3D Optics

I I I MIT 2.71/2.710 Optics
I I Massachusetts Institute of Technology 12/07/05 wk14-b-1



2D Optics 3D Optics
lenses gratings GRadient INdex optics Volume
(GRIN) Holograms

Light interacts with medium
on a sequence of
discrete surfaces

Light interacts with medium
throughout a volume
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Imaging with traditional lenses

(* A imaged
‘ blurred

image plane

I l I T J MIT 2.71/2.710 Optics
I I Massachusetts Institute of Technology 12/07/05 wk14-b-4



Imaging with 3D lenses

‘‘‘‘‘‘ QA imaged

" image plane
>

blocked

d epth 3D lens

of
field

Defocus < Contrast
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Shape recovery (“profilometry”) with 3D lenses

Line scan method: 2D scanning
longitudinal + one lateral dimension

raw images
on CCD camera

I
Ll

22D shape
(“profile”)
in digital form

SR

Working distance d= 50cm &4 mm
Longitudinal resolution Az 1,,,,< 1mm
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Shape recovery (“profilometry”) with 3D lenses

Arnab Sinha, George Barbastathis
MIT 3D Optical Systems group
Optics Express 11:3202, 2003

original
object

: Object Distance = 46 cm
raw images

Resolution accomplished < 100 pm

profile
reconstruction

0y
o i, HH;;_'ﬂimn.,liElﬂmmml‘[h}.I

z=200 um z=250 uym

Microturbine provided by Chee Wei Wong, Alan Epstein, MIT
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3D lens: plane-to-plane wave volume hologram

index of
refraction

1y

. y—
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Making the (simplest) 3D lens

after exposure  n(r)=n, +n, cos|(k, =k, )-r]

reference
point source

reference

plane wave
plane

signal beam

photosensitive
material
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Operating the (simplest) 3D lens

L ~1004m +1mm

AX Ay -
> visible L’ A
Az % column .

= digital

camera

collector y
lens X\‘ 7

3D object
opIee objective

lens 3D lens
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Operating a multiplex 3D lens

visible
columns

digital
camera

collector
lens

3D object

objective

lens 3D lens
(multiplex)
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Operating a hyperspectral multiplex 3D lens

visible
rainbow slices

00

digital
camera

collector
lens

3D object

objective

lens 3D lens
(multiplex)
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Rainbow volume holographic imaging

Wenyang Sun, George Barbastathis
MIT 3D Optical Systems group
Optics Letters 30:976, 2005

slice #1 slice #2

2 1/2 D S h ap e ; “1‘1 ) Y (mm)
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Multiplex imaging of 3D fluorescent object

three “slices” through ... are viewed simultaneously and side-by-side
fluorescent (3D) object, stacked on the digital camera
along longitudinal direction ...

3D object: . L |
fl t bead Wenhai Liu,* Demetri Psaltis,* George Barbastathis**
Uore_scen €ads *Caltech Optical Info. Proc. group **MIT 3D Optical Systems group
In water Optics Letters 27:854, 2002
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Camera pixel layout for 4D (3D spatial + spectral) imaging

XXYXZXA=

W xM x N xW

slice index
#1#2 #N #1

3D object

#W

#N

i
M pixels
e

W pixels ~—»

camera die
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Sun Light (completely passive) illumination

objective
/ /
_— /
~10cm 3D optical traditional
i image camera
~om
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irradiance across .,
image cross-section .|

80
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Temporal Heterodyning

input signal ‘@ ——> % mmmm)>  transducer

low pass filter

local oscillator
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Temporal Heterodyning

input signal  EE—=D> ——>
A cos(at + @)

local oscillator

A, cos(at)

XS
a4

low pass filter

=)  transducer
A A cos((@ — o, )t—¢)
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1D Spatial Heterodyning

?

input signal  EE—=D> ——>
A cos{i(kx+4)) I

local oscillator

A cos{i(k x)}
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1D Spatial Heterodyning

_____ l | thin

transparency

input signal D> —>
Aexplilkx+g)) I

local oscillator

|A; expliky x)+ A expliksx + ¢S)(2
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1D Spatial Heterodyning

input signal ‘
A expli(kx+¢)} I

local oscillator

|A; expliky x)+ A expliksx + ¢S)(2
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1D Spatial Heterodyning

local oscillator

|A; expliky x)+ A expliksx + ¢S)(2
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1D Spatial Heterodyning

local oscillator

|A; expliky x)+ A expliksx + ¢S)(2
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1D Spatial Heterodyning

local oscillator

|A; expliky x)+ A expliksx + ¢S)(2
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1D Spatial Heterodyning

l k. —Ke + K
XS
Va4 I
low pass filter
v

local oscillator

A explikex)+ A explikeX + s )| AARASeXp{ {(k —kg +ks )X }}

(¢+¢s)
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1D Spatial Heterodyning in the Fourier domain

T

local oscillator

|A; expliky X")+ A exp(iksX” + ¢S]2
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1D Spatial Heterodyning in the Fourier domain

input signal # . # ® ——> .# —-
x——i exp{i(kx"+¢)}
( 2n j I spatial filter

local oscillator

A explikex")+ A explikex” + s ) 5{)(' A (ki kg + ks)}
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3D Spatial Heterodyning in the Fourier domain

inputsignal# # ? —>
-2 ooplil o) I

local oscillator

A expliky - ")+ A expliks r”+¢s)(2
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3D Spatial Heterodyning in the Fourier domain

input signal m=) =) ? ——> ——>

AxGe] olitkreo) I

local oscillator

|A; explik .r”)+ASexp(ikS-r”+¢s)(2 5{x'—
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3D Spatial Heterodyning in the Fourier domain

input signal Em) =) ? ——> ——>
5(x—’;f—k‘j expli(k, -r"+¢)}

T

local oscillator

A expliky ")+ Asexpliks - 1"+ g ) 5{)(' A (ki kg + ks):|
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3D Spatial Heterodyning in the Fourier domain

input signal m=) =) ? ——> ——>

AxGe] olitkreo) I

local oscillator

A expliky ")+ Asexpliks - 1"+ g ) 5{)(' A (ki kg + ks):|
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Phase matching as a filter for 3D spatial heterodyning

Recording Bragg-matched readout

Diffracted beams from elemental thin slices
are all in phase — strong diffraction
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Phase matching as a filter for 3D spatial heterodyning

Recording Bragg-mismatched readout

S

S

Diffracted beams from elemental thin slices
are out of phase — no diffraction
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Phase matching as a filter for 3D spatial heterodyning

Recording Bragg-mismatched readout

S

S

A A
L 2Lsinég

Angle Bragg selectivity A6’R —
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3D Spatial Heterodyning in the Fourier domain

input signal

5(x—£k‘j
27

local oscillator

A expliky ")+ Asexpliks - 1"+ g ) 5{)(' A (ki kg + ks):|
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3D Spatial Heterodyning in the Fourier domain

____________

input signal

5()( Ak j
27

local oscillator

A expliky ")+ Asexpliks - 1"+ g ) 5{)(' A (ki kg + ks):|
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3D Spatial Heterodyning in k-space

Recording Bragg-matched readout
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3D Spatial Heterodyning in k-space

Recording Bragg-matched readout

k,=k; +K
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3D Spatial Heterodyning in k-space

Recording Bragg-mismatched readout

v N

ky =|(kg +K)-X|X+k,2
[ Kq]l =k

: 1
2
Idiffracted = IBragg—matched sinc (E AkdzL
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Applications: 3D holographic data storage
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Applications: 3D holographic data storage
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Applications: 3D holographic optical correlators

strongest
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Applications: 3D holographic optical correlators

strongest
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Applications: 3D holographic optical imaging

Atk j
X_—,y,z X

(X . Z
—— |xslice| —
Ax’j (Azj
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Applications: 3D holographic optical imaging

Atk j
X_—,y,z X

(X . Z
—— |xslice| —
Ax’j (Azj
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Applications: 3D holographic hyperspectral imaging

\

\

\

7

f (X, Y, Z, ﬂ,) spectral components of
selected voxel are spread

out on detector plane
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Applications: 3D multiplex hyperspectral imaging

v

v

f (x, Y, Z, ﬂ,) spectral components of
multiple voxels are spread
out on non-overlapping locations
in detector plane
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Applications: probing unknown 3D holograms
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Optical imaging with 3D pupil
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Optical imaging with 3D pupil

S(X=%5, Y= Yo) e(x",y", ") h(X', ¥'; %o, Yo)

’ ’ 2 2 12 12
h(X', Y %, Y, )= e 1 %o X ,i Yo Y ’i X0+3/O_X +2y
ALf £, alf ) al 2f 21,
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Optical imaging with t pupil
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Optical imaging with 3D pupil

S(x—x,) e(x",z") h(X’; x,)

’ 2 12
h(X’;XO):S{g i ﬁ_ki ’i X02_ X >
At 5, o262 2t

simplify to 1D lateral dimension + longitudinal dimension
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Optical imaging with 3D pupil: building the Hopkins matrix

L
a
------- R I = B oinnll [ R
5(x) (x",2") h(x;0)

Plane-to-plane wave hologram
On-axis reference

&(x",2") =|exp(ikz) + exp(ik[xsin 6, + zcos 6, |
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Optical imaging with 3D pupil: building the Hopkins matrix

L |
; I
------- R I 2 B il [
5(x) (x",2") h(x";0)
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Optical imaging with 3D pupil: building the Hopkins matrix

L
B I e 98 H
....... . s A .
5(x) h(x’;0)
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Optical imaging with 3D pupil: building the Hopkins matrix
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Optical imaging with 3D pupil: building the Hopkins matrix
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Optical imaging with 3D pupil: building the Hopkins matrix
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Optical imaging with 3D pupil: building the Hopkins matrix

Hopkins
matrix
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Incoherent imaging with 3D pupil

L
------- S > 1
oMéd: T
incoherent
superposition image
of point sources
f (2dx) g(2dx’)
f (dx) g(dx’)
£(0) 9(0) |=7
f(-dx) g(~dx)
f (- 2dx) g(-2dx)

I l I J MIT 2.71/2.710 Optics
I I Massachusetts Institute of Technolog 12/07/05 wk14-b-60



Incoherent imaging with 3D pupil

L
-
------- S > 1
¢
oMéd: T
incoherent |
superposition object
of point sources - : 7
f (2dx)
f (dx)
| f(0)
f(-dx)
f (—2dx)
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Incoherent imaging with 3D pupil

.
w

|
{

Hopkins matrix object

N
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Incoherent imaging with 3D pupil

.
w

|
.

image Hopkins matrix object

N
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Incoherent imaging with clear (2D) pupil

0
0
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Defocused response of 3D pupils
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Defocused response of 3D pupils

S(x=%,,Y,2-2) s(x",y",2") a(X',y's %, 25)

p(x, y)= Fresnel(z,)

" " 2 2\_n
P(x",y",2")= exp{iZﬂ%}”dxdyp(x, y)exp{izﬂ X /; Y }xexp{— - (x*+y* ) }
1

g(X”, y!l’ Z”) — g(xﬂ’ y"’ Z”)X P(X", yll’ ZN)

o X! yl 1 X12+y12
X’ :G T Y . v 1_
ax.y) sz i, z( 217 ﬂ
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Blinking spot of 3D pupil

50

25

y'(A)
o

-25

-50
-1050 -1025  -1000 -975 -950

X'(A)
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Applications: 3D holographic optical imaging

Atk j
X_—;y,z X

(X . Z
—— |xslice| —
Ax’j (Azj
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3D optics for imaging: summary

, Working distance

1km —
Ladar/Lidar

1Im —+
10cm + Microscopy
cm

Tmm

! l
100m 1m 1cm 100um Tum 10nm

Obiject size
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Probing unknown 3D holograms
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Diffraction from deformed 3D holograms

Foqal -
(x,3,z) (X3y.2
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Experimental arrangement: transmission geometry

b
b x |
3D Hologram | /\ i

: - }
Y| Indenter Tip \ /L Fourier Lens Y -

I I I MIT 2.71/2.710 Optics
I I Massachusetts Institute of Technology 12/07/05 wk14-b-72



Experiment: diffraction from indented 3D hologram

‘1 I I I I T T I I I I I
n ﬂ — simulation (deformed)
0.9r || v | —— simulation (undeformed) L
1| v=r= experiment

Qo
00

o
-.J

—
»

o
~

Normalized Intensity
(o]
on

o
w

o
)

o
Y

—05 04 03 02 -01 0 01 02 03 04 05
Il{mm}
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Fringe deformation due to indenter (transmission)

1 indenter tip

_ﬂ_,,

|
!
f

undeformed

— deformed

MIT 2.71/2.710 Optics
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Deformed transmission 3D hologram in k-space

undeformed
— deformed

S U [
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Deformed transmission 3D hologram in k-space

S U [

1

0.9r

0.8

Normalized Intensity
c o o o o o
N W R N

o
-y

T T T T T T
ﬂ ' | — simulation (deformed)

== experiment

L\ — — simulation (undeformed) ||
1

A TS0 ., ) -
e -7 N
Ml . L =t LN

o

—05 -04 -0.3 -0.2 -01

£
0 01 02 03 04 05
X"(mm)

I I I I I Massachusetts Institute of Technology

MIT 2.71/2.710 Optics
12/07/05 wk14-b-76



Deformed transmission 3D hologram in k-space

1 T T T T T I T I T T
1\ | — simulation (deformed)
i 0ot || v | —— simulation (undeformed) ||
A 1| == experiment

Normalized Intensity

A TS0 ., ) -
e -7 N
Ml . L =t LN

L
01 02 03 04 05

-04 -0.3 -0.2 -01

0
X"(mm)

S U [
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Experimental arrangement: reflection geometry

3D Hologram E

- == -— - - | — -—QH— — -1
Indenter Tip _

[
¥
[
)
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Experiment: diffraction from indented 3D hologram

— simulation (deformed)
— — simulation (undeformed)
== experiment

0.9

0.8

0.7

0.6

0.5

0.4

Normalized Intensity
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0.2

0.1

'y

P
Y nnt A

D

w4 R N b RN,

0.2 0.4 0.6 0.8
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Fringe deformation due to indenter (reflection)

1 indenter tip

— ~— ~ undeformed
—  deformed
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Deformed reflection 3D hologram in k-space

1

0.9+

0.8F

0.7r

0.61

0.5r

0.41

Normalized Intensity

0.3r

0.21

— simulation (deformed)

- - simulation (undeformed) |

== experiment
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