnetic waves. Since Durnin et al. proposed the concept
of nondiffracting optical beams in 1987 [1], tremendous
works have been conducted to develop various meth-
ods to realize nondiffracting beams. They include axi-
cons [2—4], diffraction gratings [5], aberrating lenses [6],
annular-type photonic crystals [7], liquid crystals [8],
computer-generated holograms [9], subwavelength annu-
lar apertures [10], Fresnel zone plates [11,12], and spatial
light-modulation devices [13—16]. Due to their properties
of diffractionless propagation, self-healing, and high local
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intensity, nondiffracting beams find wide applications in
optical manipulation [17], materials processing [18,19],
optical imaging [20], optical microscopy [21-24], and
spectroscopy [25]. However, most research is only con-
cerned with the diffractionless property of nondiffracting
beams, while little attention is paid to their transverse size.
Axicons, which combine positive and negative axicons
with similar refractive indexes, can generate a nondiffract-
ing beam with a propagation distance of 200 m and spot
size of 500 um. However, it is hard to compress the corre-
sponding focusing spot size to be on the nanometer scale
because of the small diffraction angle [4]. Diffraction grat-
ings, which can realize a propagation distance of 230 cm,
can only compress the beam size to several micrometers,
due to the large unit pixel size of the spatial light modu-
lator. Aberrating lenses that can generate a nondiffracted
beam by blocking the middle of the spherical lens are
also unable to form a spot size on the nanometer scale
[6]. For holograms, the transverse size of the generated
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nondiffracting beam is also on the micrometer scale.
Overall, the reported transverse beam size is always greater
than the working wavelength, A. However, in the applica-
tions of nanomanipulation, nanofabrication, superresolu-
tion imaging, and nanomicroscopy, a subwavelength beam
size is extremely attractive in the visible range. Achieving
the subwavelength beam size requires interference from
high-spatial-frequency components, which is hard to real-
ize with conventional optics. Recently, the microsphere
has become an important tool to achieve superresolution
and has presented so many practical applications in both
nanoimaging and nanofabrication [26,27]. However, the
propagation distance of the focusing spot by a microsphere
is somewhat limited to several wavelengths, due to its shal-
low depth of focus. Another technique of quantum photon-
ics based on a metasurface can be used as an alternative
way to produce superresolution focusing [28]. Moreover,
a waveguide-metasurface-based superlens is proposed to
realize a FWHM of 98 nm (1/4.13) and a focal length of
1.49 um (3.681) at a wavelength of 405 nm. Nevertheless,
the working distance of the waveguide-metasurface-based
superlens is very short, which is inconvenient for practical
applications, such as far-field superresolution microscopy
[29]. Optical superoscillation [30—35], which is smaller
than the size allowed by the conventional Abbe diffraction
limit [36],1.e., 0.54/NA, where A is the wavelength and NA
is the effective numerical aperture, provides an alternative
way to create optical fields with subwavelength features.
Various types of superresolution lenses are either theo-
retically or experimentally demonstrated for scalar optical
fields [37—39] and vectorial optical fields [40—42]. Super-
resolution optical needles [3,43—47] with lengths of several
wavelengths are reported. Based on the ideas of angu-
lar spectrum compression [48,49] and superoscillation, a
superresolution nondiffracting beam is also experimentally
demonstrated by specially designed Fresnel lenses for cir-
cular, azimuthal, and radial polarized light with a propaga-
tion distance of more than 70A. Subwavelength generation
of nondiffracting structured beams with a propagation dis-
tance of 16A is achieved by utilizing the interference from
the light of high-spatial-frequency wave vectors gener-
ated by being scattered on a circular shaped edge obstacle
[43,50]. However, this method may have a comparatively
low efficiency and largely rely on the edge quality. The
inverse design method is also proposed for generating an
optical needle field by reversing the electric-dipole-array
radiation, which requires a spatial filter for both multi-
level amplitude modulation and binary phase modulation
to achieve a needle length of several wavelengths [47].

In the design of realizable subwavelength nondiffracting
beams, full control of the beam profile is highly desired in
both transverse and longitudinal directions. Theoretically,
this can be completed by overlapping multifocusing points
[51], the transverse size of which must be optimized point
by point to achieve the subwavelength scale. However,

the computational load tremendously increases with the
propagation distance. It still remains a challenge to realize
intensity-profile-controllable nondiffracting beams with
subwavelength and subdiffracting transverse sizes and long
propagation distances. Recent progress in optical meta-
surfaces [52] provides a flexible way to realize optical
devices that can manipulate the optical fields in multiple
dimensions at the subwavelength scale, including ampli-
tude, phase, and polarization. Geometrical phase metasur-
faces, due to their simple structure and ease of fabrication,
can realize a straightforward continuous phase modula-
tion of 027 by simply rotating the structure, which is
favorable for generating high-spatial-frequency wave vec-
tors to realize nondiffracting beams with subwavelength
subdiffracting transverse sizes and long propagation dis-
tances. Here, we propose a forward optimization method
for generating an ultralong-superoscillation nondiffracting
light beam with full control of the beam intensity profile.
Both numerical and experimental studies are conducted to
demonstrate the validity of the proposed method.

II. PRINCIPLE OF THE METHOD

The nondiffracting beam proposed by Durnin et al. is a
simple solution of the Helmholtz equation, the central spot
radius of which can be highly narrow without being subject
to diffractive spreading. The electrical field of the Durnin
nondiffracting modes satisfies Eq. (1) [1], which describes
a monochromatic wave propagating in the z direction. In
Eq. (1), Jo(pr) is the zero-order Bessel function, p is the
radial component of the in-plane wave vector, r is the
radial coordinate, and k, is the z component of the wave
vector. The physical explanation for the formation of the
nondiffracting beam is the interference of plane waves with
wave vectors lying on the surface of a cone with a coning
angle of 26.. With a given wave vector k= 2m/A, we have
o = ksinf. and k, = kcos6 ..

E(r,z) = Jo(pr) exp(j k.z). (1

The transverse size of the beam is determined by the first
zero of the zero-order Bessel function, i.e., o =2.4048/p,
indicating the fact that the beam size decreases as p
increases, and the theoretical minimum beam size is
approximately 0.3831. However, Durnin’s solutions are
accurate in infinite free space, whereas the generation of
such beams requires an infinite aperture. Such an infinite
aperture is not applicable for practical realization. In the
practical realization, a finite aperture always results in a
strong intensity variation along the propagation axis in the
demonstrated nondiffracting beams.

An optical device for generating a nondiffracting beam
can be realized by applying a linear phase profile along
the radial axis, according to its physical explanation, as
expressed in Eq. (2). Figure 1 shows a typical nondiffract-
ing beam produced by a conventional axicon, the phase
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profile of which can be described by Eq. (2), where A is the
wavelength and 6, corresponds to the angle of the wave
vector after the axicon. As shown in Figs. 1(b) and 1(c), the
longitudinal optical profile shows an apparent fluctuation
and a clearly increasing trend during propagation.

o) = (—%Tsin 0(;) r. 2)

According to the Rayleigh-Sommerfeld diffraction the-
ory [53], for any given transmission function of #(r), the
diffraction pattern on the optical axis can be described by
the longitudinal Rayleigh-Sommerfeld method (LRSM),
as given in Eq. (3). The method can be used to sim-
ply obtain the optical intensity on the optical axis from a
one-dimensional integral.

_ R exp(kL) z . 1

where #(r) is the transmission function of the lens at z =0,
R is the radius of lens, and L = /72 + z2.

The diffraction pattern on the transverse plane at any
given position z can be obtained by the transverse angu-
lar spectrum method (TASM), as given in Eq. (4). This
method can be further simplified for different polarizations
under circular symmetrical cases [54].

E(r,z) = /OO /oo [T(ky, k) exp(j k.z)]

x explj (kex + k) dkedlk,

T(ky, k) = /00 /00 t(x,y,z=0)
x exp[—/ (kxx + k) ]dxdy . 4)

To fully control both the transverse and on-axis intensity
profiles, we can add one additional phase profile, ¢(r), to
the phase profile described in Eq. (2), and the final phase
profile of the target lens can be expressed by Eq. (5), where
A(r) is a radial-coordinate-dependent additional parameter
that is much smaller than sinf.. For any given additional
phase ¢(7), the intensity profile on the optical axis, I,(z),
and the intensity profile on the transverse cross section,
L, (r, z0), at z within the beam-propagation range can be
directly calculated using Eqgs. (3) and (4), respectively. Uti-
lizing the spreadingless property of nondiffracting beams,
we can obtain information on the transverse intensity pro-
file, such as the full width at half maximum (FWHM)
and the sidelobe ratio (SR, the ratio of maximum side-
lobe intensity to the central lobe intensity) based on the
diffraction pattern on the vertical plane at any point within
the propagation range. In the present case, the midpoint of

the beam, z=z,, is chosen for calculating the transverse
intensity profile.

2w .

Y(r) = ——rsinb. + (r),
* )
21

@) = —TVA(V)-

Therefore, to obtain information on the transverse and
longitudinal intensity profiles, we need only to calculate
two integrals, i.e., Eqgs. (3) and (4). Figure 2(a) gives the
major longitudinal parameters of a nondiffracting beam,
including the mid position of the nondiffracting beam, Z,,;
the propagation distance, D; the on-axis maximum inten-
sity, Imax, and minimum intensity, /pi,; and the on-axis
intensity fluctuation, §/= (Imax — Imin)/Imax- Figure 2(b)
gives the major transverse parameters of the nondiffract-
ing beam, including the transverse-size FWHM and the
sidelobe ratio (the ratio of the maximum sidelobe intensity
to the central lobe intensity). As shown in Fig. 2(c), for
given target parameters, i.e., working wavelength A, beam
middle position Z,,, propagation distance Dirge, On-axis
intensity fluctuation 6/rger, transverse-size FWHMgrget,
and sidelobe ratio S, the additional phase distribution
@(r) can be optimized using optimization methods, such
as the particle-swarm algorithm [55] and gene algorithm
[56], with the procedure presented in Fig. 2(c). The opti-
mization iteration continues until the results meet the all
requirements of the target parameters.

III. SIMULATION, EXPERIMENTS, AND
RESULTS

To verify the proposed approach, a metalens with radius
Riens = 30021 and NA of 0.9 is optimized to create a super-
oscillation nondiffracting beam under the illumination of
collimated circularly polarized light at a wavelength of
A =405 nm. The beam middle point, Z,,, is 1121; the tar-
get working distance, Wiarget, is 894; the target propagation
distance iS Diareer =454; the target intensity fluctuation,
81 1arget, 1s smaller than 20%; at the middle point of the
beam, Z,, the target transverse-beam-size FWHM,rget is
smaller than 0.41; and the target sidelobe ratio, Starget, 1S
smaller than 20%. In our design, the lens is divided into
N ring-belt areas with the same width of P =0.494, and
the additional phase ¢(r;) is optimized for each of the ring
belt, where 7;=iP and i=1, 2,..., N. The central part of
the lens, which is used to control the working distance of
the lens, has a uniform phase of 0 within the area of » < R,
(Rp, =1602).

A. Simulation results

To compare the differences between a conventional axi-
con and our proposed metalens, both phase profiles are
presented in Fig. 3. Figure 3(a) gives the phase profile
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Nondiffracting beam generated by using a conventional axicon. (a) Schematic of producing a nondiffracting beam with a

conventional axicon. (b) Intensity distribution of the nondiffracting beam generated by a conventional axicon with a phase profile
described by Eq. (2), where R = 150X and sin 8. = 0.9. (c) Axial optical profile of the generated nondiffracting beam, showing a clear

fluctuation and increasing trend as the beam propagates forward.

of a conventional axicon (left) and the angular spectra
(right) of the conventional axicon (top) and an axicon met-
alens (bottom) with the same parameters of Rjep,s = 3002,
R,=160X, and NA =0.9. The conventional axicon has a
continuous spatial phase distribution along the radial direc-
tion. The axicon metalens is divided into N ring-belt areas
with the same width of P =0.494A, in which the phase is
determined by —2mAsinf.r;. It is found that the angular
spectrum of the conventional axicon has a narrow peak at

0.9f., where £ is the cutoff spatial frequency of the wave,
i.e., f- = 1/1. However, the angular spectrum of the axicon
metalens shows additional peaks at lower frequency, espe-
cially the enhanced zero-frequency component, which is
even greater than the amplitude of the peak at 0.9f.. This
is attributed to the discrete phase distribution of the axi-
con metalens. Figure 3(b) illustrates the phase profile (left)
and angular spectrum (right) of the optimized lens, where
16 different discrete phase values with equal intervals are

a l
( ) @ (C) Use Eq. (5) to get N
:z: transmission functions
; » |
IMX Use Eq. (3) to get optical Update the
min " . . .
Set target parameters profile alon;g[a)l&)lal direction additional
(s Zup Duarges Olarges 2 phase p(r)
FWHM 000 Siar
trger Siarger) Use Eq. (4) to get optical
{ profile along lateral direction at
Zi(w) Zn V4 Z | Generate N random initial the position Z,(FWHM, SR)
additional phase ¢(r)
(b)
=
~
Io —————————————————
., FWHM
Ll
I | - -31deiobe mtensity S =1Is./Ip

o XY

FIG. 2.

(a) Definition of the longitudinal parameters of a nondiffracting beam, including the middle position of the nondiffracting

beam, Z,,; the propagation distance, D; the on-axis maximum intensity, /., and minimum intensity, /,i,; and the on-axis intensity

fluctuation, 67/= (I max

— I'min)/Imax- (b) Definition of the transverse parameters of a nondiffracting beam, including the transverse-

size FWHM and the sidelobe ratio (the ratio of the maximum sidelobe intensity to the central lobe intensity). (c) Flow chart of the

optimization procedure for the nondiffracting beam.
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Optimized metalens and its predicted performance. (a) Phase profile (left) of a conventional axicon described by Eq. (2) with

Riens = 3004, Ry = 1604, and NA = 0.9; and corresponding angular spectrum of the axicon (right), where the result of the conventional
axicon is presented in green and the result of the axicon metalens is plotted in blue. (b) Phase profile (left) of the optimized lens
using the proposed method with the same parameters of Rjens = 3004, R, = 1604, and NA = 0.9; and corresponding angular spectrum
of the optimized lens (right). (c) Longitudinal optical intensity profile of the optimized nondiffracting beam (red), where the result of
the conventional axicon is presented in green and the result of the axicon metalens is plotted in blue. (d) Transverse optical intensity
profile (red) of the beam at the location of Z,, = 112X, where the result of the conventional axicon is presented in green and the result

of the axicon metalens is plotted in blue.

adopted in the optimization. Obviously, the phase profile
shows little similarity to that of the conventional axicon.
However, the proposed lens also shows a strong spatial
frequency component (narrow spatial frequency band) at
0.9f., corresponding to a numerical aperture of NA =0.9.
This proves that, although the designed phase profile is
different from the conventional axicon, the proposed lens
does generate nondiffraction, as indicated by the strong
spatial frequency component (narrow spatial frequency
band) at 0.9f.. Similar to the axicon metalens, the pro-
posed lens also has a strong zero-frequency component due
to the discrete phase distribution. Meanwhile, unlike the

conventional axicon and the axicon metalens, the proposed
lens has nonzero frequency components over the whole
frequency band below the cutoff frequency, which play an
important role in reducing the intensity fluctuation along
the optical axis within the beam-propagation range.

The longitudinal optical intensity profile (red) of the
optimized nondiffracting beam is presented in Fig. 3(c),
showing a small intensity variation of 7.05% between
z=289A and z= 134X on the optical axis. The longitudi-
nal optical intensity profiles are also plotted for the con-
ventional axicon (green) and the axicon metalens (blue),
which show the same intensity distributions with strong
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Simulation results of the intensity profile of the generated nondiffracting beam obtained by TASM. (a) Calculated optical

intensity distribution on the X -Z propagation plane. (b) Two-dimensional transverse optical intensity distributions on the X -Y plane at
different propagation positions of 904, 1014, 112X, 1234, and 134X. (c) Corresponding transverse optical intensity profiles along the x

axis (black) and y axis (red).

fluctuation along the optical axis within the spatial range of
concern. Figure 3(d) illustrates the transverse optical inten-
sity profile (red) of the beam at a location of Z,, =112,
showing a FWHM and SR of 0.3991 and 16.5%, respec-
tively. For comparison, the on-axis optical intensity pro-
files are also plotted in Fig. 3(d) to illustrate the results of
the conventional axicon (green) and the axicon metalens
(blue), showing a strong fluctuation in intensity along the
optical axis. The FWHM is 0.401 and the SR is 16.3% at
the middle point of the nondiffracting beam generated by
the conventional axicon, and the FWHM is 0.402A and the
SR is 16.5% at the middle point of the nondiffracting beam
generated by the axicon metalens. Both the conventional
axicon and the axicon metalens show excellent agreement
with the corresponding results of our designed lens in the
transverse field distribution at Z = Z,,. This again indicates
the advantages of our superoscillation nondiffracting beam,
that is, the beam intensity fluctuation is effectively reduced,
while its transverse properties remain almost unchanged.
To quantitatively illustrate the performance of the pro-
posed nondiffracting-beam metalens, Fig. 4 presents the
simulation results of the generated nondiffracting beam
obtained by TASM. The intensity distribution on the X -
Z propagation plane shows a noticeable narrow beam
between z= 89X and z = 134. The surrounding sidelobes

are comparatively weak. Figure 4(b) depicts the transverse
intensity distribution at different points on the beam at
z=90x, 101X, 112A, 1234, and 134X. The correspond-
ing intensity distribution curves on the x axis (black) and
y axis (red) are plotted in Fig. 4(c). The FWHMs of the
focusing spots are calculated to be 0.402, 0.4014, 0.3992,
0.401X, and 0.402A, respectively. All simulated spot sizes
are equal to or smaller than the superoscillation criterion
(0.381/NA = 0.42).), showing the capability of forming a
superoscillation nondiffracting beam along a long prop-
agation distance. The sidelobe ratios are 16.6%, 16.6%,
16.5%, 16.6%, and 16.6%, respectively, for these different
locations along the optical axis. It is noted that the FWHM
and SR show little variation at these different locations,
showing the diffractionless property of the generated beam
and validity of our proposed method.

Moreover, detailed information on the peak intensity,
FWHM, and SR along the optical axis within the propa-
gation distance are plotted in Fig. 5, where the diffraction
limit (0.5A/NA) and superoscillation criteria (0.38A/NA)
are plotted as black and wine-colored dotted-dashed lines,
respectively. The longitudinal optical intensities obtained
by LRSM show good agreement with the results obtained
by TASM, by which the diffraction pattern is calculated
point by point along the optical axis. The intensity
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FIG. 5. Major parameters of the optimized nondiffracting

beam between z=70A and z=160A obtained by numeri-
cal simulation. Cyan dashed curve presents the longitudi-
nal optical intensities obtained with LRSM; red curve shows
the longitudinal optical intensities obtained by point-by-point
diffraction-pattern calculations with TASM; blue and green
curves illustrate the FWHM and sidelobe ratio, respectively.
Black and wine-colored dashed-dotted lines denote the diffrac-
tion limit (i.e., 0.5A/NA =0.56)) and superoscillation criterion
(i.e., 0.381/NA = 0.421) for the lens with NA = 0.9, respectively.

shows a small fluctuation within the beam-propagation
distance, which is calculated to be approximately 12.5%.
It is also seen that the FWHM and SR remain almost
unchanged over the entire beam range. The FWHM
varies over a small range between 0.3991 and 0.404A,
and the SR varies between 16.4% and 16.8% in the
beam region between z=89A and z=134\. It is seen
that the transverse size of the nondiffracting beam has

(@ ¢ e 20

superresolution and is superoscillatory over the entire
propagation distance.

B. Lens fabrication

To fabricate the designed lens, a TiO, cubic-block-based
meta-atom is optimized to realize the desired phase profile.
Figure 6(a) presents the structure of the TiO, cubic block
on the top surface of a SiO, glass plate. The unit size of
the meta-atom is P = 0.494A (200 nm). The length, width,
and height of the cubic block are L, = 145 nm, L, =75 nm,
and H =560 nm, respectively. The refractive indexes are
1.47 and 2.497 for the SiO, plate and TiO,, respectively, at
a wavelength of A =405 nm. The amplitude transmission
rate of this meta-atom is approximately 92%, with little
variation in the rotation angle. As shown in Fig. 6(b), the
metalens is divided into a series of concentric ring belts
with a width of P, and the central position of each meta-
atom is represented by 7;, where i represents the numbering
of the ring belt. According to the property of geometrical
phase, the meta-atom rotation angle, B;, at 7; is equal to
\IJ(V ,)/ 2.

A 500-pm-thick SiO; plate is first cleaned with tradi-
tional piranha solution (a 3:1 mixture of sulfuric acid and
30% hydrogen peroxide) and acetone. We use the mag-
netron sputtering method (Endeavor AT500, Magnetron
S-gun sputtering system) to deposit a 560-nm-thick TiO,
layer on the front side of the SiO, substrate. Then we grow
a 78-nm-thick chromium-film hard mask on both sides of
the device. The pattern of the metalens is transferred to
the hard mask using e-beam lithography (Vistec EBPG
5000plus ES, Vistec Electron Beam GmbH). Finally, the
metalens is developed using inductively coupled plasma

FIG. 6. Nondiffracting superoscillation metalens based on TiO, metasurfaces. (a) TiO, geometric phase meta-atom for continuous
phase modulation. (b) Diagram of the meta-atom arrangement on the proposed metalens; inset shows the details of several ring belts.
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Fabricated metalens and experimental schematic. (a) Scanning-electron-microscope image of the fabricated metalens. (b)

Experimental setup to obtain the optical intensity distribution of the proposed metalens, where LP represents linear polarizer.

etching (Sentech PTSA SI 500, SENTECH Instruments
GmbH).

C. Experimental results

A scanning-electron-microscope image of the fabricated
metalens is presented in Fig. 7(a). The experimental setup
for the characterization of the metalens is depicted in Fig.
7(b). A laser beam at a wavelength of 405 nm (MDL-C-
405-50 mW, Changchun New Industries Optoelectronics
Tech. Co. Ltd.) is used as the illumination source ; the

laser beam is first coupled into a single-mode fiber (P1-
405B-FC-2, Thorlabs Inc.) by a coupler (F671FC-405,
Thorlabs Inc.); then it is collimated by another collima-
tor (PAF2P-A10A, Thorlabs Inc.) A quarter-wave plate
(QWP, WPQO5ME-405, Thorlabs, Inc.) and a linear polar-
izer (WP25M-UB, Thorlabs, Inc.) are employed to convert
the linearly polarized light into circularly polarized light;
the laser beam normally impinges on the metalens. The
optical intensity distribution generated by the metalens is
finally acquired by a high-NA optical microscope.
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FIG. 8. Experimental results of the generated nondiffracting beam using the proposed metalens. (a) Optical intensity distribution on

the X-Z propagation plane. (b) Two-dimensional transverse optical intensity distributions on the X -Y plane at different propagation
distances of 90A, 1014, 112X, 1231, and 134A. (c) Corresponding transverse optical intensities along the x axis (black) and y axis (red).
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The microscope consists of an infinite objective lens
(CF Plan 150x/0.95, Nikon), a one-dimensional nanoposi-
tioner (EO-S1047, Edmund Optics), a tube lens (ITL200,
Thorlabs, Inc.), and a high-resolution digital camera
(acA1920-25gm, Basler, Inc.) The three-dimensional opti-
cal intensity distribution can be obtained by scanning the
objective along the optical axis. More details of the exper-
imental procedure and data processing are given in Sl
within the Supplemental Material [57].

Figure 8 presents the experimental results of the gener-
ated nondiffracting beam. The optical intensity distribution
on the propagation plane is depicted in Fig. 8(a), which
shows a clear nondiffracting beam with a propagation
distance of approximately 45X. Figure 8(b) depicts the in-
plane intensity distribution at different points on the beam
at z=90A, 101A, 1124, 1234, and 1344, and the corre-
sponding intensity distribution curves on the x axis and
y axis are plotted in Fig. 8(c). According to the exper-
imental results, the intensity distribution shows a major
central lobe surrounded by several weak sidelobes in the
transverse plane for all tested cases. The major transverse
parameters, i.e., FWHM and SR, are obtained by aver-
aging the corresponding values measured at 10 different
directions with equal angular intervals (0°, 18°, 36°,...,
and 162°) with respect to the x axis. The average FWHMs
of the focusing spots are calculated to be 0.3841, 0.378A,
0.3831, 0.381A, and 0.393 at positions of z=904, 1014,
112X, 1234, and 134X, respectively, which shows excellent
agreement with their predicted values between 0.399A and

0.4041. The obtained spot sizes are below the superoscil-
lation criterion (0.421), indicating the capability of devel-
oping a superoscillation nondiffracting beam with a long
propagation distance. The average SRs are 15.9%, 18.6%,
16.3%, 17.1%, and 19.9% at these positions, respectively,
which are slightly higher than the predicted value of 16%.
This small deviation is believed to be caused by fabrication
errors and wave-front errors in the incident illumination
beam. Generally, it is noted that both the spot size and SR
correspond with our theoretical design.

The traditional optical microscopic system is a linear
time-invariant system, the resolution of which is limited
by the diffraction limit of 0.54/NA. The cutoff frequency of
an optical microscopic system can be indicated as nNA/A,
where # is the refractive index of the propagation medium
(when the propagation medium is air, n=1). The pro-
posed metalens is a type of diffractive lens, the cutoff
frequency of which is n/A. Optical superoscillation refers
to the coherent superposition of light fields with lower
spatial frequencies to form a local rapid oscillating light
field in the far field [58]. It is a phenomenon in which
a band-limited function can contain local oscillations that
are faster than those of the fastest Fourier components. In
this case, the frequency components of the superoscilla-
tion focusing spot are actually smaller than the theoretical
propagation cutoff frequency, i.e., although the superoscil-
lation spot is smaller than the diffraction limit, the fre-
quency components of the spot can still be collected by the
microscope system [54,59,60]. Additionally, we conduct a
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FIG. 9.

Experimental (red spheres) and simulated (green line) results of (a) central lobe peak intensity; (b) beam transverse size of

the FWHM, where wine-colored and black dashed-dotted lines correspond to the Abbe diffraction limit and superoscillation criterion;
and (c) sidelobe ratio within the propagation range from 60X to 1701 along the optical axis.
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numerical simulation to obtain the focusing performance
of the superoscillation nondiffracting beam with and with-
out a filter effect of 0.95/A; more details are given in S2
within the Supplemental Material [57].

To give detailed information on the entire nondiffracting
beam, Figs. 9(a)-9(c) plot the experimentally (red spheres)
obtained longitudinal intensity profiles, FWHM, and SR
along the optical axis, respectively, where the numerical
simulation results (green curves) obtained by TASM are
also presented for comparison. As presented in Fig. 9(a),
the intensity fluctuation is calculated to be about 27%
within the propagation distance 891—134A. According to
the results presented in Figs. 9(b) and 9(c), the experimen-
tal results of the FWHM and SR are within the range of
0.37A—0.4) and 14.9%—23.7%, respectively. It is noted that
the intensity fluctuation is higher than that obtained by the-
oretical prediction, the transverse size is slightly smaller
than that of the numerical simulation, and the sidelobe
ratio is slightly higher than that of the numerical result. As
pointed out above, the deviation is believed to be caused by
both fabrication errors and wave-front errors of the inci-
dent illumination beam. In the design, the incident beam
is assumed to be a perfect plane wave, which is obvi-
ously different from that in a real case. In Fig. 9(b), the
diffraction limit refers to the Abbe diffraction limit, the
value of which is 0.5A/NA [36]. In this work, the NA
of our proposed superoscillation lens is 0.9. Correspond-
ingly, the Abbe diffraction limit should be 0.56X (0.51/0.9).
More details on the calculation of the diffraction limit are
provided in S3 within the Supplemental Material [57].

IV. CONCLUSIONS

We propose an optimization method for generating an
ultralong-superoscillation nondiffracting light beam with
full control of the beam intensity profile. A metalens with
a pure-phase profile is optimized to generate a super-
oscillation nondiffracting beam with a transverse size of
0.3992—0.404 )., a sidelobe ratio of 16.4%—16.8%, and an
extremely long propagation distance of 451 at a wave-
length of A =405 nm. Based on continuous phase mod-
ulation, the designed TiO, geometrical phase metalens
is fabricated. At the design wavelength of A =405 nm,
simulated conversion efficiencies of TiO, meta-atoms are
larger than 90%, and the focusing efficiency of our met-
alens is about 0.45% at a propagation distance of 112A.
The focusing efficiency of most of the existing meth-
ods is about 0.1% [2—4,6,13—16], while our method can
improve the efficiency up to about 0.45%. Experiments
are conducted to verify the focusing performance of the
proposed metalens. The experimental results show that
the intensity fluctuation is calculated to be about 27%
within a propagation distance of 451. The FWHM and SR
are within the ranges of 0.37A—0.41 and 14.9%23.7%,

respectively. Consequently, the experimental and simu-
lated results are in good agreement, achieving a super-
oscillation nondiffracting beam with full control of both
longitudinal and transverse intensity profiles. Our method
provides an attractive way to generate an ultralong super-
resolution nondiffracting beam at the subwavelength scale
through simple calculations.

There are many applications of a superoscillation non-
diffracting beam, such as in nanomanipulation, nanofab-
rication, superresolution imaging, and nanomicroscopy.
For example, superoscillation nondiffracting beams can be
applied to unlabeled superresolution microscopic systems.
Hong and co-workers [61] proposed a supercritical opti-
cal needle with a transverse size of 0.407A and a focal
depth of 12X\ at a wavelength of 405 nm. Applying the
supercritical lens in a confocal microscopy system, they
successfully visualized two circular holes with a diameter
of 165 nm and a spacing of 65 nm. Another advantage of
their supercritical optical needle microscopy is the capabil-
ity of mapping the horizontal details of a three-dimensional
object in one go. Besides superresolution microscopic sys-
tems, a superoscillation nondiffracting light beam has the
potential to be used to fabricate nanostructures with great
uniformity of depth.

ACKNOWLEDGMENTS

This work has received funding from the National Nat-
ural Science Foundation of China (Project No. 61927818).
The authors would like to extend their sincere thanks to
Professor Jiang Ting and Professor Zou Yuanpeng at the
School of Foreign Languages and Cultures, Chongqing
University, for their assistance in language polishing.

[1] J. Durnin, J. Miceli, Jr, and J. H. Eberly, Diffraction-Free
Beams, Phys. Rev. Lett. 58, 1499 (1987).

[2] J. H. McLeod, The axicon: A new type of optical element,
J. Opt. Soc. Am. A 44, 592 (1954).

[3] L. Turquet, X. Zang, J. P. Kakko, H. Lipsanen, G. Bautista,
and M. Kauranen, Demonstration of longitudinally polar-
ized optical needles, Opt. Express 26, 27572 (2018).

[4] N. Zhang, J. S. Ye, S. F. Feng, X. K. Wang, P. Han, W.
F. Sun, Y. Zhang, and X. C. Zhang, Generation of long-
distance stably propagating Bessel beams, OSA Continuum
4, 1223 (2021).

[5] P. Garcia-Martinez, M. M. Sanchez-Lopez, J. A. Davis, D.
M. Cottrell, D. Sand, and I. Moreno, Generation of Bessel
beam arrays through Dammann gratings, Appl. Opt. 51,
1375 (2012).

[6] R. Herman and T. Wiggins, Production and uses of diffrac-
tionless beams, J. Opt. Soc. Am. A 8, 932 (1991).

[7] H. Kurt and M. Turduev, Generation of a two-dimensional
limited-diffraction beam with self-healing ability by
annular-type photonic crystals, J. Opt. Soc. Am. B 29, 1245
(2012).

014041-10


https://doi.org/10.1103/PhysRevLett.58.1499
https://doi.org/10.1364/JOSA.44.000592
https://doi.org/10.1364/OE.26.027572
https://doi.org/10.1364/OSAC.420125
https://doi.org/10.1364/AO.51.001375
https://doi.org/10.1364/JOSAA.8.000932
https://doi.org/10.1364/JOSAB.29.001245

GENERATING ULTRALONG-SUPEROSCILLATION...

PHYS. REV. APPLIED 19, 014041 (2023)

[8] A. Hakola, A. Shevchenko, S. C. Buchter, M. Kaivola, and
N. V. Tabiryan, Creation of a narrow Bessel-like laser beam
using a nematic liquid crystal, J. Opt. Soc. Am. B 23, 637
(2006).

[9] N. Davidson, A. Friesem, and E. Hasman, Holographic
axilens: High resolution and long focal depth, Opt. Lett. 16,
523 (1991).

[10] Y.-Y. Yu, D. Z. Lin, L. S. Huang, and C. K. Lee, Effect
of subwavelength annular aperture diameter on the non-
diffracting region of generated Bessel beams, Opt. Express
17,2707 (2009).

[11] A. Sabatyan and B. Meshgingalam, Generation of annular
beam by a novel class of Fresnel zone plate, Appl. Opt. 53,
5995 (2014).

[12] A. Vijayakumar and S. Bhattacharya, Phase-shifted Fresnel
axicon, Opt. Lett. 37, 1980 (2012).

[13] L. Gong, Y. X. Ren, G. S. Xue, Q. C. Wang, J. H. Zhou, M.
C. Zhong, Z. Q. Wang, and Y. M. Li, Generation of non-
diffracting Bessel beam using digital micromirror device,
Appl. Opt. 52, 4566 (2013).

[14] K. G. Makris and D. Psaltis, Superoscillatory diffraction-
free beams, Opt. Lett. 36, 4335 (2011).

[15] E. Greenfield, R. Schley, I. Hurwitz, J. Nemirovsky, K. G.
Makris, and M. Segev, Experimental generation of arbitrar-
ily shaped diffractionless superoscillatory optical beams,
Opt. Express 21, 13425 (2013).

[16] J. Wu, Z. Wu, Y. He, A. Yu, Z. Zhang, Z. Wen, and G.
Chen, Creating a nondiffracting beam with sub-diffraction
size by a phase spatial light modulator, Opt. Express 25,
6274 (2017).

[17] M. Dienerowitz, M. Mazilu, and K. Dholakia, Optical
manipulation of nanoparticles: A review, J. Nanophotonics
2, 021875 (2008).

[18] M. Duocastella and C. B. Arnold, Bessel and annular
beams for materials processing, Laser Photonics Rev. 6,
607 (2012).

[19] H. Wang, F. Zhang, and K. Ding, Non-diffraction-length
Bessel-beam femtosecond laser drilling of high-aspect-ratio
microholes in PMMA, Optik 229, 166295 (2021).

[20] N. Weber, D. Spether, A. Seifert, and H. Zappe, Highly
compact imaging using Bessel beams generated by ultra-
miniaturized multi-micro-axicon systems, J. Opt. Soc. Am.
A 29,808 (2012).

[21] G. Thériault, Y. De Koninck, and N. McCarthy, Extended
depth of field microscopy for rapid volumetric two-photon
imaging, Opt. Express 21, 10095 (2013).

[22] W. Yu, Z. Ji, D. Dong, X. Yang, Y. Xiao, Q. Gong, P.
Xi, and K. Shi, Super-resolution deep imaging with hollow
Bessel beam STED microscopy, Laser Photonics Rev. 10,
147 (2016).

[23] F. O. Fahrbach, P. Simon, and A. Rohrbach, Microscopy
with self-reconstructing beams, Nat. Photonics 4, 780
(2010).

[24] V. Ebrahimi, J. Tang, and K. Y. Han, Incoherent super-
position of polychromatic light enables single-shot non-
diffracting light-sheet microscopy, Opt. Express 29, 32691
(2021).

[25] S. Klewitz, P. Leiderer, S. Herminghaus, and S. Sogomo-
nian, Tunable stimulated Raman scattering by pumping
with Bessel beams, Opt. Lett. 21, 248 (1996).

[26] L. W. Chen, Y. Zhou, M. X. Wu, and M. H. Hong,
Remote-mode microsphere nano-imaging: New boundaries
for optical microscopes, Opto-Electron. Adv. 1, 170001
(2018).

[27] L. W. Chen, Y. Zhou, Y. Li, and M. H. Hong, Microsphere
enhanced optical imaging and patterning: From physics to
applications, Appl. Phys. Rev. 6, 021304 (2019).

[28] J. Liu, M. Q. Shi, Z. Chen, S. M. Wang, Z. L. Wang,
and S. N. Zhu, Quantum photonics based on metasurfaces,
Opto-Electron. Adv. 4, 200092 (2021).

[29] Y. C. Zhu, X. L. Chen, W. Z. Yuan, Z. Q. Chu, K. Y. Wong,
D. Y. Lei, and Y. T. Yu, A waveguide metasurface based
quasi-far-field transverse-electric superlens, Opto-Electron.
Adv. 4,210013 (2021).

[30] E. T. Rogers and N. I. Zheludev, Optical super-oscillations:
Sub-wavelength light focusing and super-resolution imag-
ing, J. Opt. 15, 094008 (2013).

[31] G. Chen, Z. Q. Wen, and Z. X. Wu, Optical super-
oscillation and super-oscillatory optical devices, Acta Phys.
Sin. 66, 144205 (2017).

[32] M. Berry, N. Zheludev, Y. Aharonov, F. Colombo, I. Saba-
dini, D. C. Struppa, J. Tollaksen, E. T. Rogers, F. Qin, and
M. Hong, Roadmap on superoscillations, J. Opt. 21, 053002
(2019).

[33] G. Chen, Z. Q. Wen, and C. W. Qiu, Superoscillation:
From physics to optical applications, Light: Sci. Appl. 8,
1(2019).

[34] K. S. Rogers and E. T. Rogers, Realising superoscillations:
A review of mathematical tools and their application, J.
Phys.: Photonics 2, 042004 (2020).

[35] N. I. Zheludev and G. Yuan, Optical superoscillation tech-
nologies beyond the diffraction limit, Nat. Rev. Phys. 4, 16
(2021).

[36] E. Abbe, Beitrage zur Theorie des Mikroskops und der
mikroskopischen Wahrnehmung, Archiv fiir mikroskopis-
che Anatomie 9, 413 (1873).

[37] G. Chen, Y. Li, A. Yu, Z. Wen, L. Dai, L. Chen, Z. Zhang,
S. Jiang, K. Zhang, and X. Wang, Super-oscillatory focus-
ing of circularly polarized light by ultra-long focal length
planar lens based on binary amplitude-phase modulation,
Sci. Rep. 6, 1 (2016).

[38] G. Chen, K. Zhang, A. Yu, X. Wang, Z. Zhang, Y. Li, Z.
Wen, C. Li, L. Dai, and S. Jiang, Far-field sub-diffraction
focusing lens based on binary amplitude-phase mask for
linearly polarized light, Opt. Express 24, 11002 (2016).

[39] G. H. Yuan, S. Vezzoli, C. Altuzarra, E. T. Rogers, C.
Couteau, C. Soci, and N. I. Zheludev, Quantum super-
oscillation of a single photon, Light: Sci. Appl. 5, el6127
(2016).

[40] G. Chen, Z. X. Wu, A. P. Yu, Z. H. Zhang, Z. Q. Wen,
K. Zhang, L. R. Dai, S. L. Jiang, Y. Y. Li, L. Chen, et al.,
Generation of a sub-diffraction hollow ring by shaping an
azimuthally polarized wave, Sci. Rep. 6, 37776 (2016).

[41] W. Zhixiang, J. Qijian, Z. Kun, Z. Zhihai, L. Gaofeng,
W. Zhongquan, Y. Anping, and C. Gang, Binary-amplitude
modulation based super-oscillatory focusing planar lens
for azimuthally polarized wave, Opto-Electron. Eng. 45,
170660-170661 (2018).

[42] A.P. Yu, G. Chen, Z. H. Zhang, Z. Q. Wen, L. R. Dai, K.
Zhang, S. L. Jiang, Z. X. Wu, Y. Y. Li, C. T. Wang, and X.

014041-11


https://doi.org/10.1364/JOSAB.23.000637
https://doi.org/10.1364/OL.16.000523
https://doi.org/10.1364/OE.17.002707
https://doi.org/10.1364/AO.53.005995
https://doi.org/10.1364/OL.37.001980
https://doi.org/10.1364/AO.52.004566
https://doi.org/10.1364/OL.36.004335
https://doi.org/10.1364/OE.21.013425
https://doi.org/10.1364/OE.25.006274
https://doi.org/10.1117/1.2992045
https://doi.org/10.1002/lpor.201100031
https://doi.org/10.1016/j.ijleo.2021.166295
https://doi.org/10.1364/JOSAA.29.000808
https://doi.org/10.1364/OE.21.010095
https://doi.org/10.1002/lpor.201500151
https://doi.org/10.1038/nphoton.2010.204
https://doi.org/10.1364/OE.439338
https://doi.org/10.1364/OL.21.000248
https://doi.org/10.29026/oea.2018.170001
https://doi.org/10.1063/1.5082215
https://doi.org/10.29026/oea.2021.200092
https://doi.org/10.29026/oea.2021.210013
https://doi.org/10.1088/2040-8978/15/9/094008
https://doi.org/10.1088/2040-8986/ab0191
https://doi.org/10.1038/s41377-018-0109-7
https://doi.org/10.1088/2515-7647/aba5a7
https://doi.org/10.1038/s42254-021-00382-7
https://doi.org/10.1007/BF02956173
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1364/OE.24.011002
https://doi.org/10.1038/lsa.2016.127
https://doi.org/10.1038/srep37776

KUN ZHANG et al.

PHYS. REV. APPLIED 19, 014041 (2023)

G. Luo, Creation of sub-diffraction longitudinally polarized
spot by focusing radially polarized light with binary phase
lens, Sci. Rep. 6, 38859 (2016).

[43] E. T. F. Rogers, S. Savo, J. Lindberg, T. Roy, M. R. Dennis,
and N. I. Zheludev, Super-oscillatory optical needle, Appl.
Phys. Lett. 102, 031108 (2013).

[44] G. Yuan, E. T. Rogers, T. Roy, G. Adamo, Z. Shen, and N.
1. Zheludev, Planar super-oscillatory lens for sub-diffraction
optical needles at violet wavelengths, Sci. Rep. 4, 1
(2014).

[45] F. Qin, K. Huang, J. Wu, J. Jiao, X. Luo, C. Qiu, and
M. Hong, Shaping a subwavelength needle with ultra-long
focal length by focusing azimuthally polarized light, Sci.
Rep. 5,1 (2015).

[46] G. Chen, Z. Wu, A. Yu, K. Zhang, J. Wu, L. Dai, Z. Wen,
Y. He, Z. Zhang, and S. Jiang, Planar binary-phase lens
for super-oscillatory optical hollow needles, Sci. Rep. 7, 1
(2017).

[47] J. Wang, W. Chen, and Q. Zhan, Engineering of high purity
ultra-long optical needle field through reversing the electric
dipole array radiation, Opt. Express 18, 21965 (2010).

[48] S. Zhang, H. Chen, Z. Wu, K. Zhang, Y. Li, G. Chen,
Z. Zhang, Z. Wen, L. Dai, and A. L. Wang, Synthesis
of sub-diffraction quasi-non-diffracting beams by angular
spectrum compression, Opt. Express 25, 27104 (2017).

[49] Z. Wu, K. Zhang, S. Zhang, Q. Jin, Z. Wen, L. Wang, L.
Dai, Z. Zhang, H. Chen, G. Liang, et al., Optimization-
free approach for generating sub-diffraction quasi-non-
diffracting beams, Opt. Express 26, 16585 (2018).

[50] Y. Hu, S. Fu, H. Yin, Z. Li, Z. Li, and Z. Chen, Subwave-
length generation of nondiffracting structured light beams,
Optica 7, 1261 (2020).

[51] T. Zhang, M. Li, H. Ye, and C. Shi, Ultra-long and high
uniform optical needle generated with genetic algorithm
based multifocal positions optimization, Opt. Commun.
460, 125178 (2020).

[52] Y. Zhang, H. Liu, H. Cheng, J. Tian, and S. Chen, Multi-
dimensional manipulation of wave fields based on artificial
microstructures, Opto-Electron. Adv. 3, 200002 (2020).

[53] B. Born and E. Wolf, Principles of Optics, 6th ed. (Perga-
mon, Oxford, 1993).

[54] J. Gao, S. Yan, Y. Zhou, G. Liang, Z. Zhang, Z. Wen, and G.
Chen, Polarization-conversion microscopy for imaging the
vectorial polarization distribution in focused light, Optica
8, 984 (2021).

[55] N. Jin and Y. Rahmat-Samii, Advances in particle swarm
optimization for antenna designs: Real-number, binary,
single-objective and multiobjective implementations, IEEE
Trans. Antennas Propag. 55, 556 (2007).

[56] J. Lin, H. Zhao, Y. Ma, J. Tan, and P. Jin, New hybrid
genetic particle swarm optimization algorithm to design
multi-zone binary filter, Opt. Express 24, 10748 (2016).

[57] See the Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.19.014041 for the exp-
erimental procedure and data processing (S1), the effective-
ness of a high NA optical microscopy system to measure
the superoscillation focusing spot (S2), and the calculation
of the Abbe diffraction limit (S3).

[58] F. M. Huang and N. I. Zheludev, Super-Resolution without
Evanescent Waves, Nano Lett. 9, 1249 (2009).

[59] K. S. Rogers, K. N. Bourdakos, G. H. Yuan, S. Mahajan,
and E. T. F. Rogers, Optimising superoscillatory spots for
far-field super-resolution imaging, Opt. Express 26, 8095
(2018).

[60] E. T. F. Rogers, J. Lindberg, T. Roy, S. Savo, J. E. Chad,
M. R. Dennis, and N. 1. Zheludev, A super-oscillatory lens
optical microscope for subwavelength imaging, Nat. Mater.
11, 432 (2012).

[61] F. Qin, K. Huang, J. F. Wu, J. H. Teng, C. W. Qiu, and M.
H. Hong, A supercritical lens optical label-free microscopy:
Sub-diffraction resolution and ultra-long working distance,
Adv. Mater. 29, 1602721 (2017).

014041-12


https://doi.org/10.1038/srep38859
https://doi.org/10.1063/1.4774385
https://doi.org/10.1038/srep03674
https://doi.org/10.1038/srep09977
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1364/OE.18.021965
https://doi.org/10.1364/OE.25.027104
https://doi.org/10.1364/OE.26.016585
https://doi.org/10.1364/OPTICA.397988
https://doi.org/10.1016/j.optcom.2019.125178
https://doi.org/10.29026/oea.2020.200002
https://doi.org/10.1364/OPTICA.422836
https://doi.org/10.1109/TAP.2007.891552
https://doi.org/10.1364/OE.24.010748
http://link.aps.org/supplemental/10.1103/PhysRevApplied.19.014041
https://doi.org/10.1021/nl9002014
https://doi.org/10.1364/OE.26.008095
https://doi.org/10.1038/nmat3280
https://doi.org/10.1002/adma.201602721

	I. INTRODUCTION
	II. PRINCIPLE OF THE METHOD
	III. SIMULATION, EXPERIMENTS, AND RESULTS
	A. Simulation results
	B. Lens fabrication
	C. Experimental results

	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


