SCIENTIFIC B ENC A

REP{%}RTS

SUBJECT AREAS:
METAMATERIALS

IMAGING AND SENSING
MICRO-OPTICS
TRANSFORMATION OPTICS

Received
11 October 2012

Accepted
28 May 2013

Published
12 June 2013

Correspondence and
requests for materials
should be addressed to
G.P.W. (gp_wang@
whu.edu.cn)

Directionally Hiding Objects and
Creating lllusions at Visible Wavelengths
by Holography

Qiluan Cheng', Kedi Wu', Yile Shi?, Hui Wang? & Guo Ping Wang'

'School of Physics and Technology, Wuhan University, Wuhan 430072, Hubei, P. R. China, ZInstitute of Information Optics,
Zhejiang Normal University, Jinhua 321000, Zhejiang, P. R. China.

Invisibility devices have attracted considerable attentions in the last decade. In addition to invisibility cloaks,
unidirectional invisibility systems such as carpet-like cloaks and parity-time symmetric structures are also
inspiring some specific researching interests due to their relatively simplifying design. However,
unidirectional invisibility systems worked generally in just one certain illumination direction. Here, based
on time-reversal principle, we present the design and fabrication of a kind of all-dielectric device that could
directionally cancel objects and create illusions as the illuminating light was from different directions. Our
devices were experimentally realized through holographic technology and could work for macroscopic
objects with any reasonable size at visible wavelengths, and hence may take directional invisibility
technology a big step towards interesting applications ranging from magic camouflaging, directional
detection to super-resolution biomedical imaging.

nvisibility has been attracting considerable attentions in science and technology. With the development of

invisibility technology, several invisibility cloaking configurations were proposed theoretically' '’ and demon-

strated experimentally''™® such as the invisibility cloaks that objects to be hidden were enclosed or covered by
the cloaks'*''"'® and complementary media (or negative-index media) -based devices used to conceal objects
outside the cloaks’. While perfect invisibility cloaks can work independent of the position of source and observer,
unidirectional invisibility devices based upon carpet-like cloaks® and parity-time symmetric structures* >° are
also inspiring some specific researching interests due to their relatively simplifying design and specific application
potentials in wide fields such as directional military detection and biomedical imaging etc.

Here, based on time-reversal principle***, we present the design and fabrication of a kind of all-dielectric
devices that could directionally cancel objects and create illusions in visible frequencies by holography®>.
Different from unidirectional invisibility devices, which worked generally in just one certain illumination dir-
ection, our devices could work as the incident light was from different directions and further the devices were
experimentally realized with only commercially available materials (made of nonsingular, homogeneous, and
isotropic materials). The objects that we used in the experiments were at the centimeter scale and the distance
between the objects and the devices was at the decimeter scale.

Results
Theoretical basis and experimental scheme. Physically, to hide an object, one can employ a phase-conjugated
signal to compensate for the scattered light fields of the object. While for creating optical illusions, not only is a
phase-conjugated signal to compensate for the scattered light fields of one object to make it invisible needed, but
further an additional light field of a different object to be transformed into must be produced***'. Optically, time-
reversal principle were widely exploited to produce optical phase conjugation signals in imaging beyond the
diffraction limit***' and focusing light into a scattering medium®*°. The time-reversed light beam can be created
through either linear**~*® or nonlinear optical effects*>. In our experiments, we followed Refs. 32 and 36 to obtain
time-reversed light to realize invisibility and to create illusions. The optical system used to fabricate our dielectric
devices is sketched in Fig. la. The devices were fabricated through interference lithography by using a
photosensitive plate in plane C to record the interference pattern of the coherent beams.

To construct a device (D-1) for concealing an object O;, we placed the object in plane Q of Fig. 1a in the
recording process. While to produce another device (D-2) for creating optical illusions of changing object O, to
another object O,, we first placed objects O, and O, in plane Q simultaneously in the exposure procedure. In our
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Figure 1| Experimental setup of our dielectric devices. (a) Optical path
to fabricate the devices. A He—Ne laser beam with a wavelength of A =
632.8 nm was divided by beam splitters B, and B, into three parts: two
plane-light beams R; and R, and one beam passing through an object
placed in plane Q, known as the object light beam W. The angles between
W and R, and between W and R, were 30° and 45° measured clockwise and
anticlockwise, respectively. E;, E,, and E; were beam expanders, M;, M,,
M3, and M, were mirrors, and L was a lens with a focal distance f = 15 cm.
A photosensitive plate in plane C was used to record the interference
pattern of the three beams Ry, R,, and W for constructing the devices. The
distance between L and C was 30 cm, equal to the distance between L and
Q, so that the object in plane Q created a one-to-one image on plane C.
(b) Sketch of a transparent object O; and its actual image: a two-heart logo
with area 1 cm X 0.4 cm. (c) Sketch of an amplitude-modulated object O,
and its actual image: a smiling-face logo with diameter 0.9 cm. (d) Optical
system used to evaluate the working effect of the devices. Each device was
replaced in plane C and illuminated by a plane-light beam R;’ or R,’ on the
back surface. A CCD camera was used to monitor the final output image
when the plane light R,” or R," passed through the devices in plane C and
the object in plane Q. The distance between planes C and Q was 60 cm. The
angle between the illuminating light R;" (R,") and the normal direction of
the devices was 30° measured clockwise (45° anticlockwise). A mask plane
with a cross mark was placed between the CCD and the object plane as a
reference mark to monitor the effect of the devices on the nearby objects.

experiments, object O; was a transparent two-heart object embossed
on a glass substrate, while object O, was an amplitude-modulated
smiling face. The schemes and actual photographs of the objects are
shown in Figs. 1b and 1c, respectively.

After exposure, development, fixing, bleaching, and drying (see
Methods), the devices were finished. The device surface structure was
a series of interference fringes (see supplementary Fig. S1 online).
Since the bleaching processing makes the composites of the record-
ing medium become a dielectric material, all devices obtained in our
experiments were completely transparent (see Methods).

Figure 1d shows the optical system used to characterize the effect
of the devices. To evaluate the device performance for concealing
object O; or creating optical illusion of changing object O, to object
O,, we replaced the fabricated devices in plane C again and main-
tained the position of the object O, in plane Q. We then used a plane
light beam to illuminate the back surface of the devices at different
illuminating directions, which will produce a time-reversal light of
the object light beam W used in the recording process to illuminate
the object O, in plane Q. We observed the image behind the object O,
through a charge-coupled device (CCD) to check the device effect. A
cross mark was placed between the CCD and the object plane Q as a
reference mark for monitoring the effect of the devices on nearby
objects of O;.

Characterization of D-1 in hiding objects. Figure 2a presents the
photograph of object O, (two-heart logo, Fig. 1b) taken by CCD camera
as it was directly illuminated by a laser beam at A = 632.8 nm. The
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Figure 2 | Experimental results of hiding object O,. (a) Planar
photograph and (b) three-dimensional profile of object O, taken by CCD
camera as it was directly illuminated by a laser beam at A = 632.8 nm. Inset
of (b) is the intensity distribution of the image along the y axis at x = 130.
The four peaks correspond to the feature of object O; on the edges of two
hearts. Blue-circled cross at the bottom right corner of the picture is the
photograph of a cross mark placed between object O; and the CCD for
reference. (¢), (e), planar images received by the CCD when object O, was
placed in plane Q behind D-1 and (d), (f), their three-dimensional profiles
when D-1 was illuminated by [(c), (d)] R," at a 30° angle clockwise from
the normal direction of D-1 or [(e), (f)] R," at a 45° angle anticlockwise
from the normal direction of D-1, respectively. Insets of (d), (f) are the
intensity distributions of the images along the y axis at x = 130. Note that
not only can information of object O, hardly be seen with the exception of
background noise [(c), (e)], four feature peaks of O, also disappear [insets
of (d), (f)]. However, note that the blue-circled cross at the bottom right
corner of each picture remains unchanged, indicating that D-1 did not
affect the other objects around the object to be concealed.
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double boundaries of two hearts appeared in the photograph are due
to the diffraction effect. To quantitatively know the contrast of the
photograph, we show in Fig. 2b its three-dimensional profile and in
the inset the intensity distribution of the image along the y axis at x
= 130. We can see that four peaks appear in the image, which
correspond to the feature of object O; on the edges of two hearts.
Blue-circled cross at the bottom right corner of the picture is the
photograph of a cross mark placed between object O, and the CCD
for reference.

When D-1 was inserted in plane C and illuminated by a plane light
R| (with 2 = 632.8 nm), which was separated by a 30° angle clock-
wise from the normal direction of D-1 (see Fig. 1d), it produced a
time-reversed signal of object O, after passing through D-1. In this
case, we again take the photograph of object O; by CCD camera.
Figure 2¢ shows the planar image of the photograph. From the figure
we can hardly see any information of object O, with the exception of
background noise (caused by interference of parasitical light beams
in the recording process). To get a quantitative description, we pre-
sent in Fig. 2d the three-dimensional profile of the photograph, and
correspondingly, in the inset the intensity distribution of the image
along the y axis at x = 130. We see that now, unlike the inset of
Fig. 2b, there are no feature peaks of object O; but random back-
ground noise, meaning that object O; was concealed and invisible.

By changing the light illuminating D-1 to R}, (see Fig. 1d), which
was at a 45° angle anticlockwise from D-1's normal direction, this
also produced the other time-reversed signal of object O, after pas-
sing through D-1. We observed a similar phenomenon through the
CCD. Figure 2e shows the planar image of the photograph. From the
figure we can yet hardly see information of object O; with the excep-
tion of background noise. From its three-dimensional profile (Fig. 2f)
and the intensity distribution of the photograph along the y axis at
x = 130 (inset of Fig. 2f), we see that there is still no feature peak as
that appears in the inset of Fig. 2b but random background noise,
meaning that object O; was also invisible.

Note that, although the object was concealed by D-1 when illumi-
nated in two different directions respectively, from Figs. 2c-2f we see
that the cross mark placed between object O, and the CCD is always
visible (blue-circled cross at the bottom right corner of each picture),
meaning that D-1 just played the role of concealing the objects to be
hidden but had no effect on other objects nearby O;.

The movies illustrating the dynamic process of hiding the object
by D-1 are provided in the supporting online materials (Movie Sla
for R/1 illumination and Movie S1b for RI2 illumination).

Characterization of D-2 in creating illusions. To demonstrate the
performance of D-2 in creating optical illusions, we replaced D-1 by
D-2 in plane C and maintained the position of the object O, in plane
Q. Figure 3a presents the planar photograph taken by CCD when a
plane light beam R/1 (separated from the normal direction of D-2
clockwise by a 30° angle) illuminated D-2. We see that, although we
only placed object O, in plane Q, what was visible was not object O,
but instead an image of smiling-face logo in the same plane, Q. To get
a feature properties of the image, we present in Fig. 3b the three-
dimensional profile of the photograph and in the inset the intensity
distribution of the image along the y axis at x = 100. We see that not
only are there no typical peaks of object O; as that appeared in the
inset of Fig. 2b, but instead it appears six peaks. To identify the image
and the intensity peaks in Figs. 3a and 3b, we show in Fig. 3c the
photograph of object O, (smiling-face logo, Fig. 1c) taken by CCD
camera as it was directly illuminated by a laser beam at A = 632.8 nm
and in Fig. 3d its three-dimensional profile. The inset of Fig. 3d shows
the intensity distribution of the photograph of object O, along the y
axis at x = 100. By comparing Figs. 3a-3b and 3c-3d, we see that
what we see in plane Q, where object O; was placed, is the image of
object O,. The six peaks appeared in the inset of Fig. 3b correspond to
the feature of object O, on the edges of the face and two eyes of the
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Figure 3 | Experimental results of creating an illusion of transforming
object O, into object O,. (a), (e), planar images received by the CCD when
object O; was placed in plane Q behind D-2 and (b), (f) their three-
dimensional profiles when D-2 was illuminated by [(a), (b)] R, at a 30°
angle clockwise from the normal direction of D-2 or [(e), (f)] R," at a 45°
angle anticlockwise from the normal direction of D-2, respectively. Insets
of (b), (f) are the intensity distributions of the images along the y axis at
x = 100. Note that not only can information of object O, be seen with the
exception of background noise [(c), (e)], the image received by CCD is
completely from another object, O,. (c) Planar photograph and (d) three-
dimensional profile of object O, taken by CCD camera as it was directly
illuminated by a laser beam at A = 632.8 nm. Inset of (d) is the intensity
distribution of the image along the y axis at x = 100. O, (smiling-face logo,
Fig. 1¢) taken by CCD camera as it was directly illuminated by a laser beam
at A = 632.8 nm and in (d) its three-dimensional profile. The inset of (d)
shows the intensity distribution of the photograph of object O, along the y
axis at x = 100. The six peaks, which also appear in the insets of (b) and (f),
correspond to the feature of object O, on the edges of the face and two eyes
of the smiling-face logo, further confirming that D-2 plays the role of
transferring O, into O,. However, note that the blue- circled cross at the
bottom right corner of each picture remains unchanged, indicating that
D-2 did not affect the other objects around the object to be transformed.

smiling-face logo (see inset of Fig. 3d). Consequently, our results
demonstrated that D-2 could not only hide object O; but further
transfer it into another different object, O,.

A similar result was obtained by replacing the illuminating light
beam R with R, which was at 45° angle anticlockwise from the
normal direction of D-2. The image observed through the CCD
was yet not that of object O; (Fig. 2a) but that of object O,
(Fig. 3e). The three-dimensional profile of the photograph (Fig. 3f)
and its corresponding intensity distribution along the y axis at x =
100 (inset of Fig. 3f) further quantitatively confirm that there indeed
are no typical peaks of object O; as that appeared in the inset of
Fig. 2b but instead of six feature peaks of object O, (inset of
Fig. 3d) under a certain of random background noise.
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Similar to concealing object O, discussed before, although D-2 was
efficacious in creating the optical illusion, from Figs. 3a, 3b, 3e, and 3f
we see that the image of the cross mark placed between object O; and
the CCD remains the same as that without D-2 O, (blue-circled cross
at the bottom right corner of each picture), meaning that D-2 had no
effect on the near O, by objects.

Note that as the illuminating light beam was R} and R}, respect-
ively, the image quality (brightness) of the photographs (Figs. 2¢, 2d,
3a, and 3b for illuminating beam R}, Figs. 2e, 2f, 3e, and 3f for beam
R}) shows slight difference. This is due to the intensity difference
between the two plane lights R; and R, in the process of fabricating
the devices. In addition, a careful comparison shows that the back-
ground noise in creating optical illusions of changing one object to
another object (see Figs. 3a, 3b, 3e, and 3f) is more obvious than that
in concealing objects (Figs. 2c-2f). This can be attributed to the fact
that amplitude object O, shows stronger effect than phase-only
object O, in consuming and disturbing the object light W when
recording the devices.

The movies illustrating the dynamic process of creating the
optical illusions by using D-2 are provided in the supporting online
materials (Movie S2a for R) illumination and Movie S2b for R,
illumination).

Discussion

Note that we have only considered the case in which our dielectric
devices worked in monochromatic light. Although operating in
broad-spectrum light was challengeable, if we were to use panchro-
matic holographic plates to fabricate the devices by recording the
interference patterns of object light beams and other plane light
beams at different wavelengths, it could be extended to work, instead
of in broad-spectrum light, at multiple frequencies”. Alternatively,
by employing round-light interference lithography, we could, at least
in principle, make our devices work well when observed from 360°.
Furthermore, the devices could also work under more nimble illu-
mination and observation conditions if a number of different inter-
ference beams (plane light beams and spherical light beams for
example) was used in the fabrication procedure.

It should be pointed out that, although our devices could hide
macroscopic objects and create optical illusions at large distance,
they should be work in a special way. Nevertheless, comparing to
the unidirectional invisibility systems, in which the illumination light
is generally in only one specific direction, our devices provide a more
interesting and also practical way to realize distant invisibility and
create illusion functions.

To traditional holography, the depth limitation of holographic
“anti-image” is related to the coherence length of the laser light®,
which in our experiment was about 30 cm. This means that, in
principle, the greatest value of optical thickness (product of geomet-
ric thickness and refractive index) of the objects used in our case was
30 cm. Nevertheless, to experimentally reach a high quality of hiding
objects and creating illusions, where the objective waves and time-
reversal signals must be conjugated with each other exactly, we just
used two thin objects in the experiments. The thickness difference
between the two-heart area and the other areas of object O; was
3 pm, and the glass substrate was 1.1 mm thick, while the thickness
of object O, was 1.1 mm. On the other hand, although in theory
time-reversal signals must exactly match the object light, our devices
still worked well experimentally as a slight deviation of illumination
light from its conjugation light was existed. These may be attributed
to the fact that aberration produced by the mismatching could be
buried by the noise environment created in experiments. For
1nstance when our devices were illuminated by light beams R| or

R, (from two different directions, 75 degrees away from each other)
the maximum deviation angle of illuminating light beam depended
on the diffraction effect of our devices and diameter of the imaging
lens L. Thus, in our case of the diameter of the imaging lens being

7 c¢m, the maximum deviation angle was around 5°. For beam diver-
gence, the maximum allowable value of divergence angle was about
1°, which can be increased further in principle if the distance between
the beam expander E; and imaging lens L (see Fig. 1 a) is lon
enough. Therefore, along the illuminating directions of light (R;
and R}, in our experiments), the maximum allowable beam diver-
gence angle and maximum deviation angle of the illuminating beam
were about 1 and 5 degrees, respectively. Additionally, we also tested
the properties of our devices in hiding object as the illuminating light
was with wavelength A = 532 nm (different from A = 632.8 nm we
used in the recording process). The result shows that our devices still
achieved invisibility effect. In addition to noise, this may also be due
to the fact that the object we used was so large that the spatial fre-
quencies were very low to easily be matched. For axial deviation of
object and time-reversal devices, the maximum off-axis deviation of
the devices was about 25 pm as object was fixed. Larger deviation
than 25 pm would destroy working effect of our devices in hiding O,
or transforming O; into O, (see supplementary Fig. S2 online).

In conclusion, we have, based on time-reversal principle, demon-
strated the all-dielectric devices to directionally hide objects and
create illusions at visible wavelengths (with a wavelength of 1 =
632.8 nm used in the experiments here). On the one hand, the
time-reversed light produced by the devices could completely com-
pensate for the scattered light of a macroscopic object to make the
object invisible. On the other hand, a device containing additional
information of another object could further create optical illusions
whereby one sees a hidden object as another object, even when the
object was illuminated by light beams from different directions (with
two directions chosen in our present experiments). The objects that
we used in the experiments were macroscopic, with sizes at the
centimeter scale. The distance between the object and the dielectric
devices was at the decimeter scale (with 60 cm chosen in our experi-
ments). Comparing to the unidirectional invisibility systems, in
which the illumination light is generally in only one specific dir-
ection, our devices provide a more interesting and also practical
way to realize distant invisibility and create illusion functions, and
hence may take directional invisibility devices a big step towards
interesting applications ranging from magic camouflaging to
super-resolution biomedical imaging and sensing.

Methods

To create object Oy, we first printed two opaque heart-shaped pictures on a trans-
parent film, and then used it as a mask to expose the holographic recording plate by
the He-Ne laser (with A = 632.8 nm). After exposure, the tiny silver halide grains
suspended in the gelatin were photo reduced into small silver particles in the areas
exposed to light. When the exposed plate was immersed in developer D-19 for
development, the silver halide crystals around the photo reduced silver particles,
which were regarded as development centers, would further be chemically reduced to
metallic silver. By bleaching the developed plate in an aqueous mercuric chloride
solution, the reduced silver particles in the exposed areas became a silver compound.
Then the plate was illuminated by a mercury vapor lamp to remove mercury ions. To
remove the unreduced silver halide crystals, the plate was then fixed by an F-5
solution. In this process, the silver compound in the exposed areas was re-reduced to
silver particles again. After being bleached by a diluted R-10 solution, the reduced
metallic silver particles were re-oxidized into tiny silver halide grains, which was a
dielectric material. Consequently, a phase-only object O; with low light absorption
was obtained (see Fig. 1b). (For detailed postprocessing procedures and formulas for
different postprocessing solutions, refer to supplementary materials and Ref. 37.).

To fabricate object O,, a transparent smiling-face picture printed on a black film
was used as a mask to expose a holographic recording plate. All the other postpro-
cessing procedures were the same as those for creating object O; but without the two
bleaching steps. Hence O, was an amplitude-modulated object (Fig. 1c).

The postprocessing of D-1 and D-2 was almost the same as that for creating object
O, but without the bleaching step using aqueous mercuric chloride. As a result, the
devices we obtained were constructed with all-dielectric materials with high trans-
parency (see supplementary Figs. S1a and S1b online). The micrographs shown in
Supplementary Figures Slc and S1d revealed that the surface structures of D-1 and
D-2 respectively were a series of interference fringes formed by object light W and
two plane-light beams R; and R,.

To evaluate the device performance for concealing an object (O,) and creating
illusions (transferring object O, into object O,), a CCD camera was used to monitor
and record the dynamic process as objects were first directly illuminated by plane
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light and then D-1 and D-2 (controlled by a step motor with 2.5 pm/step) were
gradually inserted between the object plane and the light source, respectively. The
illuminating light beams R; and R; with L = 632.8 nm were from two different
incident directions.
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