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1. Introduction

To see an object using waves, the observer must essentially
detect the changes made by the object to the illuminating wave
as waver-matter interaction takes place, or detecting the wave
emitted by the object itself. Preventing the scattering of a prob-
ing wave is a usual option for stealth technologies with the
aim at escaping detection from radar in electromagnetism and
sonar in acoustics. Concealment management can also con-
sist to absorb the radiation from an emitting object covered by
an absorbing material, which is relevant for thermal radiation.
The ability of an object to escape attempted observation under
irradiation can also be achieved by redirecting the field around
the object so that there is no field-object interaction, allowing
the object to remain hidden from an observer. Such strategy
has been originally proposed in 2006 and relies on specific
dielectric and magnetic properties of metamaterials enabling
the redirection of the electromagnetic flow around an object
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embedded in a stealth medium acting as an invisibility cloak,
as shown by Leonhardt [1] and by Pendry et al [2]. In that
case, the effective behavior of the ‘cloak+ object’ is that of
free-space, which does not require the cloak to adapt to the
object to be concealed, in contrast to earlier attempt [3]. Note-
worthy, although the former approach deals with geometrical
optics whereas the latter accounts for theMaxwell’s equations,
both of them basically rely on coordinate transformations [4]
and transformation optics is nowadays a standalone research
topic [5]. So far, numerous devices to hide objects have been
proposed [6–8] and efforts have been paid to the development
of cloaking devices that are robust against wavelength, polar-
ization or coherence variations for the probing field [9–18].

In particular, cloaking devices for macroscopic objects that
operate in the optical domain arouse interest for applications.
Conventional isotropic or anisotropic homogeneous optical
elements such as optical lenses [19], calcite crystals [20], or
even simple water-filled reservoirs [21] have been shown suit-
able for concealing macroscopic objects in the visible range.
Noticeably, these geometrical optics based approaches do not
rely on the fabrication of large-scale devices based on optical
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metamaterials requiring nanoscale resolution. It should be
noted that the preceding examples of electromagnetic con-
cealment of macroscopic objects that can be described and
understood from ray-tracing analysis are not unique to the
optical domain. See, for example [22, 23], which report on
graded index lensing concealment strategies in the microwave
and radio wave domains, respectively, however, with objects
whose size is comparable to the wavelength.

Wave-optics cloaking device relying on isotropic refract-
ive optical elements has also been demonstrated by using the
nodal line associated with the optical phase singularity of an
optical vortex beam as a polarization-independent 1D conceal-
ing region [24]. To turn it into a cloaking device, Sun et al used
a pair of refractive spiral phase plates having opposite topolo-
gical charges ±1 and illuminated by a Gaussian laser beam.
The first one generates a single-charge on-axis optical vor-
tex beam whose propagation is barely affected when placing a
metallic needle with small enough diameter along the propaga-
tion axis while the second restores a quasi-Gaussian beam by
cancelling the optical phase singularity.

Here, by combining the use of refractive regular optics
(standard lenses) with singular geometric-phase optical ele-
ments (optical vortex phase masks), we extend the previous
use of a point of null intensity in the transverse plane [24] to the
use of a nodal surface. This allows considering polarization-
independent concealment of three-dimensional (3D) objects.
This is made possible by using two cascaded stages of optical
vortex Fourier processing, each of them consisting to impart
an optical phase singularity to the zero spatial frequency com-
ponent of the light field. The first stage allows generating
a nodal area—a remarkable wave-optics phenomenon intro-
duced in 2005 in the context of high-contrast astronomical
imaging [25, 26]—while the second stage restores the illumin-
ating light source. The quasi-nodal volume surrounding the
nodal area subsequently behave as a region of space that inhib-
its light scattering from objects placed inside.

The paper is organized as follows. The section 2 intro-
duces the cloaking device made of an aperture, four lenses
and two geometric phase vortex masks. Analytical descrip-
tion of the cloaking region is then given and main figures
of merit are discussed. A numerical optical cloaking exper-
iment is presented in section 3 assuming a spherical perfect
conductor as the object to conceal. Moreover, the operation
principle is explored as a function of its position inside the
cloaking region. The section 4 then report on the experimental
assessment of the quasi-nodal volume as well as optical cloak-
ing demonstration using a 2mmdiameter stainless steel sphere
and the section 5 summarizes the study.

2. Geometric phase optical cloak device

The proposed optical cloaking device is depicted in figure 1(a).
It consists of two stages of vortex Fourier processing. Each of
them is made of a pair of lenses with focal length f placed
at a distance 2 f from one another. Two phase masks having
complex conjugated transfer function exp(±2iϕ), where ϕ is
the polar angle in the cylindrical coordinate system (r,ϕ,z)

and z refers to the optical axis of the system, is placed at
equal distance from the two lenses. By placing a circular clear
aperture with radius R at a distance f before the first lens, a
nodal area with radius R is obtained at a distance f from the
second lens, which defines the plane z = 0, provided that the
aperture is illuminated by a plane wave [25, 26]. The second
optical vortex Fourier processing stage allows recovering the
uniformly illuminated entrance pupil aperture at a 4 f distance
downstream the nodal area. The optical cloaking principle
relies on the fact that the nodal area is surrounded by a volume
with low-level intensity. This quasi-nodal volume defines the
cloaking region, as indicated in figure 1(a).

Quantitatively, the intensity distribution between the two
vortex Fourier filters can be obtained from the knowledge
of the effect of a thin spherical lens in the paraxial regime,
which is mathematically expressed by an integral relationship
between the field before and after a lens in free space [27].
In the present case, introducing the normalized transverse and
longitudinal coordinates r̃ = r/R and z̃ = z/f, and the char-
acteristic diffraction length Λ = f/(kR) where k = 2π/λ is
the wavenumber with λ the wavelength, one gets after calcu-
lations, for −1 < z̃ < 1,

I(r̃, z̃) =
I0
2

∣∣∣´∞0 J1(ξ)J2(ξr̃)ei
ξ2

2
Λ
R (1−z̃)dξ

∣∣∣2
´∞
0

∣∣∣´∞0 J1(ξ)J2(ξr̃)ei
ξ2

2
Λ
R (1−z̃)dξ

∣∣∣2 r̃dr̃ , (1)

where I0 is the uniform optical intensity irradiating the cir-
cular aperture and Jn is the Bessel function of the first kind
of order n. In the simulations and experiments reported in
sections 3 and 4, we use R = (1.5,2,2.5)mm, f = 200mm
and λ = 632.8 nm. Also, we use a collimated continuous-
wave He–Ne laser beam whose diameter is large enough to
consider the aperture as uniformly illuminated. The corres-
ponding intensity distributions calculated from equation (1)
for R = 2mm at z̃ = (−1,−1/2,0,1/2,1) are displayed in
the panels (c)–(g) of figure 1, respectively. The intensity distri-
bution in the aperture plane at z̃ = −4 and the re-images one
at z̃ = 4 are shown in panels (b) and (h). The cloaking exper-
iments are conducted by placing a camera at z̃ = 4, called
from now on the observation plane. If the cloaking scheme
works, we thus expect to observe a uniformly illuminated disk
of radius R with or without an object placed in the cloaking
region.

Although the described principle of operation of the pro-
posed cloaking device does not depend on the nature of the two
conjugated vortex phase masks, we argue that choosing geo-
metric phase vortexmasks based on inhomogeneous half-wave
plates offers enhanced performance. A description of their
behavior can be found in [25] and can be summarized by the
following transformation of an incident circularly polarized
light,

cσ → c−σ exp(i2σmϕ), (2)

where cσ = (x + iσy)/
√
2 is the unit vector describing a cir-

cular polarization, σ = ±1 is the helicity of light and (x,y,z)
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Figure 1. (a) Sketch of the experimental setup for the implementation of geometric phase optical cloaking at the macroscopic scale. A
sufficiently expanded continuous-wave collimated laser beam impinges on a circular aperture (A) with radius R. Two 4 f optical systems
made of a pair of lenses with focal length f act on the light field as optical vortex Fourier processors owing to geometric phase masks
(GPM1,2) placed at z̃ = ±2, which respectively impart a pure phase singular amplitude profile proportional to exp(±2iϕ) to the light
impinging on it, see text for details. A camera re-images the aperture A at z̃ = 4, to which we refer as the observation plane. Panels (b)–(h)
show the calculated normalized transverse intensity distributions at various position along the optical axis z, highlighting the quasi-nodal
nature of the 3D cloaking region located between the planes z̃ = ±1.

the orthonormal Cartesian basis and m = ±1 refers to the azi-
muthally varying optical axis orientation angle ψ = mϕ in the
(x, y) plane for the inhomogeneous half-wave plate. Assum-
ing an input circularly polarized state cσ, the first geometric
phase mask is associated with a transfer function exp(i2σϕ)
whereas the circular polarization flipping to the c−σ state
makes the second mask having a conjugated transfer func-
tion exp(−i2σϕ). Such a device is therefore inherently polar-
ization insensitive. Indeed, an incident light with an arbitrary
polarization state can be described as a superposition of ortho-
gonally polarized states c±1 to which the previous reasoning
individually applies. Also, arbitrarily broadband light could be
used provided the use a pair of orthogonal achromatic circu-
lar polarizers placed, for instance, at z̃ = −1 (selection of the
c−σ state) and z̃ = 3 (selection of the cσ state). Nevertheless
the latter gain in bandwidth comes with an optical throughput
trade-off as the circular polarizers will reduce the overall trans-
mitted optical power. Using an achromatic space-variant half-
wave plate, whose creation is much more challenging, would
waive the latter drawback. Finally, we note that the geometric
phase approach allows considering the folding of the setup,
by placing a mirror at z̃ = 0 (hence using a single geometric
phase vortexmask) and adapting the observation to a reflection
mode, which cannot be done using a dynamical phase vortex
phase mask.

Among the many technological options available for
space-variant waveplates such as dielectric nanostructured
solid-state media and patterned polymer liquid crystals or
liquid crystals, we choose in our experiments the polymer
liquid crystal technology (from Beam Engineering) and we
select m = 1.

3. Numerical simulations

The proposed strategy is first tested numerically by using
a spherical perfect conductor as the object to conceal. The
simulations are made using free-space Fourier transform
propagation in between each optical element of the optical sys-
tem presented in figure 1 that are treated by complex transfer
functions for the amplitude tX withX = (A,L,GPM1,GPM2):

tA(r < R) = 1 and tA(r > R) = 0, (3)

tL(r) = exp
[
−i kr2/2 f

]
, (4)

tGPM1(ϕ) = exp(i2σϕ), (5)

tGPM2(ϕ) = exp(−i2σϕ), (6)

where the two last equations refer to a circularly polarized field
with helicity σ impinging on the aperture A. In between two
transmittance masks the propagation of the field from z̃1 to z̃2
is evaluated as

E(x,y,z2) = F−1 [F [E(x,y,z1)]exp[ikz(z2 − z1)]] , (7)

where F and F−1 refer to fast Fourier and inverse fast Four-
ier transforms, and kz = (k2 − k2x − k2y)

1/2 with k = kxx +
kyy + kzz) being the wavevector. Moreover the propagation
between the planes zo ± Ro, where zo and Ro = 1mm respect-
ively refer to the longitudinal position and the radius of the
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Figure 2. Numerical demonstration of geometric phase optical
cloaking. (a), (b) The cloak is deactivated by removing the
geometric phase masks. (c), (d) The cloak is activated. In both cases
the spherical object to conceal is placed in the center of the cloaking
region, at (ro,zo) = (0,0). The normalized intensity distributions
I/Imax inside the cloaking region (panels (a) and (c)) are calculated
by using 300 elementary steps along the z axis with 100 of them
being dedicated to the object that lies in the range −Ro < z < Ro.
Note that the sphere (represented in white color) has an elliptical
shape in panels (a) and (c) due to the different scaling used for the
transverse and longitudinal axes. The normalized intensity
distributions Iobs/Imax in the observation plane at z̃ = 4 (panels
(b) and (d)) highlight the performance of the cloaking event.

object to conceal, is carried out by discretizing the spherical
object into 100 opaque disks with varying radius that match
the spherical envelope of radius Ro.

The optical cloaking demonstration is displayed in figure 2
where the object is placed at zo = 0 with (panels (a) and (b))
and without (panels (c) and (d)) the presence of the geomet-
ric phase masks. On the one hand, the panels (a) and (c) show
the intensity distributions in the meridional plane of the cloak-
ing region. We choose a logarithmic color bar in order to bet-
ter appreciate how dark is the quasi-nodal volume when the
optical cloak is activated. On the other hand, the panels (b)
and (d) show the transverse intensity distributions in the obser-
vation plane z̃ = 4, which allow appreciating the high level of
optical concealment. Indeed, the contrast of the image, defined
as (Imax − Imin)/(Imax + Imin) for r < R, is reduced from 1 to
∼0.05 as the cloak is activated.

Then we evaluate the robustness of the cloaking event with
respect to the position (ro,zo) of the object inside the cloak-
ing region both along the longitudinal and transverse direc-
tion. The results are shown in figures 3 and 4, which respect-
ively correspond to (ro,zo) = (0,±f) and ([0,0.5,1,1.5],0).
On-axis longitudinal displacements barely affect the propaga-
tion of light in the cloaking region (figures 3(a) and (c)) and
the intensity distribution in the observation plane accordingly
remains almost uniform (figures 3(b) and (d)). The optical
cloaking is also virtually immune to transverse displacements

Figure 3. Numerical assessment of the influence of on-axis
longitudinal displacement of the object inside the cloaking region.
(a), (b) zo = −f. (c), (d) zo = f. The four panels are displayed in a
similar manner as in figure 2.

Figure 4. Numerical assessment of the influence of transverse
displacement of the object inside the cloaking region at zo = 0 for
r̃o = 0 (a), r̃o = 0.5 (b), r̃o = 1 (c) and r̃o = 1.5 (d).

up to r0 = 0.5 as shown in figures 4(a) and (b) whereas the
crossing of the re-imaged aperture A leaves a distinguishable
optical footprint, see figures 4(c) and (d).

4. Experimental implementation

The preceding proof of principle analysis is validated exper-
imentally using the same parameters for the optical system,
see section 2. The structure of the cloaking region is retrieved
by direct imaging, scanning a camera along the z axis. A
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Figure 5. (a)–(c) Experimental measurement of the transverse
intensity profiles at different positions inside the cloaking region,
z̃ = (−0.5,0,0.5), in the absence of the object. (d) Experimental
3D construction of the tube-like intensity boundaries that define the
cloaking region based on a collection of 31 equidistant transverse
intensity profiles in the range −0.94 < z̃ < 0.94.

representative set of intensity distribution in the transverse
plane is shown in figure 5, which can be compared to the
numerical experiments reported in figures 1(d)–(f). A 3D
reconstruction of the quasi-nodal cloaking volume with tube-
like boundaries is reconstructed from a collection of sev-
eral tens of intensity cross-sections images using Mayavi tool
[28]. We also observe the re-imaged aperture at z̃ = 4 without
the object when the cloak is deactivated and activated, see
figures 6(a) and (b), respectively. Non-uniform intensity dis-
tribution becomes clearly visible when the geometric phase
masks are inserted in the optical system. This is quantitat-
ively ascertained from the ratio between the standard deviation
and the mean value of the intensity distribution for r < R,
which increases by a factor of two as the vortex masks are
inserted, from ∼0.085 to ∼0.16. We ascribe such a behavior
to instrumental limitations such as the relative placement of
the optical elements and the lack of resolution of structured
birefringent masks, whose central part suffers from broken

Figure 6. (a), (b) Normalized intensity distribution in the
observation plane in the absence of the object when the cloak is
deactivated (panel (a)) and activated (panel (b)). (c) Crossed linear
polarizers imaging of the central part of the geometric phase mask
with m = 1.

Figure 7. (a) Picture of the stainless steel sphere with radius
Ro = 1mm used as the object to conceal. (b), (c) Experimental
observations at z̃ = 4 in presence of the object placed in the center
of the cloaking region (ro,zo) = (0,0) when the cloak is
deactivated (panel (b)) and activated (panel (c)).

axisymmetric distribution of the optical axis, as illustrated in
figure 6(c).

Then, we select a 2mm diameter stainless steel metallic
sphere for the cloaking demonstration, as shown in figure 7(a).
The object is placed at (ro,zo) = (0,0) and its cloaking is
reported in figures 7(b) and (c). These experimental results val-
idate the numerical simulations shown in figures 2(b) and (d).
The robustness of the optical cloak is highlighted by displa-
cing the sphere along and perpendicular to the optical axis, as
summarized in figures 8 and 9, which validate their numerical
counterparts, figures 3 and 4.

Finally, the quantitative analysis of the cloaking perform-
ance is made by evaluating the Pearson correlation coefficient
C between the recorded images in the observation plane when
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Figure 8. Experimental cloaking robustness versus the position of
the object along the optical axis. Normalized intensity imaging in
the observation plane when the cloak is deactivated (panels (a)–(c))
and activated (panels (d)–(f)) for z̃o = −0.5 (first column), z̃o = 0
(second column) and z̃o = 0.5 (third column).

Figure 9. Experimental cloaking robustness versus the position of
the object perpendicular to the optical axis. Normalized intensity
imaging in the observation plane at zo = 0 for r̃o = 0 (a), r̃o = 0.5
(b), r̃o = 1 (c) and r̃o = 1.5 (d).

the cloak is activated with and without the object. The depend-
ence of C as a function of the on-axis position z̃o of the object
is plotted in figure 10 for three different apertures with radii
R = 1.5, 2 and 2.5mm, for which we find C = 0.91 ± 0.05,
C = 0.92 ± 0.1 and C = 0.92 ± 0.1, respectively, whereas
C ≃ (0.46,0.59,0.70) when the cloak is deactivated.

Figure 10. Dependence of the Pearson correlation coefficient C
versus z̃o at r̃o = 0 for three different apertures A with radius
R = 1.5mm (blue), 2mm (green) and 2.5mm (red).

5. Conclusion

A wave-optics approach to optical cloaking based on a quasi-
nodal volume shaped from optical vortex Fourier filtering
has been proposed, which is based on the use of a pair
of pure phase masks imparting optical phase singularities
with topological charge ±2 to the light field. Numerical ana-
lysis and experimental demonstration have been reported in
the framework of the concealment of macroscopic objects
in the visible domain. The proposed approach is polariz-
ation independent and can be extended to any operating
wavelength by using appropriate vortex beam shapers. In
particular, the use of geometric phase vortex masks instead
of dynamical phase ones provide enhanced polychromatic
robustness, however at the expense of transmission losses and
polarization-optics add-on when considering ultra-broadband
fields.

Although the present work deals with axisymmetric cloak-
ing regions, its extension to non-axisymmetric situation can
be considered by using computer-assisted design toward the
fabrication of appropriate singular phase masks [29]. Further-
more, we note that the generation of a nodal surface is not lim-
ited to the use of vortex phase masks of topological charge two
but extends to all even charges [25], which opens for explor-
ing the generalization of the present work to high-order vortex
masks.
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