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Paraxial full-field cloaking

Joseph S. Choil* and John C. Howell?

1The Institute of Optics, University of Rochester, Rochester, New York 14627, USA
2Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627,
USA

*joseph.choi @rochester.edu

Abstract:  We complete the “paraxial’ (small-angle) ray optics cloaking
formalism presented previously [Opt. Express 22, 29465 (2014)], by
extending it to the full-field of light. Omnidirectionality is then the only
relaxed parameter of what may be considered an ideal, broadband, field
cloak. We show that an isotropic plate of uniform thickness, with appropri-
ately designed refractive index and dispersion, can match the phase over
the whole visible spectrum. Our results support the fundamental limits on
cloaking for broadband vs. omnidirectionality, and provide insights into
when anisotropy may be required.

© 2015 Optical Society of America

OCI S codes: (230.3205) Invisibility cloaks; (220.2740) Geometric optical design; (110.0110)
Imaging systems; (290.5839) Scattering, invisibility; (070.2580) Paraxial wave optics;
(080.2730) Matrix methods in paraxial optics; (070.7345) Wave propagation.

References and links

1.
2.
3.
4.
5.
6.
7.

8.
9.

10.

11.

12.

13.
14.

15.
16.
17.

18.
19.

G. Gbur, “Invisibility physics: past, present, and future,” Prog. Optics 58, 65-114 (2013).

R. Fleury and A. Alu, “Cloaking and invisibility: a review,” Prog. Electromagn. Res. 147, 171-202 (2014).

J. B. Pendry, D. Schurig, and D. R. Smith, “Controlling electromagnetic fields,” Science 312, 1780-1782 (2006).
U. Leonhardt, “Optical conformal mapping,” Science 312, 1777-1780 (2006).

M. McCall, “Transformation optics and cloaking,” Contemp. Phys. 54, 273-286 (2013).

J. S. Li and J. B. Pendry, “Hiding under the carpet: a new strategy for cloaking,” Phys. Rev. Lett. 101, 203901
(2008).

T. Ergin, N. Stenger, P. Brenner, J. B. Pendry, and M. Wegener, “Three-dimensional invisibility cloak at optical
wavelengths,” Science 328, 337-339 (2010).

U. Leonhardt and T. Tyc, “Broadband invisibility by non-euclidean cloaking,” Science 323, 110-112 (2009).

J. C. Howell, J. B. Howell, and J. S. Choi, “Amplitude-only, passive, broadband, optical spatial cloaking of very
large objects,” Appl. Opt. 53, 1958-1963 (2014).

H. Chen, B. Zheng, L. Shen, H. Wang, X. Zhang, N. I. Zheludev, and B. Zhang, “Ray-optics cloaking devices for
large objects in incoherent natural light,” Nat. Commun. 4, 2652 (2013).

F. Monticone and A. Alu, “Physical bounds on electromagnetic invisibility and the potential of superconducting
cloaks,” Photonics Nanostruct. 12, 330-339 (2014).

Q. Ma, Z. L. Mei, S. K. Zhu, T. Y. Jin, and T. J. Cui, “Experiments on active cloaking and illusion for laplace
equation,” Phys. Rev. Lett. 111, 173901 (2013).

D. A. B. Miller, “On perfect cloaking,” Opt. Express 14, 12457-12466 (2006).

H. Chen, Z. Liang, P. Yao, X. Jiang, H. Ma, and C. T. Chan, “Extending the bandwidth of electromagnetic cloaks,”
Phys. Rev. B 76, 241104 (2007).

H. Hashemi, C.-W. Qiu, A. P. McCauley, J. D. Joannopoulos, and S. G. Johnson, “Diameter-bandwidth product
limitation of isolated-object cloaking,” Phys. Rev. A 86, 013804 (2012).

F. Monticone and A. Alu, “Do cloaked objects really scatter less?” Phys. Rev. X 3, 041005 (2013).

Discovery Channel, Canada, “Daily Planet,” (March 18, 2015). Two 4 lens cloaks are presented: One is the
original "Rochester Cloak.” The other has almost double the field-of-view, 1.5 times the cloaked diameter, and a
cloaking region that no longer needs the center unobstructed.

W. Smith, Modern Lens Design, , 2nd ed. (McGraw-Hill, 2005).

J. S. Choi and J. C. Howell, “Paraxial ray optics cloaking,” Opt. Express 22, 29465-29478 (2014).

#236975 - $15.00 USD Received 7 Apr 2015; revised 26 May 2015; accepted 29 May 2015; published 8 Jun 2015
© 2015 OSA 15 Jun 2015 | Vol. 23, No. 12 | DOI:10.1364/0OE.23.015857 | OPTICS EXPRESS 15857



20. M. Born and E. Wolf, Principles of Optics, 7th ed. (Cambridge University, 2010).

21. A.E. Siegman, Lasers (University Science Books, 1986).

22. R. Duan, E. Semouchkina, and R. Pandey, “Geometric optics-based multiband cloaking of large objects with the
wave phase and amplitude preservation,” Opt. Express 22, 27193-27202 (2014).

23. J. W. Goodman, Introduction to Fourier Optics, 3rd ed. (Roberts and Co., 2005).

24. S. A. Collins, “Lens-system diffraction integral written in terms of matrix optics,” J. Opt. Soc. Am. 60, 1168—
1177 (1970).

25. M. Bass, Handbook of Optics, Volume 1: Geometrical and Physical Optics, Polarized Light, Components and
Instruments, 3rd ed. (McGraw-Hill, 2010).

26. J. E. Greivenkamp, Field Guide to Geometrical Optics (SPIE, 2004).

27. A. V. Kildishev, W. Cai, U. K. Chettiar, and V. M. Shalaev, “Transformation optics: approaching broadband
electromagnetic cloaking,” New J. Phys. 10, 115029 (2008).

28. J. T. Costa and M. G. Silveirinha, “Achromatic lens based on a nanowire material with anomalous dispersion,”
Opt. Express 20, 13915-13922 (2012).

29. M. G. Silveirinha, “Anomalous refraction of light colors by a metamaterial prism,” Phys. Rev. Lett. 102, 193903
(2009).

30. M. J. Theisen and T. G. Brown, “Optical Properties of Gallium Implanted Silicon,” in Frontiers in Optics
2012/Laser Science XXVII1, OSA Technical Digest (online) (Optical Society of America, 2012), p. FTu4A.3.

31. V. G. Veselago, “Electrodynamics of substances with simultaneously negative values of sigma and mu,” Phys.-
Usp. 10, 509-514 (1968).

32. C. M. Soukoulis and M. Wegener, “Past achievements and future challenges in the development of three-
dimensional photonic metamaterials,” Nat. Photonics 5, 523-530 (2011).

33. R. A. Shelby, D. R. Smith, and S. Schultz, “Experimental verification of a negative index of refraction,” Science
292, 77-79 (2001).

34. J. Valentine, S. Zhang, T. Zentgraf, E. Ulin-Avila, D. A. Genov, G. Bartal, and X. Zhang, “Three-dimensional
optical metamaterial with a negative refractive index,” Nature 455, 376-379 (2008).

35. D. Chanda, K. Shigeta, S. Gupta, T. Cain, A. Carlson, A. Mihi, A. J. Baca, G. R. Bogart, P. Braun, and J. A.
Rogers, “Large-area flexible 3d optical negative index metamaterial formed by nanotransfer printing,” Nat. Nan-
otechnol. 6, 402-407 (2011).

36. A. Greenleaf, M. Lassas, and G. Uhlmann, “Anisotropic conductivities that cannot be detected by EIT,” Physiol.
Meas. 24, 413-419 (2003).

37. A. Greenleaf, Y. Kurylev, M. Lassas, and G. Uhlmann, “Full-wave invisibility of active devices at all frequencies,”
Commun. Math. Phys. 275, 749-789 (2007).

38. A. Greenleaf, Y. Kurylev, M. Lassas, and G. Uhlmann, “Isotropic transformation optics: approximate acoustic
and quantum cloaking,” New J. Phys. 10, 115024 (2008).

39. A.l. Nachman, “Reconstructions from boundary measurements,” Ann. Math. 128, 531-576 (1988).

40. E. Wolf and T. Habashy, “Invisible bodies and uniqueness of the inverse scattering problem,” J. Mod. Opt. 40,
785-792 (1993).

1. Introduction

Invisibility efforts by scientists have focused on building a broadband, omnidirectional cloak-
ing device [1]. Such a cloak that works in macroscopic dimensions, for the entire visible spec-
trum, with the full-field of light may be considered an ‘ideal’ cloaking device [2]. Much of
this research was spawned by the initial omnidirectional cloaking designs, which used artifi-
cial materials (called ‘metamaterials’) to control electromagnetic fields/waves [3, 4]. This field
was called ‘transformation optics,” since coordinate transformations were used to design the
necessary material properties that morphed space for light. Transformation optics has produced
many ingenious designs and devices [5]. However, creating the required spatial distribution of
metamaterials, their anisotropy, and causality, limit the spectrum to single frequencies, or to a
narrow bandwidth, and is particularly difficult to manufacture for visible frequencies [1, 5].

Much of the scientific work on cloaking has retained the omnidirectionality and full-field
(amplitude and phase of light waves) nature of transformation optics [2]. With this, to make
forays into large bandwidths in the visible spectrum, researchers have built reflecting ‘carpet
cloaks’ [6, 7], proposed non-Euclidean geometry mapping [8], demonstrated macroscopic ray
optics cloaks (matching directions, rather than phases, of fields) [9, 10], and suggested strongly
diamagnetic superconductors [11].
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Simultaneously, researchers have investigated the fundamental limits on bandwidths for these
omnidirectional cloaks. It is generally agreed that causality requires such cloaking of a non-zero
volume, either passive or active [12], to be only possible for single frequencies [13]. Chen et
al. showed that zero scattering cross-section of a cloaked object (for an omnidirectional trans-
formation optics cloak in two-dimensions (2D)) cannot be attained by neighboring frequencies
of the target frequency, no matter how narrow the bandwidth [14]. They then derived an upper
bound for the bandwidth that was proportional to the scattering cross-section radius. Hashemi
et al. have also provided a theoretical bound for transformation optics cloaks, even if perfectly
manufactured, which shows increased imperfections for increasing bandwidth [15]. Derived
from causality, their “diameter-bandwidth product” limit states that the effective bandwidth
is inversely proportional to the cloaked object diameter. They suspect a similar sensitivity to
‘carpet cloaks’ as well. Similarly, Monticone and Alu showed that any linear, passive, non-
diamagnetic cloak must increase the overall scattering, compared to an uncloaked object, when
integrated over all wavelengths [16]. Even if scattering is suppressed in a finite bandwidth, this
will need to be “paid back” in the rest of the spectrum. On the other hand, Leonhardt and Tyc’s
broadband solution is a three-dimensional (3D), anisotropic cloak [8]. Their “price to pay for
practical invisibility” is relaxing the full-field requirement to allow time delays.

Our approach has been to begin with broadband cloaking for the entire visible spectrum,
but within the paraxial approximation, then to expand the cloaked size and angles [17]. This
is typically the method used in optical engineering, as increasing the field-of-view (angles)
and/or numerical aperture (refractive index multiplied by the solid angle of the accepted light)
can be challenging [18]. So in this paper, we use the definition for “cloak” that is to “hide,”
since the cloaked object is not necessarily covered in all directions as if by a garment. Our
previous ray optics demonstration relaxed both angles and phase to show that only four lenses
were needed for 3D, macroscopically scalable, stand-alone cloaking for small angles [19]. Our
paraxial cloak was the simplest design we found that used isotropic optics designed for the
entire visible spectrum. These optics have been well understood for centuries [20] and are
readily available off-the-shelf. Interestingly, Hashemi et al. concluded by suggesting a relaxing
of angles and phase, to possibly obtain a precise understanding of when the cloaking problem
becomes easy [15]. They considered knowing what cloak was the “weakest” relaxed, yet still
practical for large objects, to be valuable, due to the difficulties of transformation optics cloaks.

2. Extending paraxial cloaking toinclude the full-field

We now remove the ray optics requirement, to complete a paraxial cloaking theory that works
for the full-field (matched amplitude and phase). Such paraxial full-field cloaking satisfies all
but the omnidirectionality condition of an ‘ideal’ cloaking device. This ‘paraxial’ formalism
can work for up to +30° [21], which is practical for many cases where the cloak is not placed
immediately before an observer. Although we discuss the propagation of a monochromatic
field, since an arbitrary field of light can be written as a linear superposition of monochromatic
waves, our theory extends to broadband without loss of generality.

Duan et al. recently provided phase matching with their unidirectional cloaking system based
off of geometric optics [22]. They provided a heuristic reason why rays that pass through the
edge of their optical system may match the phase of rays that pass through the center instead,
for their particular setup with split lenses. They then simulated phase-matched cloaking for
discretely separated wavelengths of micro-waves to mm-waves. Here we analytically show
phase matching for general paraxial optical systems, including continuously multidirectional
cloaks. It is based on the formula given by Siegman and others, for propagation of any paraxial
field through a generalized paraxial optical system [21]. The resulting formula is proved using
Fermat’s principle and Huygens’ integral, by accounting for the optical path lengths of all rays.
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Fig. 1. Ideal (‘perfect’) paraxial cloak. The image from a cloaking device is the same as
the object. Propagation of light rays can be described by an ‘ABCD’ matrix. n is the index
of refraction of the ambient medium. L is the longitudinal length of the device along the
center z-axis. Ep, E, are the input and output fields, respectively, at z= z and z. Phase
matching is achieved with a flat plate with index n¢ and length Lc.

Field propagation based off of Huygens’ principle of wavelet propagation, is effective and
widely used in diffraction theory and Fourier optics [23]. We first assume that the ambient
medium is spatially uniform with index of refraction n, and that the optical system is rota-
tionally symmetric for simplicity. Non-uniform medium [19] or non-rotationally symmetric
systems [21] can be derived from here. Additionally assuming no limiting apertures, Huygens’
integral in the Fresnel (or, paraxial) approximation is given by [21, 24] (See Fig. 1):

N ikoLo
s (X, Y2)= e / Ex( xl,yl)eXp{ [ (+y2)— xle+y1yz)+D(x§+y§)}}dxldy1.
(1)

A,B,C,D are the ABCD matrix coefficients. Lo = > nijL; is the on-axis optical path length,
where each it" optical element has index of refraction n; and physical thickness L; along the
longitudinal axis (2). A9 and ko are the free space wavelength and wave vector, respectively.
E1,E, are the complex, spatial amplitudes of the input and output field distributions, respec-
tively (Ez, E, in Fig. 1 are their real parts, but without the e*'®" harmonic time dependence).

In our previous work, we stated that a ‘perfect’ cloaking device (of length L) simply replicates
the ambient medium throughout its volume, and that its ABCD matrix is given by [19]

1 L/n]. @

“lo 1

S
perfect cloak

C D

Thus, the propagated field for a “‘perfect’ full-field cloak, of length L, is:

=cloak ine” thont
ES%*(xp,y2)= / E1(x1,Y1)exps— [(x1+y2) (X1Xo+y1Y2)+(8+y3) ] ¢ dxadys.
(3)

A ray optics cloak satisfies Eq. (2). By comparing Eq. (1) and Eq. (3), we see that a ray
optics cloak can be a full-field cloak, if e *to = e~konlgpecifically, this is the case when
koLo = konL (absolute phase-matching), or when Ly =nL (mod Ap) (phase-matching to integer
multiples of 2r). The significance of these conditions is that they allow for phase-matched, full-
field cloaking for any incoming fields within the paraxial approximation. The phase-matching
condition only needs to be satisfied once for a given optical system, and then all ray directions
and positions, or any field distribution (E;) will exit as if traversed through ambient space. Note
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Fig. 2. Dispersion of phase-correcting plate for a four lens symmetric cloak. Various thin,
flat plates are used to match the full-field cloak condition (Eqg. (3)), based on the ray optics
four lens cloak in [19]. The dispersion relation of the refractive indices for these plates are
shown, for various values of mand L, using Eq. (4) in ambient air.

that a ray optics cloak will usually be phase-matched with a full-field cloak, by integer multiples
of 2r, for multiple, but discretely separated, wavelengths automatically. However, we can do
better and match it for a continuous, broad bandwidth with appropriate dispersion control.
One method for broadband phase matching is to add a thin, flat plate to a ray optics cloak,
anywhere between the background object(s) and the observer. Since it is “thin” and flat, the
original ABCD matrix (Eq. (2)) will be unchanged [25, 26] and only the e kLo factor outside
the integral of Eq. (1) will be affected. We consider the case shown in Fig. 1, where the flat
plate is placed immediately after a ray optics cloak. Let L' = YN , L; be the total length of the
original ray optics cloak (so L = L+ L'), where N is the number of original optical elements.
SolLg— nCLc+2iN:1 niLi in Eq. (1), and nL — n(Lc+L') in Eq. (3). Here, n;, L; are the index of
refraction and physical longitudinal length, respectively, for the i optical element, and n, L
are likewise for the correcting thin plate. It can be shown that a plate is “thin” when |L¢/L'| < 1
and |L¢/L'| < |ne/n|. For our thin correcting plate, its phase-matched dispersion relation is

N
Ne(Ao, M, Lc) =n(lo)+|_1{mlo+2[n()lo)—ni(lo)] Li}- 4)
C i=1

mis the integer multiple of 2z for which the phase is matched, with discrete but infinite choices.

There are infinitely many combinations of L. and m that are possible for nc(4, m,L¢). Ul-
timately, the choice of which to use should depend on physically realizable n.’s. A few such
solutions, that phase-corrects the four lens ray optics cloak in [19], are shown in Fig. 2. For
simplicity, we assumed that the cloaking system is placed in air, with n = n,j, = 1 for all wave-
lengths, and we ignored any coatings. The lens coatings can be modeled as additional thin
plates as needed. We also only consider the visible spectrum (400-700 nm, for our discussion).
A thicker compensating flat plate can reduce the required dispersion range, but this also affects
the imaging quality, so we have purposely limited its thickness here.

Many of the solutions for positive refractive indices require anomalous dispersion, as shown
in Fig. 2. For the purposes of cloaking, such dispersion for broadband spectrum with low losses
is needed to imitate ambient space properly. This is similar to the finite bandwidth cloak made
of anisotropic layers, as suggested by Kildishev et al., which required strong anomalous dis-
persion combined with loss compensation [27]. Costa and Silveirinha have suggested using
nanowire metamaterial to provide such anomalous dispersion, and they numerically calculated
their index of refraction to be near 2.9 ~ 3.1 for the entire visible spectrum [28]. They can
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achieve these low loss, broadband, anomalous dispersion properties by utilizing the collective,
spatial properties of metamaterials. This allows the high loss and narrow band properties of
typical transparent materials, imposed by the Kramers-Kronig relations, to be overcome [29].
In addition, Theisen and Brown have experimentally demonstrated anomalous dispersion for
0.5 ~ 1 um wavelengths, with Gallium implanted Silicon pads [30]. These have refractive in-
dices near 2 or 4, with variations of about 1 over the spectrum, depending on the doping level.

Negative-index metamaterials are good candidates for phase-correction as well [31]. The uti-
lization of metamaterials may have been expected, since we expanded ray optics cloaking to
the field cloaking aspect of transformation optics. Much progress is being made, both theoret-
ically and experimentally, for creating negative index materials for broadband optical frequen-
cies [32]. Some refractive index values demonstrated experimentally include between -3 and 0
for microwave frequencies in 2D [33], n = 0.63 at 1,200 nm to n = -1.23 at 1,775 nm in a low
loss, 3D bulk material [34], and n = 1 to -7.5 for 1.1-2.4 um wavelengths [35].

3. Discussion

By relaxing only omnidirectionality for an “ideal’ cloak, we have shown how to match the phase
for the whole visible spectrum. The phase-matching plate may require negative index metama-
terials or anomalous dispersion, which are broadband and low loss, but current research has
shown much progress in this regard. We had shown that building a 3D, broadband, macroscopic
cloak, for the visible spectrum, can be fairly “easy” for ray optics in the small angle limit [19].
Extending this to the full-field seems to not be too challenging with recently developed mate-
rials. As with typical lens designs, we expect that extending such cloaks to large angles may
be difficult, though possible. However, making it work for all angles appears to likely be fun-
damentally limited. Realizing omnidirectionality from a paraxial full-field cloak has not been
achieved to our knowledge, as this coincides with achieving broadband with transformation
optics cloaks. By showing paraxial cloaking that is broadband to be practical, but without a
similar ease for omnidirectional and broadband cloaks, our work supports recent work showing
a trade-off between broadband and scattering cross-section. This is because small scattering
cross-section implies large angles, and zero cross-section gives omnidirectionality.

It is interesting that paraxial full-field cloaking does not require anisotropy, though being
3D, macroscopic, and broadband. Anisotropy seems to be a requirement when creating an om-
nidirectional cloak, from a paraxial cloak, not necessarily a property of 3D or field cloaks
alone [3, 4, 8, 36]. Although our cloak is broadband, Greenleaf et al. have shown that the
cloaked material itself has eigenfrequencies that need to be avoided for proper cloaking [37, 38].
As a side, most, if not all, cloaks to date, can be detected by measuring a pulse incident on the
cloak [2, 8]. This is the same for our cloak presented here, unless absolute phase is matched with
negative index materials. Finally, an open question seems to be whether an isotropic, 3D, om-
nidirectional, broadband cloak can be achieved for ray optics. This is possible for anisotropic
materials [8], but an isotropic, 3D, omnidirectional, full-field cloak is not possible [39, 40].
However, accepting time delays might allow some freedom, as shown here where ray optics
allowed relaxing of the material requirements.
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