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Talk Outline

1) Conventional Axisymmetric Modeling
Electro- and Magnetostatics
Fluid Dynamics

2) Going 2.5D: General Recipe

3) Vector 2.5D Electromagnetics
Multiscale Problems in Plasmonics
Optical Scattering and Cloaking Problems
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Low-Dimensional Modeling

» The real world is 3D, but symmetries are
abundant

» Specific cases lead to solutions where fields are
independent of 1 coordinate

« 2D Modeling variations:

« Translational symmetry: d/dz=0 =>
conventional 2D simulations in Cartesian
coordinates

* Rotational symmetry: d/d@=0 =>
axisymmetry modeling in cylindrical
coordinates

* Invent your own coordinate system that fits
the symmetry of your particular structure

* Prerequisite to all low-dimensional modeling: the
structure must possess some continuous
symmetry

» If a real-world system doesn'’t, gain

F understanding with a symmetrized structure
A\

Center for Metamaterials and Integrated Plasmonics
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2D Axisymmetry Modeling Examples

« Various types of physics:
* Electro- and magnetostatics, scalar potential

Circular capacitor

Graphics taken from
COMSOL Model

Kj Library

Center for Metamaterials and Integrated Plasmonics
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2D Axisymmetry Modeling Examples

« Various types of physics:
» Electro- and magnetostatics, scalar potential
« Conductive heat transfer

Circular capacitor

Graphics taken from
COMSOL Model

r(\ Inductive heating of a metal cylinder Library

Center for Metamaterials and Integrated Plasmonics
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2D Axisymmetry Modeling Examples

Various types of physics:

Electro- and magnetostatics, scalar potential
Conductive heat transfer
Quasi-magnetostatics, vector potential

A 23479

Receiver coil

Real system: wireless power transfer, 13 56MHz
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Toy model: circular coils, disk-

shaped lens
Journal ref: J. Appl. Phys. 111, 064902
(2012)
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( Photograph courtesy Toyota Research Institute of North America, Jan. 2012
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2D Axisymmetry Modeling Examples
« Various types of physics: ONDERWATERSTE ALTH

» Electro- and magnetostatics, scalar potential
® C on d u Ct | ve h e at tra n Sfe r gemaakt mel een dun poreus laagje. Dat manipuleert de stroming om

Een voorwerp in een stromende vioeistof kan onzichtbaar worden

 Quasi-magnetostatics, vector potential Toy model: spherical cloak
* Fluid dynamics = e

39 et Ok Cebter D Sty The acamds dask

o it v AL COCAANG ¥ WA O DatudsncE
e mnaing foe thom. fru e st birex

e O of ’ Simulatiebeeld van de waterstroom rond e
staat voor de um)nlmf stroom, rood voo

= - ¢ 3.2

De kleuren geven de stroomsnelheid weer: groen
1 hogere snelheid en blauw betekent snelheid nul

ez arn Bt b ety meers (0% S0 eiRerhES AR
bl et
Onderzoeker dr. Yaroslav Urzhumov van Duke University in de Verenigde Staten heeft op theoretische
basis de situatie bestudeerd van een bol in een homogene waterstroming. Op de bol zit een laag poreus
metamateriaal dat een negatieve druk viak voér de bol creéert door water naar binnen te zuigen en naar
achteren te leiden. Daar wordt het water weer geloosd, met precies dezelfde druk die het had voordat het
de structuur inging. Hierdoor lijkt het van buitenaf bekeken net of de bol er helemaal niet is. Op de il-
lustratie blijkt dat uit het feit dat de zwarte stroomlijnen vo6r en na de bol in elkaars verlengde liggen
Het concept is vergelijkbaar met elektronische metamaterialen, die licht op zo’n manier om een voorwerp
heen buigen dat ze theoretisch als onzichtbaarheidsmantel kunnen werken

Invisihility Comes : v -
Within Reach . De bevindingen van Urzhumov zijn voorlopig alleen theoretisch van aard, maar de Amerikaanse Marine

heeft al belangstelling eetoond. ‘De eerste toernassing van dit orincipe litkken mii kleine onbemande

De Ingenieur mag., Sept. 2011

tealth onderzeed

Popular Science mag., Jan. 2012 theorie t staven

Center for Metamaterials and Integrated Plasmonics
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2D Axisymmetry Limitations

* Even for a rotationally symmetric structure, not every
solution is axially symmetric!

Symmetry
of the
Structure

°* G

G

N G, qitation (G = SYymmetry group)

solution™ ™“structure

20
nes

Center for Metamaterials and Integrated Plasmonics
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2D Axisymmetry Limitations

°* Example: Mie scattering of a plane wave

Graphics courtesy
PMC symmetry plane COMSOL

Symmetry of the
Structure:
Spherical
PEC sphere
Symmetry of

1 g the Excitation:
Symmetry of the < Cay
Solution: C PEC symmetry plane™ (tWO sym metry

“ planes)

H

= * Can reduce modeling to a quarter, but not to a 2D slice!
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General Recipe for Generalized Axisymmetric Modeling

- - - - - - -n- - -
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=3 =.: = — = f———t] e~ — = ——— =)

» Each cylindrical wave propagates independently of others
» For each wave, field dependence upon @ is prescribed: exp(i m @)
» Write the equations in cylindrical coordinates, replace d/d¢ ->im

» Do so with boundary conditions if needed (Important: Scattering boundary
condition)

 Overall factor exp(i m ¢) cancels out, 2D equation in (r,z) coordinates left

» Postprocessing: to plot solution for a given value of @, multiply
each partial wave with exp(i m @) and sum over all m’s

Compose * Use COMSOL's built-in revolved plots for 3D visualization

&

Center for Metamaterials and Integrated Plasmonics
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2.5D Axisymmetry for Scalar Waves

©> doppler, _shiftmph - COMSOL Multiphysics
° 1 1 1 File Edit View Options Help
Has been essentially available in the o Lo e omes v
H ‘[T Model Build = B[ A tics, Fi D i Il Model Libi =i
Acoustics Module as part of pressure e ot ey oman (el al
[ . . % doppler_shift.mph (root) + Interface Identifi
acoustics and aeroacoustics interfaces
. { Model 1 (mod1) Identifier: ae
I n CO M SO L 3 . O+ i [G)efinitionsl Domain Selection
A, Geometry
LI H %% Materials Selection: | All domains v]
i Featu re Cal Ied CI rC u mfe re ntl al Wave Il Aeroacoustics, Frequency Domain (e 1 (perfectly matched layer) Ty, ok
= Domains 2 &3
number (m)” s
&% Points &
5 Mesl
&2 Study 1
[ Step ency D ati
e Solv uratio Eguation form:
Result :
:EZ§SDLIatSa olled
L View Circumferential wave number:
2% Deri
E Tabl m
B Acou re (ae) Show equation assuming:
Il Soun Level (ae) 1 F
Acou re, 3D (ae) [ B }
;3;“: Level, 3D (ae) f&im)(mxj: +V-Vg) +V -(,achJ - Czi(m)d: +V-Vgv|=0
mf i
% é)[(’ P Pre) =Pr2)e™ ™ irz) = phi
PO
EJ Rep "~ SOUNGT PTeszUre Level seumas
{Use reference pressure for air '}

Left: acoustic cloaking in fluids (air, water, etc.); modeled
with Acoustics Module, COMSOL 4.1.
Journal ref: J. Appl. Phys. 111, 053105 (2012);

C arXiv:1203.5831v1

Center for Metamaterials and Integrated Plasmonics
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2.5D Vector Electromagnetics for Scattering
Problems: Nonlocal Plasmonics

(W/y)e-01x

_— |
[V

(w/A)

See the Supplementing materials of this paper for
details of the implementation

(Q‘:__;) ) AYAAAS

C. Ciraci et al., Science 337,

((\ 1072 (August 31, 2012)
N DOI: 10.1126/science.1224823

Center for Metamaterials and Integrated Plasmonics
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Another Scattering Problem: Optical Cloaking

* Novel scattering problem, soon to become canonical: mnzesiizaNnnzail
scattering cancellation (invisibility, cloaking) Zsip 7=t

« The only known exact solution is based on so-called
Transformation Optics P

« A scatterer coated with a special inhomogeneous aiNN
“metamaterial” miraculously appears as a zero-diameter A o

point

Above: Transformation Optics concept
and ray tracing of a cloak

>
e
—

—_— |

(~—, Full 3D model of a cloak: the domain is "~ 2.5D Model in COMSOL 4.2; some 2
C only 2 wavelengths in diameter wavelengths; a x1000 increase in volume

Center for Metamaterials and Integrated Plasmonics
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Ideal vs. Conformal Cloaks from
Science 312, 2006

Pendry, Schurig, Smith, p.1780 Leonhardt, p.1777

Apparent width of a flat sheet

of length d from angle 6: O
o = d|sin 0]
Ny = ﬁ%, n,= ﬁ Ny =Ny = Jl + a4—2a2rr42cos 2¢

* Compresses object to a point * Flattens object to a sheet

* Anisotropic refractive index ° |sotropic refractive index

° |sotropic distribution in space ° Anisotropic distribution in space

* Omnidirectional cloaking ° Limited angle range
Kj Finite cloak volume ° Infinite cloak volume

Center for Metamaterials and Integrated Plasmonics
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Conformal Cloaking: Directional by Nature

25| Index Profile ~ ] *™** 2 ——
2+ 8 e ™, M\ |- r=a-0 | 277
15+ 1.8 \_\ § B "
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] 0.6 Bbed b F T 1.4
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0 1 2
p1777 (2006) X vo ° ° 1 ? Polarsngle (rad)4 ° °

If

Uniform phase

Ray Tracing Simulations (Neglecting Reflections) delay

<

Area cloaked at 6=90°;
1] half the Wmérter of

LT LAY

|

Area cloaked at 6=0°
[ ﬁ i1 Hu 1L i1

: ”“ uter circle
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Conformal Cloaking: Directional by Nature
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The circle is perfectly shielded
with a Neumann boundary
condition

Symmetry plane introduced to
reduce modeling time; may or

« The circle is filled with refractive may not be a physical reflector
index « Compare to carpet/ground-plane
* Fields leak into the region where cloaks of Pendry, Smith et al.

they aren’t supposed to be according
to ray tracing

&

Center for Metamaterials and Integrated Plasmonics
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Revolved Conformal Cloak

2D 3D

__ il T N

« Change Cartesian coordinates (X,y,z) to h
cylindrical, modify Helmholtz equation

« Transform the symmetry plane into a
revolution axis

« Voila: a three-dimensional conformal
map-based design, despite conformal
maps being non-existent in 3D

&

-_’

Center for Metamaterials and Integrated Plasmonics
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Plane Waves with Arbitrary Propagation Directions
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Duke
Conclusions

2D Axisymmetry Is abundant in engineering and
nature

To take full advantage of rotational symmetry, one
should use 2.5D modeling

Applications in acoustics, optics, microwave
engineering, ...

Particularly useful for wave scattering problems,
Including the problem of cloaking

Background Image: Discover Magazine,

Special issue “Invisible Planet”,
October 3, 2012 July/August 2012
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