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Abstract: We propose a novel class of refractive optical elements by wrinkling the conical sur-
face of a usual (conical) axicon, which leads to geometrical singularities (cusps). Such wrinkled
axicons have been fabricated at the micron scale by using three-dimensional femtosecond-laser
photopolymerization technique and we report on their experimental and numerical characteri-
zation. The beam shaping capabilities of these structures are discussed for both intensity and
phase, which includes topological beam shaping that results from azimuthally modulated optical
spin-orbit interaction.

OCIS codes: (350.3950) Micro-optics; (140.3390) Laser materials processing; (260.6042) Singular optics.
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1. Introduction

Lenses are refractive optical elements to focus light and form images. They generally consist of
a polished piece of transparent material whose shape defines its use. Spherical lenses correspond
to the most popular design where the lens shape is defined by two spherical surfaces. More
complex shapes are also common, such as astigmatic lenses whose shape is defined by at least one
surface having two distinct radii of curvature. Aspheric lenses are another example where at least
one surface has neither spherical nor cylindrical design, which finds use to minimize spherical
aberrations. All these cases refer to smooth surface geometries, however some situations imply
the use of singular designs such as helical or conical surfaces. The former example refers to
refractive spiral phase plates introduced in 1992 [1] that are nowadays widely used to generate
optical vortex beams associated with helical wavefronts. The latter case refers to conical lenses,
which belong to the family of axicons introduced in 1954 in the context of optical imaging [2].

Unlike usual lenses, axicons are characterized by a long depth of focus defined as ζ0 =

w0/[(n − 1)α0] where w0 is the radius of the beam entering the axicon, n is the refractive index
of the axicon, and α0 = arctan(H/R) (assumed to be small in the above expression) with H the
height of the cone and R the radius of the flat base. Besides imaging applications associated
with extended focus region, their practical use also encompasses beam shaping into a ring or the
generation of close approximation of non-diffractive Bessel beams, which find many applications
such as laser eye surgery [3], optical trapping and optical manipulation [4], or processing of
materials [5].

Bessel beams form a family of non-diffractive fields, each element being associated with
mth-order Bessel function within the paraxial approximation [4]. In practice, higher-order Bessel
beams (m ≥ 0) can be obtained from Gaussian beams by using binary amplitude masks [6] or
from Laguerre-Gaussian beams passing through usual axicons [7]. Here we propose a novel class
of higher-order axicons obtained by wrinkling the conical surface of a usual axicon. This is made
by introducing cusp deformations of the circular shape of a conical lens, namely hypocycloidal
(H) and epicycloidal (E) geometries for the purpose of demonstration. As such, this work can be
viewed as the birefringence-free three-dimensional (3D) extension of a previous study dedicated
to the topological shaping of light from form-birefringent cuspy metallic nanoslits [8, 9].

2. Design and fabrication

Wrinkled axicons are fabricated at the micron scale by using 3D femtosecond-laser photopoly-
merization technique [10], the fabrication parameters being given below. This is illustrated in
Fig. 1 that displays scanning electron microscope images of H- and E-axicons of various order
m that refers to the number of cusps of any cross-section of the optical element in a plane
perpendicular to the axicon axis. The corresponding designs are obtained by constructing cones
with base (located at z = 0) having hypocycloidal or epicycloidal shapes. On the one hand,
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H-axicons of order m ≥ 3 are defined by their surface

xHm (ρ, θ) =
ρR
m

{
(m − 1) cos θ + cos[(m − 1)θ]

}
, (1)

yHm (ρ, θ) =
ρR
m

{
(m − 1) sin θ − sin[(m − 1)θ]

}
, (2)

zHm (ρ) = (1 − ρ)H , (3)

with 0 ≤ θ ≤ 2π and 0 ≤ ρ ≤ 1. On the other hand, E-axicons of order m ≥ 1 are defined by

xEm (ρ, θ) =
ρR

m + 2

{
(m + 1) cos θ − cos[(m + 1)θ]

}
, (4)

yEm (ρ, θ) =
ρR

m + 2

{
(m + 1) sin θ − sin[(m + 1)θ]

}
, (5)

zEm (ρ) = (1 − ρ)H , (6)

also with 0 ≤ θ ≤ 2π and 0 ≤ ρ ≤ 1. Note that the parametrization variable θ should not be
confused with the usual azimuthal angle φ the (x , y) plane that satisfies tan φ = y/x.

In practice, various microscopic wrinkled axicons with fixed R = 50 µm are prepared using
already well established direct laser writing 3D lithography technique [10] using the SZ2080
material [11] doped with 2 wt% 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone
(from Sigma Aldrich) acting as a photoinitiator. The employed setup consisted of femtosecond
light source (Pharos, from Light Conversion) with 300 fs pulse width, 515 nm central wavelength,
200 kHz repetition rate and 35 µW optical power. Sample translation stages are synchronized
with galvanometric-scanner for beam deflection (assembled by Altechna R&D). The beam is
focused via microscope objective with magnification 63× and numerical aperture NA = 1.4. The
microstructures are realized by writing successive nested shells, which is implemented via 3D
Poli software (from Femtika). The first shell is the outer one that is defined by Eqs. (1-6). Inner
shells are then written by reducing both R and H by a common factor, the number of steps being
dependent on the aspect ratio of the structure. For instance, four shells are enough for α0 = 5◦ in
order to have fully polymerized structure in its entire volume, hence without need of additional

Fig. 1. Scanning electron microscope images of hypocycloidal and epicycloidal axicons of
order m, Hm (m = 3 to 7) and Em (m = 1 to 5), following the designs given by Eqs. (1-6)
for R = 50 µm and H = 50 µm. All the structures are imaged from top, except H6-axicon
that is observed at oblique incidence in order to emphasize the three-dimensional character
of the microstructures.
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UV post-cure. Prior to direct laser writing, the SZ2080 material [11] is successively heated at 40,
70 and 90◦C for 20 min. After exposure, the sample is immersed in 4-methyl-2-pentanone for
1 h. Obtained structures are inspected using scanning electron microscope (Hitachi TM-1000)
with no additional deposition of conductive layer. A typical example is given in Fig. 1 in the case
R = H , hence α0 = 45◦ while further optical characterization is made for smaller values of α0,
namely α0 = 5◦ and 15◦.

3. Optical characterization

3.1. Far-field analysis

Beam shaping capabilities of wrinkled axicons Hm (3 ≤ m ≤ 6) and Em (1 ≤ m ≤ 3) with
R = 50 µm are experimentally assessed, first by determining their angular spectrum. This is
done by placing the sample in the focal plane of a lens illuminated by a Gaussian laser beam at
wavelength λ = 633 nm. Obtained beam waist radius at exp(−2) from its maximum intensity is
w0 = 20 µm. Then Fourier transform of the latter plane is realized by using microscope objective
(100× , NA = 0.8) whose back focal plane is imaged on a camera using a relay lens. Results
are shown for α0 = 15◦ in the second line of Fig. 2, where the first line corresponds to direct
natural light imaging of the structures. In contrast to usual axicons that are characterized by
ring shape Fourier spectrum, one obtains non-closed-path spectra for wrinkled axicons that are
characterized by an azimuthally dependent angle α(φ) , α0 whose expression in the limit of
small α0 is

αXm (φ) =
α0R[

x2
Xm

(1, θ(φ)) + y2
Xm

(1, θ(φ))
]1/2 , (7)

with X = (H,E). Experimental data is compared to simulations in the third line of Fig. 2 that
shows the far-field intensity pattern IFF associated with the 2D Fourier transform of the field in
the plane of the sample neglecting the diffraction inside the optical element. Namely,

IFF ∝

∣∣∣∣FFT
[
tXm (r, φ) exp(−r2/w2

0)
] ∣∣∣∣2 , (8)

Fig. 2. Upper line: natural light imaging of a set a wrinkled axicons of hypocycloidal and
epicycloidal types. Middle line: far field intensity distribution obtained by Fourier transform
with a microscope objective for R = 50 µm and α0 = 15◦. Bottom line: simulations from
fast Fourier transform of the field just after the structure neglecting diffraction, see Eqs. (7)
and (8).
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where k = 2π/λ, n = 1.5, FFT refers to 2D fast Fourier transform, and

tXm (r, φ) = exp
[
−ikr (n − 1)αXm (φ)

]
(9)

is the complex amplitude transmittance mask of the wrinkled axicon Xm. Fair agreement between
experimental data and calculations is obtained though we note the presence of unexpected non-
zero on-axis intensity that is more pronounced for lowest-order wrinkled axicons. This can be
understood noting that the incident Gaussian beam tail leaks out of the finite-size structure.

3.2. Propagation analysis: scalar treatment

The propagation behavior is retrieved by imaging the intensity distribution at distance z from the
sample by translating a microscope objective (100× , NA = 0.8) along the z axis, the distance
between objective and camera being kept constant. Experimental data are shown in Fig. 3 both
for hypocycloidal and epicycloidal axicons, where the propagation distance is normalized to the
azimuth-averaged depth of focus

ζXm =
ζ0

2π

∫ 2π

0

α0

αXm (φ)
dφ. (10)

Observations are compared to simulations in Fig. 3 by using scalar beam propagation method
based on 2D fast Fourrier transform. Namely, the intensity pattern at z, I (x , y, z), is evaluated
following

I ∝
∣∣∣∣FFT−1

{
exp(ikz z)FFT

[
tXm (r, φ) exp(−r2/w2

0)
]}∣∣∣∣2 , (11)

where FFT−1 refers to 2D inverse fast Fourier transform and exp(ikz z), with kz = (k2 − k2
x −

k2
y )1/2, is the propagation operator in the Fourier domain. Overall agreement is obtained whatever

the propagation distance. Note that observed differences at z = 0 are merely due to the fact

Fig. 3. Propagation analysis for a set a wrinkled axicons of hypocycloidal and epicycloidal
types for R = 50 µm and α0 = 5◦ . For each structure, experimental intensity patterns in the
(x , y) plane as a function of normalized propagation distance z/ζXm are compared to beam
propagation method following Eq. (11). All images are normalized to their maximal values
in order to appreciate the intensity patterns despite overall intensity decrease with z.
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that 3D optical elements are modeled by 2D phase masks, which prevents by construction the
observation of the ridges of wrinkled axicons in the simulations.

In particular, on-axis intensity modulation may be interesting in the field of optical manipu-
lation, in the context of so-called optical bottles [12] that refer to null intensity surrounded by
bright regions in 3D. See for instance the sequence of intensity patterns at z/ζH4 = (0.4, 0.6, 0.8)
for H4-axicon. This is explored more quantitatively by plotting the on-axis intensity distribution,
as shown in Fig. 4(a) for a set of Hm-axicons with w0 = 20 µm, which indicates that higher-order
hypocycloidal axicons are not favorable for on-axis intensity modulation. On the other hand,
the number of oscillations increases with the incident beam waist, as shown in Fig. 4(b) for
w0 = 20, 40 and 60 µm. Arguably, the contrast of on-axis intensity modulation is not optimal,
still there are a few other better strategies to generate optical bottle arrays. One can mention
the use of interferences between two Bessel beams [13], the use of Laguerre-Gaussian beams
with higher-order radial index passing through usual axicon [14] or more recently the use of a
birefringent axicon [15].

Fig. 4. (a) Calculated on-axis intensity as a function of the propagation distance for wrinkled
axicons H3 (black curve), H4 (red curve) and H5 (blue curve) with R = 50 µm, α0 = 5◦

and w0 = 20 µm. (b) Same as in panel (a) for H3-axicon and incident beam waist w0 = 20,
40 and 60 µm. For both panels, upper images correspond to the corresponding intensity
patterns in the plane (x , z) for −20 µm ≤ x ≤ 20 µm and 0 ≤ z/ζHm ≤ 1.

3.3. Propagation analysis: full vectorial treatment

Although above intensity spatial modulation along the three spatial coordinates obtained within a
scalar approach provides with a satisfying zero-order description of the field in the limit of small
α0 angle, the scalar approach misses beam shaping features associated with the vectorial nature
of light. Indeed, it is known that focusing (i.e., nonparaxiality) is associated with spin-orbit
interaction of light [16]. In the present case the focusing properties of the wrinkled axicons are
azimuthally modulated as a consequence of the φ-dependent apex of the structures. We thus
expect azimuthal features associated with the vectorial nature of light. This is investigated by
performing numerical simulations of the propagation of light at the output of the structures by
using a FDTD software package (FDTD Solutions, Lumerical Solutions, Inc.). The simulations
do not only take into account the 3D character of the optical field, they also consider the 3D
nature of the structures in contrast to scalar approach that describes the 3D structures as 2D
phase masks. Practically, numerical analysis is performed for wrinkled axicons with R = 10, 15
and 20 µm and α0 = 10◦, 15◦ and 20◦ under plane wave illumination along the z axis. Also, we
impose almost null transmission for the incident light outside the basis of the structure at z = 0
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by placing there a perfect electrical conductor. This leads to define the azimuth-averaged depth
of focus as ζ ′0 = R/[(n − 1)α0] for a regular axicon and

ζ ′Xm =
ζ ′0
2π

∫ 2π

0

α2
0

α2
Xm

(φ)
dφ (12)

for a Xm-axicon. The case of an arbitrary uniform incident polarization state is constructed
by exploiting the linear superposition principle from two basic simulations performed for each
structure, namely by using x-polarized and y-polarized incident light. In addition, the simulation
box x × y × z dimensions are 2R × 2R × ζ ′Xm

and perfectly matched layer is placed at its
surface boundary, which prevents from unwanted effects that may arise from from finite-size
calculation volume and from the way the opaque mask outside the structure basis at z = 0 is
modeled, namely by a material with refractive index 710 + i710.

Here we consider both left- and right-handed circular polarization states described by the
unit vectors (x + σiy)/

√
2 with helicity σ = ±1. Indeed, such cases allow clear identification

of nonparaxial manifestation of spin-orbit interaction of light, as illustrated in the well-known
situation of a regular axicon [17] whose results are illustrated in the first line of Fig. 5 for

Fig. 5. FDTD simulations of the vectorial content of light in the plane located at a distance
z = ζ ′Hm

/2 from the basis of a regular axicon (A) and hypocycloidal axicons H3, H4 and
H5 in the case R = 10 µm and α0 = 10◦. See text for details on simulations parameters.
Incident field in a circularly polarized plane wave with helicity σ = +1, the case σ = −1
being also shown for H4 structure. Both intensity and phase of co-circularly (σ polarized),
contra-circular (−σ polarized) and longitudinal (z polarized) components of the output
light field. Scale bar at the bottom of each column refers to 5 µm. The factor indicated on
intensity panels refers to the ratio between the maximal intensity of the considered field
component and of the co-circular component.
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σ = +1, R = 10 µm and α0 = 10◦. Namely, the contra-circularly polarized component of the
output light field carries on-axis optical phase singularity with topological charge ` = 2σ, as
seen from the phase pattern that has an azimuthal dependence of the form `φ. In addition, the
longitudinal field component carries a phase singularity with charge ` = σ. We note that the
residual (unexpected [17]) broken axisymmetry of the intensity pattern of the contra-circular
component is due to the square-shaped cross-section of the simulation box.

The situation is rather different for wrinkled axicons, as illustrated in Fig. 5 for hypocycloidal
axicons Hm with m = (3, 4, 5) also for σ = +1, R = 10 µm and α0 = 10◦. Indeed, the
circulation of the phase around the z axis nearby the z axis now depends on the order m of the
axicon, namely we have ` = σ(2 − m). This implies a m-dependent optical spin-orbit interaction
that echoes previous work on 2D form-birefringent cuspy metallic nanoslits [8, 9]. Indeed it
was shown that hypocycloidal nanoslits are associated with the generation of optical phase
singularities with topological charge ` = σ(2 − m) for the contra-circular component of the
output light field, as observed here for 3D birefringence-free cuspy structures. Moreover, the
helicity-dependent manifestation of the spin-orbit interaction is also checked, see Fig. 5 in the
case of H4-axicon whose behavior is presented both for σ = ±1. Still, we note that higher-order
structures eventually lead to splitting of the on-axis high-charge singularity as observed in the
case of nanoslits [8, 9].

For epicycloidal geometries, the expected topological charge for the contra-circular component
is ` = σ(2 + m) [8, 9], however on-axis higher-order topological diversity was shown not to
follow such a behavior due to string translational symmetry breaking and ensuing substantial
splitting of high-charge vortices. Similarly conclusions are obtained for Em-axicons. Finally, we
note that our full set of simulations shows that the use of higher values of either R or α0 also
leads to high-charge splitting.

4. Conclusion

Wrinkled axicons represent a step in the conception of 3D optical elements endowed with
cusps. To date, one can mention transformation-optics 3D refractive optical element enabling
the measurement and sorting of orbital angular momentum of light [18, 19]. The use of cuspy
designs has also been proposed previously with 2D nanoslits used to generate optical vortices
from spin-orbit interaction of light owing to azimuthally varying form birefringence [8, 9]. In the
context of singular optics, the particular case of hypocycloid and epicycloid curves considered
here also brings spin-orbit interaction features that are associated with nonparaxiality instead
of anisotropy. In addition, from the micro-optical component point of view, the fabrication of
microscopic wrinkled axicons extends the set of singular optical elements fabricated by 3D direct
laser writing, which was restricted so far to spiral phase plates and usual axicons [20–22].
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