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Imaging Cloaked Objects: Diffraction Tomography of
Realistic Invisibility Devices

Francisco J. Díaz-Fernández,* Javier Martí, and Carlos García-Meca*

Invisibility cloaks have become one of the most outstanding developments
among the wide range of applications in the field of metamaterials. So far,
most efforts in invisibility science have been devoted to achieving practically
realizable cloak designs and to improving the effectiveness of these devices in
reducing their scattering cross-section (SCS), a scalar quantity accounting for
the total electromagnetic energy scattered by an object. However, little
attention has been paid to the opposite side of the technology: the
development of more efficient techniques for the detection of invisibility
devices. For instance, the SCS ignores the phase change introduced by the
cloak, as well as the angular dependence of the incident and scattered waves.
Here, a different path is proposed, which takes advantage of the smarter way
in which diffraction tomography processes all this overlooked information to
improve the efficiency in unveiling the presence of invisibility devices. This
approach not only results in a considerable sensitivity enhancement in the
detection of different kinds of cloaks based on both scattering cancellation
and transformation optics, but also enables us to obtain images depicting the
approximate shape and size of the cloak. The proposed method can be
extended to the detection of sound cloaks.

1. Introduction

Invisibility has been one of the most challenging effects pursued
by humankind for centuries. The possibility of hiding objects to
the naked eye has recently leaped from science fiction to a fea-
sible reality thanks to the advent of metamaterials.[1] Among a
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wide range of applications that arises
through the exploitation of this kind
of materials not available in nature, in-
visibility cloaks are one of the most
high-impact developments.[2,3] The im-
pressive ability of these devices to hide
objects by reducing the scattering they
produce has even been experimentally
demonstrated,[4,5] boosting the impact
of this field of study over the last
two decades. Different approaches to
the achievement of invisibility have fol-
lowed in different fields besides optics.
For instance, a variety of cloaking de-
vices have been experimentally demon-
strated also in acoustics, thermodynam-
ics, and mechanics.[6] However, cloak-
ing devices are not perfect. It has been
shown that outside the design frequency,
realistic cloaks may become significantly
visible.[7] Conversely, as technology im-
proves, detecting a cloak at the design
frequency might be a challenging task.
In most previous studies, the scattering

cross section (SCS) has been used as an indicator of the effective-
ness of realistic invisibility cloaks.[7–9] The SCS is ameasurement
that estimates the total energy scattered by an object (see Exper-
imental section). Therefore, the use of this scalar value has the
disadvantage that it does not take into account the spatial distri-
bution of the scattered field nor the phase changes produced by
the cloak and, in the case of devices without rotational symme-
try, only a single illumination direction is usually considered. It
is thus reasonable to imagine that a suitable measurement and
processing of these missing data would provide more informa-
tion on the cloak, which, as predicted in ref. [7], should be more
sensible to interferometric techniques than to the SCS. Actually,
looking back at the origins of invisibility cloaks, we find that one
of the first known invisibility devices was conceived as a material
undetectable by tomographic techniques,[10] which aim at recon-
structing the refractive index (RI) profile of an object by illumi-
nating it from each possible direction and by smartly combining
the complex amplitude (magnitude and phase) of the resulting
scattered waves.[11] Therefore, diffraction tomography (DT) is ex-
pected to detect invisibility devices more accurately, and even has
the potential of revealing the shape of the cloak (see Figure 1).
In this paper, we explore this possibility, keeping the spotlight

on studying the behavior of passive cloaks under DT around
their design frequency, at which the SCS measurement is less
effective and may fail to unveil their presence. Particularly, we
analyze three of the most representative kinds of invisibility
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Figure 1. Scheme of the difference between the SCS and DT detection
techniques. a) The SCS is a scalar quantity related to the total scattered
power for a given incident direction. The phase of the scattered field is not
taken into account. b) DT uses different angles of illumination to obtain
a RI map of the object from the space-dependent phase and amplitude of
the scattered field.

devices: plasmonic cloaks based on scattering cancellation (SC),
blow-up-a-point inhomogeneous cloaks based on transformation
optics (TO), and homogeneous polygonal cloaks, also based on
TO (see Figure 2).
In all cases, we consider realistic material implementations.

Additionally, it is worth mentioning that DT is constrained by
the diffraction limit, that is, it is suited for imaging objects with
dimensions larger than 𝜆∕2, where 𝜆 is the wavelength of light,
if both the forward and backward scattering are measured. If the
latter is not considered, which is the common situation and the
one we will consider in this work, the limit rises to 𝜆∕

√
2,[12] so

we will restrict our study to this class of objects. Moreover, we
will focus on 2D problems for simplicity, although the extension
to the 3D case is straightforward. Likewise, we restrict ourselves
to TE waves (electric field polarized along the z component and
magnetic field contained in theXY plane), with analogous results
for TM waves.
Finally, to implement the DT algorithms used in this paper, the

steps described in refs. [12, 13] have been coded inMatlab. These
robust algorithms have been used, for example, to measure the
refractive index of a single cell.[14]

Figure 2. Studied invisibility cloaks and their working principle. a) SC
cloak. b) Blow-up-a-point TO cloak. c) Polygonal TO cloak.

2. Results and Discussion

2.1. Scattering Cancellation

The first approach to invisibility cloaking that we will study is
scattering cancellation. This technique reduces the scattering
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Figure 3. Simulated z component of the electric field resulting from the il-
lumination of a SC-cloaked dielectric cylinder of radius r with an x-directed
plane wave. a) r = 𝜆0∕2. b) r = 𝜆0.

produced by a dielectric object with a positive permittivity by cov-
ering it with a negative-permittivity coating (see Figure 2a).[8]

SC has also been applied to cloak objects immersed in a uni-
form static magnetic field[15] or in a diffusive light scattering
medium.[16] An interesting application of this type of cloak is
the possibility of cloaking a sensor without affecting its capability
to measure an incoming signal.[17] Typically, the SC set-up con-
sists of a core–shell spherical or cylindrical structure in which
the oppositely signed permittivities of the inner and outer ma-
terials are designed to cancel the first-order scattered field at a
given frequency (the design frequency).[8] Note that the SC effect
is maximized for objects with electrically small dimensions.[8]

Therefore, taking into account the diffraction limit of DT, we
will analyze objects with longitudinal dimensions in the interval
[𝜆0∕

√
2, 2𝜆0], where 𝜆0 is the free-space wavelength for which the

cloaks are designed, with f0 the corresponding frequency. More-
over, to satisfy the Born and Rytov approximations usually em-
ployed in DT,[12,18] the maximum contrast between the object RI
and that of the background is fixed to a 5%. In particular, we ap-
ply the SC technique to cloak dielectric cylinders of radii 𝜆0∕2 and
𝜆0, with a RI nOBJ = 1.05, and immersed in a vacuumbackground
with RI nBG = 1. These cloaks have been optimized to minimize
the SCS following the procedure described in ref. [19] (see Ap-
pendix 4). This yields optimum metallic shells with a permittiv-
ity 𝜖S = −2.7 and an outer radius rS = 0.508𝜆 for the r = 𝜆0∕2
cylinder and rS = 1.0205𝜆0 for the r = 𝜆0 cylinder. As mentioned
above, the electric field is assumed to be polarized along the z
component (parallel to the cylinder axis). Figure 3 shows the dis-
tribution of this field for both studied SC cloaks under plane
wave incidence.

To quantify the effectiveness of the cloak in terms of the SCS
reduction it attains, we define the relative observability as

OSCS =
SCSC
SCSNC

(1)

where SCSC and SCSNC are the SCS of the object with and with-
out cloak, respectively. That is, the lower the value of OSCS, the
higher the efficiency of the cloak. In the case of the r = 𝜆0∕2 cylin-
der, a value ofOSCS = 0.7 is achieved, while for the r = 𝜆0 cylinder,
OSCS = 0.66.
On the other hand, to obtain tomographic images (called to-

mograms) of all the cloaks studied in this work, the scattered field
is recorded on a detector line (this data set is called a projection)
placed at a distance lD from the set-up center, as shown in Fig-
ure 1b. In the case of the SC cylinders, we set lD = 10𝜆0. Ideally,
the detector line should be infinite to capture the complete for-
ward scattered wave. In practice, in the simulations we use a fi-
nite line length wD such that the missed scattered field is negligi-
ble. In the case of the SC cylinders, wD = 220𝜆0. A tomogram is
built upon the information provided by different projections cor-
responding to different values of the illumination angle 𝜙0 (see
Figure 1b). To ensure a nearly perfect tomographic quality, we
take 250 projections and, at least, record the field of each projec-
tion at eight points per 𝜆 (a total of 1760 points in this case).
The obtained tomograms for the non-cloaked cylinders are

shown in Figure 4, yielding a good approximation to the original
cylinder RI profiles. It is worthmentioning that the reconstructed
RI has a smooth variation instead of the abrupt RI change of the
original cylinders, as we can see in Figure 4b,d. These results
are in line with those expected for the tomography of a centered
cylinder.[18] Notably, the RI recovered by the tomogram for the
cloaked r = 𝜆0∕2 configuration (Figure 4b) exhibits a higher am-
plitude variation than that of the non-cloaked configuration (0.1
with cloak, 0.06 without it). This increment of the RI range is
more evident for the r = 𝜆0 cylinder, as can be seen in Figure 4d.
Additionally, in this case, the RI profile shows two lobes instead
of one. Regardless, the tomograms clearly show the presence of
an object in both cases.
Following the work in ref. [7], it is worth analyzing the behavior

of the cloak under DT at different frequencies. For that, the cloak
was considered to be made of lossless silver,[7] and was modeled
by a Drude permittivity 𝜀s = 𝜀∞ − f 2P ∕f

2, with a plasma frequency
fP = 2175 THz and 𝜖∞ = 5.[20] As a consequence, the ideal cloak
permittivity is obtained at f0 = 783.8 THz (i.e., 𝜆0 = 382.7 nm).
To quantify the sensitivity of DT in the detection of a given cloak,
we define the presence of an object according to its tomogram as

p =

∑I
i=1

∑J
j=1

||nDT(i, j) − nBG||
IJ

(2)

where nDT(i, j) is the RI at the pixel (i, j) of a tomogram of size
I × J. This is similar to the way in which the error of tomographic
techniques is tested.[18] As in the case of the SCS, the effect of the
cloak is quantified as the presence of the cloaked object divided
by the presence of the non-cloaked one, that is

ODT =
pC
pNC

(3)
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Figure 4. Linear tomography (Rytov approximation) of non-cloaked and
cloaked dielectric cylinders of radius a,b) r = 𝜆0∕2 and c,d) r = 𝜆0. Full
tomograms are shown in panels (a) and (c). Panels (b) and (d) show a
detail of the RI along the dashed lines depicted in (a) and (c).

Figure 5. a) Comparison between the relative observabilities obtained via
SCS and DT for an SC-cloaked cylinder with r = 𝜆0∕2 and nOBJ = 1.05 as
a function of frequency. b) Corresponding RI along a line passing through
the center of the cylinder as retrieved via DT for some selected frequencies
(highlighted with colored points in (a)).

The detection ability of both measurement methods (SCS and
DT) is shown in Figure 5a for r = 𝜆0∕2 cylinder. The correspond-
ing tomogram profiles along a line passing through the center
of the cloak are shown in Figure 5b for some selected frequen-
cies.As expected, OSCS shows a local minimum close to f = f0,
since f0 is the design frequency. As noted in ref. [7], there is a fre-
quency range around f0 for which the cloak reduces the scatter-
ing produced by the concealed object (that is,OSCS < 1 or, equiva-
lently,OSCS < 0 dB), while the SCS is higher for the cloaked object
in the rest of the spectrum (f < 0.8f0 and f > 1.4f0 in our case), as
can be seen in Figure 5a. This corresponds to the values greater
than 0 dB in this figure, which represent the frequencies at which
the cloak not only fails at hiding the object, but enhances its pres-
ence, making it more detectable. Remarkably, in the eyes of DT,
the presence of the cloaked system is almost always greater than
that of the non-cloaked one in the studied band, even at the fre-
quencies for which the cloak reduces the object SCS. Addition-
ally, we have ODT ≥ OSCS, so we conclude that DT will be more
effective in discovering objects hidden by SC cloaks.
Besides allowing a presence measurement, DT provides infor-

mation on the apparent shape of the cloaked object. In the to-
mograms of the studied cylinders, they appear to have a smaller
radius and a larger RI variation than their bare counterparts (Fig-
ure 4). Consequently, we ask ourselves whether it would be possi-
ble to take advantage of this apparent shrinking, which suggests
that covering small dielectric particles with SC coatings may fa-
cilitate their differentiation when being closely packed. To study
this possibility, we analyze a new configuration consisting of two

Laser Photonics Rev. 2023, 17, 2200237 2200237 (4 of 11) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 6. a) Simulated z component of the electric field resulting from the
illumination of two SC-cloaked cylinders (r = 𝜆) with an x-directed plane
wave. b) Tomograms of the non-cloaked and cloaked cylinders obtained
via DT (Rytov approximation). c) Detail of the RI along the dashed lines
depicted in (b).

kissing cloaked cylinders (r = 𝜆, nOBJ = 1.01), immersed in a vac-
uum background (nBG = 1) and covered by optimized shells with
𝜖S = −2 and rS = 1.0049𝜆. The simulation of the corresponding
electric field is shown in Figure 6a.
Tomograms of this cylinder arrangement are obtained both

with and without SC shells (we use 180 projections). Very sim-
ilar results are obtained for the Born and Rytov approximations.
The tomograms for the latter are shown in Figure 6b, fromwhich
we observe that the bare cylinders are hardly distinguishable, and
can be mistaken for a single object (they appear as a cylinder of
radius 2𝜆 along the central line, as can be seen in Figure 6c). On
the contrary, the tomogram of the cloaked cylinders shows two
clearly separate profiles, as seen in Figure 6b, even though they
are touching each other, which is a remarkable feature. This fact,
combined with the enhanced range between the minimum and

maximum RI values, provides a notable advantage in the recog-
nition of closely packed objects, which may find application, for
instance, in particle counting or bioimaging.

2.2. Transformation Optics - Blow-Up-A-Point Cloaks

Amore sophisticated passive cloaking technique that can remove
scattering at all orders is based on transformation optics.[3,21]

With this method, a given region of space is hidden by redirect-
ing the illuminatingwave around it, avoiding any light absorption
or scattering. The rays traversing the cloak bypass the concealed
region and turn back to the original path. To study the behav-
ior of this kind of device under DT, we analyze the original 2D
cloak proposed in refs. [4, 22], where a cylindrical region of ra-
diusR1 is hidden by a concentric cylindrical shell of radiusR2 (see
Figure 2b). This cloak requires the following radius-dependent,
anisotropic relative permittivity (𝜖), and permeability (𝜇) tensor
components (in cylindrical coordinates)

𝜖r = 𝜇r =
r − R1

r

𝜖𝜙 = 𝜇𝜙 = r
r − R1

(4)

𝜖z = 𝜇z =
(

R2

R2 − R1

)2 r − R1

r

To account for causality and losses, we analyze a realistic version
of the cloak in which the components with values below unity (𝜖r ,
𝜇r , 𝜖z, 𝜇z) aremodeled by Drude and Lorentz dispersive relations,
respectively[7,23]

𝜖rD(r) = 𝜖r(r)

(
2 −

f 20
f (f + i𝛾1)

)
(5)

𝜖zD(r) = 𝜖z(r)

(
2 −

f 20
f (f + i𝛾1)

)
(6)

𝜇rL(r) = 𝜇r(r)

(
1 − F

1 + (i𝛾2∕f ) − (f 20 ∕f 2)

)
(7)

𝜇zL(r) = 𝜇z(r)

(
1 − F

1 + (i𝛾2∕f ) − (f 20 ∕f 2)

)
(8)

For the components larger than unity (𝜖𝜙, 𝜇𝜙), we assume a non-
dispersive dependence,[7,23] given in our case by Equation (4). Fol-
lowing ref. [23], we take 𝛾1 = 𝛾2 = 𝛾 and F = 0.78.
To validate this TO device, we simulate its response when

cloaking a dielectric disk of radius rD = R1 and with a refractive
index nOBJ = 1.04. A design frequency f0 = 193.55 THz (corre-
sponding to a wavelength 𝜆0 = 1.55 μm) is chosen, and the di-
mensions of the cloak are taken to be R1 = 2μm and R2 = 2R1.

Laser Photonics Rev. 2023, 17, 2200237 2200237 (5 of 11) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 7. a) Simulated z component of the electric field resulting from
the illumination of a dielectric cylinder covered by a lossless dispersive

The simulation of the electric field at f0 for this configuration is
shown in Figure 7a.
To compare the detection sensibility of the SCS and DT ap-

proaches, we study the frequency range from 0.98f0 to 1.016f0,
initially considering a lossless material (𝛾 = 0). We take 1000 pro-
jections over a detector with a length wD = 100𝜆0 and sample the
field of each projection at 1000 points. The tomogram of the un-
cloaked object is depicted in Figure 7c, which, as seen in Fig-
ure 7d, exhibits the typical ripple that arises when tomography
is applied over a large circular object.[18] In line with the results
reported in refs. [7, 23] Figure 7b shows that the curve represent-
ingOSCS as a function of frequency has a V shape, with a spectral
region around f0 where the SCS of the cloaked configurations is
lower than that produced by the bare object. Beyond these limits,
the cloaked object scatters more energy than the bare one (values
greater than 0 dB in Figure 7b). Although the device was designed
to have ideal parameters at f0, the minimum of OSCS is achieved
at f = 0.998f0. This slight change may be due to the numerical
error introduced by the simulation software.
The relative observability obtained with DT is also depicted in

Figure 7b, showing aminimum approximately at f0 and the same
trend as theOSCS curve. However, the mentioned low observabil-
ity region found in the SCS analysis is considerably narrowed
when using DT for both the Born and the Rytov approximations.
Moreover,ODT > OSCS in almost all the analyzed spectrum (espe-
cially a frequencies below f0), confirming that DT is more sensi-
tive to lossless realistic cloaks than SCS measurements.
To understand this behavior, the Rytov tomograms of the

cloaked object at five different frequencies (indicated by colored
dots in Figure 7b) are shown in Figure 7c. The RI values of these
tomograms along a line passing through the center of the cloak
are depicted in Figure 7d. The Born approximation gives simi-
lar results and is not shown. The effect of the cloak in the scat-
tered field at the frequency for whichODT reaches its lowest value
(yellow line in Figure 7d) gives rise to a tomogram that corre-
sponds to a thinner object than the original one (as in the SC
case) and with RI values below nBG. As a consequence, while
the presence of the cloaked object is quite reduced with respect
to that of the uncloaked object, this makes ODT > OSCS at f0.
As might be expected, the detection is more precise at frequen-
cies different from f0. In particular, the tomograms associated
with the other four frequencies show a variation of the RI span-
ning a circular region with approximately the same size as the
cloak, thus providing information on the shape of the device (see
Figure 7c,d). In addition to these variations, a concentric ripple
of the RI is observed for the frequencies that are farther from
f0, that is, f = 0.989f0 (purple line) and f = 1.012f0 (magenta
line), which results in higher observability values. The Drude and
Lorentz approximations used to model the cloak also allow us to

TO cloak with an x-directed plane wave. b) Comparison between the rela-
tive observability of a TO-cloaked dielectric cylinder obtained via SCS and
DT. c) Tomograms (Rytov approximation) associated with the non-cloaked
cylinder and the cloaked cylinder for different frequencies (corresponding
to the color dots in (b)). The size of the tomograms is 16𝜆0 × 16𝜆0. d)
Detail of the RI along the dashed lines depicted in (c). e) Comparison be-
tween the relative observability obtained via SCS and the Born and Rytov
approximations of DT as a function of the loss order.

Laser Photonics Rev. 2023, 17, 2200237 2200237 (6 of 11) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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study the impact of losses in the detection. To this end, we relate
𝛾 to the design frequency as follows

𝛾 = 10of0 (9)

where o is termed the loss order. A high value of o will be related
to a high value of loss. We sweep the value of o from −3.5 to 1.5
(keeping the frequency constant at f0) and show the correspond-
ing observability in Figure 7e. For low losses, the results corre-
spond to the values in Figure 7b at f = f0. However, the SCS be-
comes more sensitive than DT for o > −1.9 (note that this corre-
sponds to a material with considerably high loss values, not usu-
ally employed to construct cloaks). Interestingly, the maximum
values of the observability are achieved around o = −1. For o > 1,
the observability associated with the SCS and DT methods has
similar values.

2.3. Transformation Optics - Polygonal Cloaks

The practical implementation of the ideal TO invisibility cloak
studied in the previous section is challenging due to the inhomo-
geneous character of the 𝜖 and 𝜇 tensors, as well as to the extreme
values of these tensors near the inner limits of the cloak. One way
to address this drawback is to apply a piecewise affine transforma-
tion to a polygonal region divided into segments, which results
in a homogeneous device with finite constitutive parameters.[24]

A simplified version of this cloak can even be implemented with
natural birefringent crystals. Moreover, the study of this kind of
device allows us to test the DT detection ability for cloaks with
non-cylindrical shapes. In particular, here we consider a hexago-
nal cloak (the details of which are shown in Figure 2c as an exam-
ple) and a square cloak, following the transformations reported
in refs. [24, 25] respectively. In the case of the hexagonal cloak, the
employed dimensions are r2 = 4.8𝜆, r1 = r2∕3, and r0 = 0.03𝜆.
The response of this cloak to a TE plane wave is shown in Fig-
ure 8a,b for two different angles of illumination (0 and 𝜋∕6 rad).
As for the square cloak, the inner and outer square boundaries
have a side length of 2𝜆 and 8.5𝜆, respectively. A simulation of its
behavior for 0 rad and 𝜋∕4 rad illumination angles are shown in
Figure 8c,d.
To analyze the behavior of the considered polygonal cloaks un-

der the SCS and DT paradigms, a hexagon and a square with a
refractive index nOBJ = 1.05 have been placed inside the cloaks
(nBG = 1). In the case of the hexagonal cloak, the hidden hexago-
nal object has a radius r1 and the hidden square has a side length
r1. In the case of the square cloak, the hidden hexagon has a ra-
dius of r = 1.02𝜆. Through this study, we have verified that, al-
though polygonal invisibility devices work well for any angle of
illumination, their performance has a slight angle dependence
by construction (the region of virtual space that is expanded is
not a point, but a finite domain without cylindrical symmetry).
For instance, when the hidden object is the hexagon, OSCS varies
from 0.22 in the worst case (angle of illumination of 𝜋∕6 rad) to
0.19 when the illumination angle is 0 rad. The SCS ratios for the
rest of the cases are gathered in Table 1. In all configurations, the
SCS is significantly reduced, especially by the square cloak.
The same analysis is now repeated using DT under the Rytov

approximation. The tomograms of the two considered bare ob-

jects are shown in Figure 8e and are used as a reference. The to-
mograms of the different cloak-object combinations can be seen
in Figure 8f,g. The values of ODT for each case are shown in Ta-
ble 1. As seen, the relative observability associated with the DT
approach is always significantly higher than that associated with
the SCS method, being higher than unity in some cases (mean-
ing that the cloak enhances the presence of the object in the eyes
of tomography).
In addition, the tomograms of Figure 8e–g evidence the imag-

ing ability ofDT for non-cylindrical cloaks. First, they show a clear
correspondence between the size of the retrieved index profile
and the outer boundaries of both cloaks. Second, the tomograms
possess the same symmetries as the cloaks, as can be seen in Fig-
ure 8f,g. Hence, although the hidden objects are not unmasked
by the tomograms, the latter provide important information on
the cloaking device, revealing its presence. Thismeans that, while
small changes in the scattered energy as a function of the illumi-
nation angle do not compromise the cloak performance in terms
of SCS (with low values of OSCS well below unity in all cases),
they are magnified by DT due to the smart combination of the
measured complex field at different angles. Therefore, the high
values of ODT, together with the ability of DT to determine the
shape of the cloak, makes this technique a much better candi-
date for the identification of this kind of device than the SCS.
Furthermore, the most remarkable fact is that this identification
has been done at the design frequency of the cloak, that is, for
the exact ideal parameters of the device. It is for this reason that
we have not carried out a frequency sweep to analyze the spectral
dependence of the observability in this case, although one would
expect an increment in the values of this parameter as moving
away from f0.

2.4. Beyond the Limits of Tomography Approximations

At this point, it is worth noting that, although the employed DT
approach is restricted to isotropic objects possessing a low in-
dex gradient, invisibility cloaks do not usually fulfill these condi-
tions. However, our results prove that the considered DT tech-
nique also shows a high efficiency when it comes to imaging
and detecting cloaks with extreme parameters (such as a negative
permittivity in the case of SC cloaks, or as anisotropic rapidly-
varying materials in the case of TO cloaks), as well as a high
index contrast with either the background or the cloaked object
(which is the situation in all the analyzed cases). The key as-
pect here is that, even when the conditions for the Born and
Rytov approximations to be valid are broken, the associated DT
algorithms are usually still able to capture the main features of
an object. Specifically, although the retrieved RI value may dif-
fer from the real one, strong variations in the optical proper-
ties of the object are reflected in the tomogram,[18,26,27] enabling
us to still detect the presence of the object. Following this idea,
in this section we analyze the case in which the cloaked object
does not fulfill the validity conditions of the Born and Rytov
approximations.
We start by studying the SC technique. In this case, we selected

an optimized cloak design from ref. [8]. The RI of the cloaked
cylinder is

√
3, which is in sharp contrast to nBG and far away

from the aforementioned 5% limit. Moreover, the radius of the

Laser Photonics Rev. 2023, 17, 2200237 2200237 (7 of 11) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 8. a–d) Simulated z component of the electric field resulting from the illumination of different polygonal TO cloaks with an x-directed plane wave.
Hexagonal cloak illuminated at an angle of 0 rad (a) and hexagonal cloak illuminated at an angle of 𝜋∕6 rad (b). Square cloak illuminated at an angle of
0 rad (c). Square cloak illuminated at an angle of 𝜋∕4 rad (d). e–g) Tomograms (Rytov approximation) of: a bare hexagon and a bare square (e). Each of
these objects hidden within a hexagonal cloak (f) and within a square cloak (g). The boundaries of the cloaks are depicted as a reference. The schematic
insets represent the cloak (pink) and the hidden object (green) for each configuration.

Table 1. SCS and DT (Rytov) relative observability for each cloak-object
combination (H: Hexagonal, S: Square).

Cloak Object OSCS ODT

H H 0.22–0.19 0.74

H S 0.52–0.47 1.69

S H 0.40–0.18 1.51

S S 0.13–0.05 0.81

cylinder is r = 𝜆0∕7.8, which is well below the diffraction limit
we imposed above. Figure 9a,b shows the tomograms of the bare
and cloaked cylinder. As expected, the reconstructed RI of the

bare cylinder is significantly lower than the original one due to
the employed Rytov approximation. Moreover, the radius of the
cylinder retrieved by DT has been widened as compared to the
real one, since any object with a size below the diffraction limit
will appear as an object with a size of the order of this limit, as in
typical far-field imaging. It is worth mentioning that this result
could be improved by using advanced nonlinear DT approaches
that are able to overcome the diffraction limit by up to an order of
magnitude.[28] In any case, as seen, the cylinder is still detected
even when surrounded by the cloak. Moreover, while the cloak
behaves excellently in terms of SCS (OSCS = −9 dB), DT consid-
erably improves the observability to ODT = −3 dB. That is, DT
is also effective in detecting standard electrically small SC cloaks
with a high RI contrast.

Laser Photonics Rev. 2023, 17, 2200237 2200237 (8 of 11) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

 18638899, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202200237 by A

alto U
niversity, W

iley O
nline L

ibrary on [24/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 9. a,b) Linear tomography (Rytov approximation) of a non-cloaked and cloaked dielectric cylinder (scattering cancellation) of radius r = 𝜆0∕7.8
at f = f0. Full tomograms are shown in panel (a). Panel (b) shows a detail of the RI along the dashed lines depicted in (a). c) Tomograms (Rytov
approximation) associated with the non-cloaked and cloaked cylinders (transformation optics) at f = 1.004f0.

As a second example, we test the ability of our technique to
detect the TO cloak analyzed in Section 2.2 when hiding a strong
scatterer with a RI of 2. In this case, the tomogram of the cloaked
object returns the same RI distribution as in Section 2.2, correctly
predicting the size and shape of the cloak once again (Figure 9c).
The reason for this equality is that the TO cloak prevents the inci-
dent field from entering the cloaked space, making the scattered
field almost independent of the cloaked object. Hence, DT allows
us to retrieve the shape, size, and position of TO cloaks regard-
less of the concealed object. Moreover, even though the estimated
RI value of the bare scatterer is again considerably below its real
value due to the broken Rytov approximation, the DT observabil-
ity remains better (ODT = −9.4 dB) than in the SCS case (OSCS =
−12.5 dB).
Finally, it is important to highlight that the typical approxima-

tions considered in DT are not a necessary requirement of this
technique, but rather an ingredient that simplifies the inversion
of the equations. In particular, both the Born and Rytov approxi-
mations, which limit the space of objects whose RI distributions
can be obtained accurately to weak scatterers, consist of keeping
only the first term of a series expansion of the field. However, one
can consider any number of terms to arbitrarily increase the accu-
racy of DT in estimating the scatterer RI distribution.[29] A variety
of other alternative approaches can also go beyond the Born and
Rytov approximations, based on, for example, acquiring tomo-
grams at multiple depths,[30] the method of very fast simulated
annealing,[31] a combination of advanced forward and inverse
problem solvers,[32] deep learning,[33] and other nonlinear inver-
sion techniques.[34,35] In this way, it is possible to overcome the
restrictions of the first-order Born and Rytov approximations and
precisely obtain the index profile of strong scatterers and multi-
ple scattering objects via DT. Therefore, approximations are not
an inherent drawback of DT. Nonetheless, we have used the Born
and Rytov approximations due to their simplicity and common
use in the literature, as they already allow us to obtain remark-
able results not attainable by previous approaches, such as the
possibility of retrieving the shape and size of a cloak, as well as
the associated improvement in the sensitivity to detect its pres-
ence. This provides a proof of concept of the potential of DT in
invisibility device detection that will hopefully stimulate further
research efforts aimed at refining it. Along this line, we would

like to reiterate that a key aspect in DT is that the information pro-
vided by the phase and distribution of the scattered field allows
us to unambiguously retrieve the optical properties of the scat-
terer under certain conditions.[36] On the contrary, the informa-
tion provided by the SCS is highly ambiguous in nature,meaning
that the same SCS can be produced by objects with a different lo-
cation, shape, size, or refractive index level (or combinations of
these). DT removes this ambiguity by measuring the field ampli-
tude and phase distributions (for several illumination angles if
one has to account for objects without rotational symmetry) and
by combining them in a specific way,[37] more insightful than the
one in which the SCS does it.

3. Conclusion

In this work, we have studied the potential offered by diffraction
tomography for the detection of realistic invisibility devices. In
this direction, we have shown that this technique is more sen-
sitive than the broadly used scattering cross-section for cloaks
based on both scattering cancellation and transformation optics
around the design frequency of these devices. Moreover, diffrac-
tion tomography can approximately reveal the shape and the size
of all the analyzed devices.
More specifically, regarding scattering cancellation cloaks and

blow-up-a-point transformation optics cloaks, the presence of the
cloaked object has been compared to that of the uncloaked one
for different frequencies, finding that the band at which the sys-
tem possesses low observability according to a scattering cross-
section meter (OSCS < 1) is notably reduced for the diffraction
tomography technique, the observability of the system being al-
ways higher or equal under a diffraction tomography analysis
(ODT ≥ OSCS). In addition, while polygonal transformation optics
cloaks have been verified to do a good job in hiding objects as far
as the scattering cross-section parameter is concerned, diffrac-
tion tomography is able to image the shape of these cloaks and
can therefore reveal their presence, compromising their effective-
ness. Remarkably, this occurs for the ideal cloak parameters.
Since diffraction tomography represents a more demanding

test for the performance evaluation of invisibility cloaks, it might
be useful as a new standard in their design and characterization.
Additionally, our findings open up a range of potential benefits

Laser Photonics Rev. 2023, 17, 2200237 2200237 (9 of 11) © 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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in a variety of fields, from fundamental advances in invisibility
research to bioimaging and warfare applications at the techno-
logical level.
Besides, our results indicate that objects cloaked using scatter-

ing cancellation appear to be shrunk from a tomographic point
of view. This suggests that the scattering cancellation technique
could be applied to enhance the resolution of diffraction tomog-
raphy when imaging small closely-packed particles.
The study is concluded by analyzing the performance of the

proposed technique beyond the first-order Born and Rytov ap-
proximations, still proving to be superior to the SCS approach.
To complete the discussion, we would like to make a note

about the robustness of the proposed method. First, it shows a
high tolerance to deviations in the considered approximations
and diffraction tomography assumptions, as discussed in the pre-
vious section. Second, although we have employed a high num-
ber of projections to obtain the tomograms in this work, a much
lower number would be enough in some cases. For instance, the
reported polygonal cloak tomogramswere obtained using a num-
ber of projections ranging from 180 to 360. However, the shape of
the cloak can be distinguished even with only a few tens of pro-
jections. In any case, one also has to take into account that the
diffraction tomography reconstruction error decreases with the
number of considered illumination angles until it stabilizes at a
constant value.[13] Another important source of error in diffrac-
tion tomography is the noise introduced by the use of highly co-
herent light, which is strengthened by the reconstruction algo-
rithm. Fortunately, there exist different approaches to suppress
this noise, based on deep learning and other techniques.[38,39]

Finally, given the analogy between optics and acoustics, as well
as the advanced state of sonic diffraction tomography,[40,41] the
proposed technique could be easily extended to the detection of
sound cloaks.[42,43]

Experimental Section
Scattering Cross Section (SCS): To evaluate the rate of the electro-

magnetic energy that was scattered by a particle, the scattering cross-
section[44] is defined as

SCS =
WSCA

PINC
(10)

where PINC is the incident irradiance, defined as energy flux of the incident
wave (W m−1). WSCA is the scattered energy rate (W), which, in 2D, is
derived by contour integration of the Poynting vector associated with the
scattered field (SCA) over a circumference enclosing the particle (L)

WSCA = ∮
L

SCA ⋅ n̂ dl (11)

where n̂ is the unit vector normal to L. In the present work, all elec-
tromgnetic field and SCS calculations were performed in Comsol Mul-
tiphysics.
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