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Outline

Historical invisibility cloaking
Scientific cloaking in 20068 Tr ansf or mat
Initial ray optics cloakingunidirectional

OParaxial 6 cl oaking
Multidirectional ray optics cloaking +

matchingfultf i el d/ wave Aphaseo

* WeobOve tried to meoktanedahd s pr

comprehensive; also, problem sets and demonstration
guidelines are provided to help students as a lab course.
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Invisibility In History ana-Fiction

AGr eek
I,nvi S |

A King Arthur, Jack the
Giant Killer, Star Trek,
Harry Potter, Lord of th
Rings

A Chemicals

A Invisible Man (H.G.
WEIS)
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Invisibility in Magic Shows
David Copperfield A Science and

7z

. - #  Technology Museum
= ~ %% MadaTech
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Defi ne NCl oak

A Not a wearable AT o hid@d

clothing, Y What weol |
necessarily
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Active Camera Cloaks

A Tachi Lab, Keio University, Japa
A Original in 2003
A MercedesBenz campaign in 20

ALand Rover ATr
(2014)

T AREAVA
“ WHEN CAN
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http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=_-kuRVOQ88Fw_M&tbnid=syDCYwyeE61vcM:&ved=0CAcQjRw&url=http://science.howstuffworks.com/invisibility-cloak7.htm&ei=Nag1VJqVA-PCigKL0YCABg&bvm=bv.76943099,d.aWw&psig=AFQjCNE8aK0MpXjIJKpqW74-qYo1p1gz6g&ust=1412888937118342
https://www.youtube.com/watch?v=gSZcbfu3pK8&list=UUiZ7ph_JOgh8IhFjW7uMc9w
https://www.youtube.com/watch?v=TYlXpnPTbqQ
https://www.youtube.com/watch?v=TYlXpnPTbqQ
https://www.youtube.com/watch?v=TYlXpnPTbqQ
https://youtu.be/L7j1daOk72c

A New Beginning for Scientific Cloaking (2006)

NTRANSFORMATI ON (
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1. Create virtual space with e
that light does not
enter.

2. Map this to physical
space through coordinate
transformation.

3. Build physical space
with artificial materials
( met amat er i

Y In 2006, 2
groups &cience
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Microwave 2D Cloak (2006)

A First demonstration using
Transformation Optics
(Schurig et al.)
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Transformation Optics (1)

Split-time lens Split-time lens

wave light

applications and ‘

cloaking. e ‘
A Full field cloaking for e )) m )‘))/?
|

A Revolutionary for W —————
materlal dGSIgn Continuous- ' d‘ 2%

A Omnidirectional
entire lightwave e n

(phase + amp“tude) —— ‘ . )JL /)/
A Examples: S R
A Time cloaking AR S |\, L | 0 e oo

A Thin, radio wave  [oas Tl ive
cancelling cloak e .

,“
SEEPE e NSRS
— —H& ™ - -
-

Ve . '_';-;_, TR ol
\ )
A Seismic cloaking Inae——— Repr meh oot
ensitive three components Five meters deep  Source : and empty boreholes
elocimeters (green grid) 320 mm holes - Frequency : 50 Hz

- Horizontal displacement : 14 mm Depth of sedimentary basin: up lo
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deal 0 Initial Ray Optics
Cloaking
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Unidirectional

RAY OPTICS CLOAKING
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Full Field Optics Ray Optics

A Only consider
direction and power

A Easier

|| glectromagnetic wave di

Sy o T
A
: |
I
R e R
= [t
H
i
Jncs i =
g S
% L .‘-'
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Ray Optics Cloaking
A Macroscopic, visible light cloaks

A Unidirectional, or discretely multidirectional

A Other directions: Background shift, cloak revealed
owell et al. | :

. |
. |

“1"No'water

)

-

Top of Helicopter \y ) Waterline
“w "

, -f{Vith water

at Widest Point




UR Ray Optics Mirror Cloak (2013

A University of Rochester (URProf.
John Howell and sons (2013 in arXiv

A Magnification not 1, unidirectional
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http://www.opticsinfobase.org/ao/abstract.cfm?uri=ao-53-9-1958




Opt. Express22, 2946529478 (2014)

PARAXIAL RAY OPTICS
CLOAKING
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Ol deal 6 C1| o Transformation Optics Paraxial Ray Optics
Cloaking

Some challenges

Continuous
multidirections
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Geometric Optics and ABCD Matrices

TUTORIAL
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Geometric Optics Tutorial:
Snel |l 60s Law

n,A dFn,A d,i 0,
(n = index of refraction)

A Can derive from
Fer mat 60s P

AUse to fitr
e

Alstor der niredA & otdib Y]

(GPar axi al 6 & pnalkange iapp@ximatoom)

m UNIVERSITY»ROCHESTER Image: Wolfram Research (scienceworld.wolfram.com)
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Geometric Optics Tutorial:
ABCD Matrix & Light Rays

“object “Image

A Combined optical . . 1’ space”
system = Modeled b ' "

ABCD matrix.
A Light rays: i

Ay, =Ro8itonof i nput, output (06)
A u, =Ditectonof i nput, output (06)
A n, =Rdiractiveindexof i nput, output (

A ABCD matrix: Given input
ray, determines output ray, ’
through matrix multiplicatior 2KV

A Blluy
C Dl |nu
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Geometric Optics Tutorial:
ABCD Matrix Assumptions

A Assumptions

A Rotational symmetryEverything is the same when rotated
about center axiz|.

AParaxial = smalhngleQuesti on: How | ai

“Image

77’ space”

A Light travels from left to right (Rochester convention).
A Units: [y] = length, [u] = [tand] = unitless angle.
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Geometric Optics Tutorial:

Problem SetBasic ABCD Matrices

“Image
’ ’
J1  space’

(Ay + Bnu)

(Cy + Dnu)

1) What is ABCD matrix of air of length L?

Hint: Rays continue same path. Draw an input ray, and intuit wh
output ray should be like. Then find matrix to make it so.

2) What is ABCD matrix of thin lens of focal length ?
(Challenge problem)
Hint: A collimated input beam will focus at distance f. Can
assume that the lens is infinitely thin.
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Geometric Optics Tutorial:
Basic ABCD Matrices

AFor gener al

A ABCD matrix for space of
length L with index n:

A Draw rays.

A ABCD matrix for thin lens of

focal length f, in index n spat
(* When nll1l, care

B UNIVERSITY~ROCHESTER (J. E. Greivenkamp, Field Guide to Geometrical
Optics (SPIE, 2004))



Geometric Optics Tutorial:
Matrix Multiplication

1) ABCD matrix multiplying a [y, nu]vector.

A Bl||y (Ay + Bnu)

C D] |nu - Dnu)

2) Matrix multiplying a matrix:
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Back t oé

PARAXIAL RAY OPTICS
CLOAKING
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~ FunProblem What i1s a Cloak?
A Draw a few input and output light -
e

rays for a cloaking box.

A Attempt 1:
Donot do a
keep same rays.

AResul t? | m
AAt t empt 2:
anything,

A Result?
System:=: |

Y | mage=0H imhge
ey UNIVERSITY ROCHESTER




A As s ume airlq:n’f_'regsgcezln
same length (L)

Cloaking: Paraxial Geometric Optic
AUse Opar axi
! obsener
A Perfect Cloak: °b';°; B
2. Non-zero volume hidden
A ABCD Matrix = ?

(smallangle ~30or less)

1. System =Empty spacef
gkwyswf *

O0Transl ati ondad

Note: Geometric Optics formalism is
inherently 3D and multidirectional.
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Paraxial Cloaking Problem Set 1

A Use rotationally symmetric, thin lenses only.
A Problem: What conditions are required to satisfy cloaking matrix

for
1) 1 lens with focal length,? ?A B? _¢€ B
> U = N
2) - enses: Du:’erfectCIcak g) 1u

3) 3 lensesgchallenge probleny
* Hint: Multiply matrices first.

(ArAz + B1Ca) (A Be + ByDs)
(Ch Az + DhCa) (C1Ba + Dyl)s)
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Paraxial Cloaking Problem Set 2

A Problem: Show that a leftight
symmetric 4 lens setup with focal lengt
f, =1, f,=f;, and distances + t;, /
satisfi.es t he oA Bg I
ABCD matrix, if: 0

g: l#’erfectCkalk

A Hint: First obtain total ABCD matrix of the combined 4 lens
Ssystem, by mul ti plying 7 ABC

el ement s. O A, 142 Bs| _ |(Aids + BiCs) (A1By + BiD,)
| Yy Ds (C1A2 + D1 Cy) (C1Ba + Dy D)




Paraxial Cloaking Design

A Try to find simplest
design that satisfies:

A Use rotationally symmetric, thil
lenses.

A 1-2 lenses: No optical power, ¢
no cloakable space.

A 3 lenses: Asymptotically can
approach opertf

A At least 4 lenses required to L
build oOoperfect|==
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Symmetric 3 Lens Cloak

cloaked, -

Though not -f*
cloak, still works decently. g

1. Magnification not 1,
nor afocal.

2. Background image
close to matching.

3. Cloaking works for
continuous range of
directions.

UNIVERSITY»ROCHESTER (Optics Express, Vol. 22, pp. 29465-29478, 2014)
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1. Background image
matches
(lenses = empty space).
Y Magni ficatic

(no net focusing power)

2. Cloaking works for
continuous range of
directions.

3. Edge effects (paraxial
nature), center axis must
not be blocked.

B UNIVERSITY ROCHESTER(Photos by J. Adam Fenster / University of Rochester

(Videos by Matt Mann / University of Rochester)






Rochester Cloak 2

Edmund Optics 30 achromat s:
A ~2x field-of-view, 1.5x cloaking diameter (compared to original).
A  Centeraxis region cloaked as well.
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