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Abstract We propose the first experimental approach for
both generation and characterization of high quality Devil’s
vortex-lenses. These new type of lenses, able to produce
a sequence of optical vortices, are addressed onto a pro-
grammable spatial light modulator (SLM) operating in
phase-only modulation. The static aberrations arising by the
lack of flatness of the SLM display are characterized and
mostly compensated by using a Shack–Hartmann wavefront
sensor. The analysis of the residual aberrations and their ef-
fect on the vortex-lens performance are studied.

1 Introduction

Vortex lenses produce wavefronts with helical structure and
zero axial intensity [1]. These optical vortices are special
optical traps having the ability to set the trapped particles
into rotation due to the orbital angular momentum of light
[2, 3]. The most common solution adopted to produce opti-
cal vortices are spiral phase plates [4, 5]. Inspired in fractal
zone plates [6, 7] and in the Devil’s lenses [8], a new type of
high efficient spiral fractal zone plates, the “Devil’s Vortex-
Lenses” (DVLs) [9] have been recently proposed to generate
a sequence of focused optical vortices. A DVL is designed
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using the “Devil’s staircase” or Cantor function, the distri-
bution of the surface grooves in it producing a single main
fractal focus composed of a sequence of discrete vortices.
It was suggested [10] that the particular focal volume pro-
vided by DVLs could be profited as versatile and very effi-
cient optical tweezers since, in optical trapping applications,
in addition to rotating the trapped high index particles, the
low-index particles can be trapped at center of the vortex.
The relative angular velocity of the particles at the different
traps can be modified by a parameter known as the topolog-
ical charge, while the distances between the vortices can be
modified by using different levels of the Cantor function.

In this paper DVLs are experimentally implemented in
a programmable spatial light modulator (SLM). In order to
observe the predicted focusing properties of different DVLs,
an SLM operating in phase-only modulation was employed.
In the experiment, the static aberrations arising from the pro-
posed setup, mainly caused by the lack of flatness of the
SLM display, are characterized and mostly compensated by
using a Shack–Hartmann wavefront sensor. The effect of the
residual aberrations in the vortex-lens performance is stud-
ied computing the intensity distribution along the optical
axis and the transverse diffraction patterns along the prop-
agation direction.

2 Devil’s vortex lenses

The design of a DVL [9] is based on the 1-D Cantor function
[11], defined in the domain [0,1] as:

FS(x) =
{

l
2S if ps,l ≤ x ≤ qs,l

1
2S

x−qS,l

pS,l+1−qS,l
+ l

2S if qs,l ≤ x ≤ ps,l+1,
(1)

being FS(0) = 0 and FS(1) = 1. This function takes the
constant values l/2S in the intervals ps,l ≤ x ≤ qs,l (with

Author's personal copy

mailto:jmonsori@fis.upv.es


916 A. Calatayud et al.

Fig. 1 (a) Phase variation as
gray levels for a DVLs (S = 2)
with different topological
charges (a) m = 0, (b) m = 2,
and (c) m = 5

l = 1, . . . ,2S − 1) defined by the gaps of the Cantor set
generated at stage S, whereas in-between these intervals
the function increases linearly. For example, for S = 2
the Cantor set has 2S = 4 segments of length 1/3S = 1/9
and 2S − 1 = 3 gaps located at the intervals [1/9, 2/9],
[3/9, 6/9], [7/9, 8/9], where F2(x) takes the constant val-
ues 1/4; 2/4 and 3/4, respectively. From a particular FS(x)

a DVL is designed as a pure-phase diffractive optical ele-
ment with a transmittance defined, in polar coordinates, as:

q(r, θ) = exp
[−i2S+1πFS

(
r2/a2)] × exp[imθ ], (2)

where a is the lens radius and m is the topological charge.
Thus the transmittance of a DVL can be expressed as the
product of two factors: the first one, associated with a
Devil’s lens [8], has only a radial dependence with a fractal
structure along the squared radial coordinate; and the other
one, corresponding to a vortex lens, has a linear phase de-
pendence on the azimuthal angle. The form of DVLs for
several values of the topological charge m = 0, 2, 5 are de-
picted in Fig. 1 in which the gray levels show the continuous
phase variation.

3 Experimental setup and its characterization

To implement the proposed lenses we use a programmable
SLM operating in phase-only modulation [12]. Specifically,
we use a LCoS-SLM (Holoeye PLUTO, 8-bit gray-level,
pixel pitch d = 8 µm and 1920 × 1080 pixels) calibrated for
a 2π phase-shift at λ = 633 nm. In order to avoid efficiency
degradation due to high time-fluctuations of the displayed
phase, we addressed the so-called “5-5(543)” electrical sig-
nal scheme provided by the SLM manufacturer. This con-
figuration gives better efficiency of the displayed phase even
for phase-shift shorter than 2π , as demonstrated in [13]. No-
tice that, according to the data provided by the manufacturer,
the diffraction efficiency of such a SLM is more than 80%
of the light reflected by the display, which has a reflectivity
about 60%. Therefore a total light efficiency about 50% can
be reached.

Fig. 2 (a) Experimental setup for implementing the proposed DVLs
by means of a reflective SLM, which modulates a collimated laser beam
at λ = 633 nm. The focal length of the relay lenses is set at f1 = 20 cm
and f2 = 10 cm to obtain a telescopic magnification 0.5×. P is a pin-
hole used for spatial filtering of the signal, at the Fourier plane of L1.
The signal is addressed into a circular area of diameter 5.6 mm of the
SLM display, which is imaged (b) at the output plane (z = 0) of the
system

In Fig. 2(a) the experimental setup is sketched, where
a 4-f setup (telescope) is used for spatial filtering of the
signal. Such a filtering process is achieved by implement-
ing a linear carrier phase ϕc = π(x + y)/2d , added to the
lens modulation function ψ(x, y) = φ + ϕc mod 2π , where
φ = arg[q(r, θ)]. Thus the addressed signal is guided into
the first diffraction-order term in the Fourier plane of the
first relay lens, L1. This allows to isolate the signal from
noise due to the unmodulated light (zero diffraction order)
as well as the one corresponding to higher diffraction orders
caused by the pixelated structure of the SLM display.

The generated signal can be also degraded by the lack
of flatness of the SLM display and other static aberrations
caused by the relay lenses, as collimation of the beam, etc.
Several strategies to characterize and compensate the wave-
front distortion caused by the SLMs have been recently re-
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Fig. 3 (a) Zernike’s
coefficients corresponding to the
retrieved phase distribution
before and after performing the
wavefront correction using the
SLM: (b) and (c), respectively.
Scale bar in waves at 633 nm

Fig. 4 Numerical (left column)
and experimental (right column)
irradiance obtained for
vortex-lenses for different
topological charges

ported, see [14, 15] and references therein. In this work we
use a Shack–Hartmann (SH) wavefront sensor to character-
ize such aberrations, as proposed in [14]. In our case, the
SH sensor has an aperture size of 5.95 mm × 4.76 mm and
39 × 31 micro-lenses (Thorlabs WFS150-7AR). Notice that
the signal ψ(x, y) is addressed into a circular area of di-
ameter 5.6 mm of the SLM display, which is imaged into
the SH sensor (placed at z = 0) by using a telescope with
magnification 0.5× as depicted in Fig. 2(a). The SH allows
analyzing the wavefront distortion present in the beam for
φ = 0, whose intensity distribution is shown in Fig. 2(b),

in terms of the Zernike’s orthogonal polynomials [16, 17].
These polynomials characterize the aberration terms of the
retrieved phase φab(x, y) at z = 0. Therefore the wavefront
distortion can be compensated by addressing the complex
conjugate of the retrieved phase as: ψ(x, y) = φ + ϕc − φab

mod 2π . In our case, we considered the first 66 Zernike’s
coefficients for analyzing the retrieved phase (although in
Fig. 3(a) only the predominant coefficients are represented).
In the first measurement displayed in Fig. 3(b), the predom-
inant aberrations are astigmatism at 45◦ and defocus with a
coefficient (waves at λ = 633 nm) of 0.012λ and −0.044λ,
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Fig. 5 Numerical (left column)
and experimental (right column)
irradiance obtained for DVLs
for different topological charges

correspondingly. After implementing the wavefront correc-
tion, the aberration is partially compensated. Therefore we
iteratively perform this process until maximum compensa-
tion of the aberration is reached. Indeed, after five itera-
tions the initial wavefront distortion displayed in Fig. 3(b)
is mostly compensated, see Fig. 3(c), except for low resid-
ual astigmatism at 45◦ (−0.006λ), defocus (0.01λ), spheri-
cal aberration (0.007λ) and secondary coma (−0.007λ), see
yellow bars in Fig. 3(a) as well. The deviation of flatness
of the wavefront is compensated from 0.09λ to 0.02λ RMS
(root-mean-square error) with a peak-to-valley (PV) value
of 0.06λ. Notice that the collimated input beam [Fig. 2(a)]
was previously tuned using the SH sensor until obtaining a
minimum deviation-flatness value of 0.03λ RMS and 0.11λ

PV.
We underline that the 4-f setup is suitable for generating

DVLs with different focal lengths by using an appropriate
telescope-scaling factor M = f2/f1. To generate a sequence
of optical vortices, we use a lens design given by (2). Specif-
ically, for the considered scaling factor M = 0.5, the gener-
ated lenses have a pupil radius of a = 1 mm and the main
focus is obtained at z = 3.54 cm.

In Fig. 4 the numerically computed irradiance (see
Ref. [9] for further details) and the experimental one, cor-
responding to a conventional kinoform vortex-lens, are dis-
played for several values of the topological charge m [1].
As can be seen, the experimental results are in good agree-
ment with the theoretical predictions. This fact demonstrates
that the residual aberration does not significantly degrade
the lens behavior. In our case, the irradiance was experi-
mentally measured using a motorized stage in which the
CCD camera (8-bit gray-level, pixel pitch of 3.6 µm and
1280 × 1024 pixels) was mounted. To correctly sample the

diffracted field, we used a tube lens microscope (10× Zeiss
Plan-Apochromat objective) attached to the CCD camera.

Unlike conventional kinoform vortex-lens, the irradiance
for m = 0 produced by a DVL presents a main focus and
subsidiary focal points surrounding it, yielding a focal vol-
ume with a characteristic fractal profile, see Figs. 5(a) and
6(a). This fractal behavior is also observed for different
topological charges m, as can be seen in Fig. 5. The small
deviation between numerical and experimental data close
the main focal region is caused by the residual astigmatism
and coma aberrations of the SLM as well as other aber-
rations arising from the microscope objective [18]. Never-
theless, a well-defined vortex structure is obtained as is ob-
served in Fig. 6(b).

4 Conclusions

The focusing properties of Devil’s vortex-lenses have been
experimentally analyzed for the first time in the literature.
These lenses have been encoded onto an SLM operating in
phase-only modulation with compensated aberrations. The
good performance of the experimental setup is confirmed by
the comparison between the experimental values of the irra-
diance along the optical axis and the theoretical predictions.
It has been demonstrated that for multiple-plane optical trap-
pings, the DVL can generate a light beam with axially dis-
tributed optical vortices. The transverse patterns appearing
along the propagation distance present several concatenated
doughnut modes. The particular focal volume provided by
DVLs could be profited as versatile and efficient multiple-
plane optical trap in the microscopic scale. Another potential
application of DVL arises in X-ray microscopy [19] where
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Fig. 6 (a) Numerical and experimental axial irradiance obtained for a
DVL with m = 0. (b) Transverse diffraction patterns at several propa-
gation distances z corresponding to the Devil’s vortex-lens with topo-
logical charges m = 2 and 5

the azimuthal component of the DVL acts as a Hilbert phase
filter that can be used for detecting the phase component of
objects with complex index of refraction. In the case of bio-
logical specimens, the additional phase sensitivity can pro-
vide enhanced contrast. Additionally, the multifocal nature
of the lens, resulting from its fractal structure along the ra-
dial coordinate, could provide a high depth of field, espe-
cially with wideband sources [8, 10].
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