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3D Optics
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2D Optics 3D Optics

lenses gratings

Light interacts with medium 
on a sequence of 
discrete surfaces

GRadient INdex optics
(GRIN)

Volume
Holograms

Light interacts with medium 
throughout a volumethroughout a volume



2

MIT 2.71/2.710 Optics
12/07/05 wk14-b-3

MIT 2.71/2.710 Optics
12/07/05 wk14-b-4

Imaging with traditional lenses

depth
of

field

lens

A A imaged

B

B

blurred

image plane
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Imaging with 3D lenses

depth
of

field

3D lens

B

B

blocked

image plane

A

A imaged

Contrast    Defocus ⇔
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z=0 µm z=50 µm

z=200 µm z=250 µm

original
object

Microturbine provided by Chee Wei Wong, Alan Epstein, MIT 

Object Distance = 46 cmObject Distance = 46 cm

Resolution accomplished Resolution accomplished ≤≤ 100 100 µµmm
raw imagesraw images

profileprofile
reconstructionreconstruction

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

Shape recovery (“profilometry”) with 3D lenses
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index of
refraction

n0+n1
n0– n1

3D lens: plane-to-plane wave volume hologram
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Making the (simplest) 3D lens

photosensitive
material

reference
point source

of

sθ

plane wave
signal beam

reference
plane

( ) ( )[ ]rkkr ⋅−+= rs10 cosnnnafter exposure
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Operating the (simplest) 3D lens

3D object
objective

lens 3D lens

collector
lens

digital
camera

visible
column

x∆ y∆

z∆ L

of

sθ

x
y

z

mm1m100~ ÷µL
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Operating a multiplex 3D lens

3D object
objective

lens

collector
lens

digital
camera

visible
columns

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

3D object
objective

lens

collector
lens

digital
camera

visible
rainbow slices

3D lens
(multiplex)
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Rainbow volume holographic imaging

slice #1slice #1 slice #2slice #2

2½D shape2½D shape

Wenyang Sun, George Barbastathis
MIT 3D Optical Systems group

Optics Letters 30:976, 2005
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Multiplex imaging of 3D fluorescent object

3D object:
fluorescent beads

in water

three three ““slicesslices”” throughthrough
fluorescent (3D) object, stacked fluorescent (3D) object, stacked 

along along longitudinallongitudinal direction direction ……

…… are viewed are viewed simultaneouslysimultaneously and and sideside--byby--sideside
on the digital cameraon the digital camera

Wenhai Liu,* Demetri Psaltis,* George Barbastathis**
*Caltech Optical Info. Proc. group **MIT 3D Optical Systems group

Optics Letters 27:854, 2002
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Camera pixel layout for 4D (3D spatial + spectral) imaging
#1

λ1 λ2 λw

slice index #2 #N

M pixels

W pixels

3D object

#1#2 #N
slice index

WNMW
zyx

×××
=××× λ

#1

#2

#W

slit
index

camera die
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3D optical
image

traditional
camera
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Temporal Heterodyning

input signal

local oscillator

low pass filter

transducer



9

MIT 2.71/2.710 Optics
12/07/05 wk14-b-18

Temporal Heterodyning

input signal

local oscillator

low pass filter

transducer

( )φω +tA ii cos

( )tA LL cos ω

( )( )φωω −− tAA  cos iLiL
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1D Spatial Heterodyning

input signal

local oscillator

( ){ }φ+xkiA ii  cos

( ){ }xkiA LL  cos

?
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1D Spatial Heterodyning

input signal

local oscillator

( ){ }φ+xkiA ii  exp

( ) ( ) 2
SSSRR expexp φ++ xikAxikA

thin
transparency
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1D Spatial Heterodyning

SRi kkk ++

SRi kkk −+

SRi kkk +−

SRi kkk −−

input signal

local oscillator

( ){ }φ+xkiA ii  exp

( ) ( ) 2
SSSRR expexp φ++ xikAxikA
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1D Spatial Heterodyning

input signal

local oscillator

( ){ }φ+xkiA ii  exp

( ) ( ) 2
SSSRR expexp φ++ xikAxikA
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1D Spatial Heterodyning

input signal

local oscillator

( ){ }φ+xkiA ii  exp

( ) ( ) 2
SSSRR expexp φ++ xikAxikA
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1D Spatial Heterodyning

SRi kkk +−

input signal

local oscillator

( ){ }φ+xkiA ii  exp

( ) ( ) 2
SSSRR expexp φ++ xikAxikA
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1D Spatial Heterodyning

SRi kkk +−

low pass filter

input signal

local oscillator

( ){ }φ+xkiA ii  exp

( ) ( ) 2
SSSRR expexp φ++ xikAxikA

( )
( ) ⎭

⎬
⎫

⎩
⎨
⎧

⎥
⎦

⎤
⎢
⎣

⎡
++

′+−

S

SRi
SRi  exp

φφ
xkkk

iAAA
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1D Spatial Heterodyning in the Fourier domain

input signal

local oscillator

( ){ }φ+′′xki i exp

( ) ( ) 2
SSSRR expexp φ+′′+′′ xikAxikA

ℑ
⎟
⎠
⎞

⎜
⎝
⎛ −

π
λδ
2

ifkx

MIT 2.71/2.710 Optics
12/07/05 wk14-b-27

1D Spatial Heterodyning in the Fourier domain

input signal

local oscillator

( ) ( ) 2
SSSRR expexp φ+′′+′′ xikAxikA

ℑ ℑ

spatial filter

( )
⎥⎦
⎤

⎢⎣
⎡ +−

−′
π

λδ
2

SRi kkkfx

⎟
⎠
⎞

⎜
⎝
⎛ −

π
λδ
2

ifkx ( ){ }φ+′′xki i exp
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33D Spatial Heterodyning in the Fourier domain

input signal

local oscillator

( ){ }φ+′′⋅rk i exp i

( ) ( ) 2
SSSRR expexp φ+′′⋅+′′⋅ rkrk iAiA

⎟
⎠
⎞

⎜
⎝
⎛ −

π
λδ
2

ifkx

ℑ ?
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33D Spatial Heterodyning in the Fourier domain

input signal

local oscillator

( ) ( ) 2
SSSRR expexp φ+′′⋅+′′⋅ rkrk iAiA

⎟
⎠
⎞

⎜
⎝
⎛ −

π
λδ
2

ifkx

ℑ ?

( )
⎥⎦
⎤

⎢⎣
⎡ +−

−′
π

λδ
2

SRi kkkfx

( ){ }φ+′′⋅rk i exp i
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33D Spatial Heterodyning in the Fourier domain

input signal

local oscillator

( ) ( ) 2
SSSRR expexp φ+′′⋅+′′⋅ rkrk iAiA

⎟
⎠
⎞

⎜
⎝
⎛ −

π
λδ
2

ifkx

ℑ ?

( )
⎥⎦
⎤

⎢⎣
⎡ +−

−′
π

λδ
2

SRi kkkfx

( ){ }φ+′′⋅rk i exp i
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33D Spatial Heterodyning in the Fourier domain

input signal

local oscillator

( ) ( ) 2
SSSRR expexp φ+′′⋅+′′⋅ rkrk iAiA

⎟
⎠
⎞

⎜
⎝
⎛ −

π
λδ
2

ifkx

ℑ ?

( )
⎥⎦
⎤

⎢⎣
⎡ +−

−′
π

λδ
2

SRi kkkfx

( ){ }φ+′′⋅rk i exp i
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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 in phase → strong diffraction

MIT 2.71/2.710 Optics
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Recording Bragg-mismatched readout

Diffracted beams from elemental thin slices
are out of phase out of phase → no diffraction

Phase matching as a filter for 3D spatial heterodyning
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Recording Bragg-mismatched readout

Rθ∆

θ
λθ
sin2R LL

=
Λ

=∆Angle Bragg selectivity

θ

Λ

L

θ

Phase matching as a filter for 3D spatial heterodyning
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33D Spatial Heterodyning in the Fourier domain

input signal

local oscillator

( ) ( ) 2
SSSRR expexp φ+′′⋅+′′⋅ rkrk iAiA

⎟
⎠
⎞

⎜
⎝
⎛ −

π
λδ
2

ifkx

( )
⎥⎦
⎤

⎢⎣
⎡ +−

−′
π

λδ
2

SRi kkkfx

propagation along z
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33D Spatial Heterodyning in the Fourier domain

input signal

local oscillator

( ) ( ) 2
SSSRR expexp φ+′′⋅+′′⋅ rkrk iAiA

⎟
⎠
⎞

⎜
⎝
⎛ −

π
λδ
2

ifkx

( )
⎥⎦
⎤

⎢⎣
⎡ +−

−′
π

λδ
2

SRi kkkfx

propagation along z
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3D Spatial Heterodyning in k-space

Recording Bragg-matched readout

Rk

Sk

K
λ
π2

  radius 

=k

RS kkK −=

pk

K
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Recording Bragg-matched readout

Rk

Sk

K
λ
π2

  radius 

=k

RS kkK −=

pk

K

dk

Kkk += Rd

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

Rk

Sk

K
λ
π2

  radius 

=k

RS kkK −=

pk

K

dk

( )[ ] zxxKkk ˆˆ ˆ dRd zk+⋅+=
k=d k

⎟
⎠
⎞

⎜
⎝
⎛ ∆= LkII zd

2
matched-Braggdiffracted 2

1sinc

zkd∆

x̂

ẑ

3D Spatial Heterodyning in k-space
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Applications: 3D holographic data storage

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

π
λ

δ
2

i,mfk
x ( )yxgm ′′,
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Applications: 3D holographic data storage

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

π
λ

δ
2

i,nfk
x ( )yxgn ′′,
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Applications: 3D holographic optical correlators

( )yxgm , ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−′

π
λ

δ
2

i,mfk
x

strongest
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Applications: 3D holographic optical correlators

( )yxgn , ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−′

π
λ

δ
2

i,nfk
x

strongest
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Applications: 3D holographic optical imaging

( )zyxf ,,
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Applications: 3D holographic optical imaging

( )zyxf ,,
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Applications: 3D holographic hyperspectral imaging

( )λ,,, zyxf spectral components of
selected voxel are spread

out on detector plane
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Applications: 3D multiplex hyperspectral imaging

( )λ,,, zyxf spectral components of
multiplemultiple voxelss areare spread

out on nonnon--overlapping locationsoverlapping locations
inin detector plane



24

MIT 2.71/2.710 Optics
12/07/05 wk14-b-48

Applications: probing unknown 3D holograms

⎟
⎠
⎞

⎜
⎝
⎛ −

π
λδ
2

0fkx ( )yxI ′′,

?

( )zyx ′′′′′′ ,,ε
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Optical imaging with 3D pupil

( )00 , yyxx −−δ ( )00 ,;, yxyxh ′′( )zyx ′′′′′′ ,,ε
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Optical imaging with 3D pupil

( )00 , yyxx −−δ ( )00 ,;, yxyxh ′′
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Optical imaging with 2D pupil

( )00 , yyxx −−δ ( )00 ,;, yxyxh ′′
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Optical imaging with 3D pupil

( )0xx −δ ( )0; xxh ′
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simplify to 1D lateral dimension + longitudinal dimension
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Optical imaging with 3D pupil: building the Hopkins matrix

( )xδ ( )0;xh ′( )zx ′′′′ ,ε

L

θs

( ) ( ) [ ]( ) 2
ss cossinexpexp, θθε zxikikzzx ++=′′′′

Plane-to-plane wave hologram
On-axis reference
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Optical imaging with 3D pupil: building the Hopkins matrix

( )xδ ( )0;xh ′( )zx ′′′′ ,ε

L

θs
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Optical imaging with 3D pupil: building the Hopkins matrix

( )xδ ( )0;xh ′

L

θs
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Optical imaging with 3D pupil: building the Hopkins matrix

( )xx d−δ ( )xxh d;′

L

θs
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Optical imaging with 3D pupil: building the Hopkins matrix

( )xx d2−δ ( )xxh d2;′

L

θs
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Optical imaging with 3D pupil: building the Hopkins matrix

( )0; xxh ′

L

θs

( )0xx −δ

x′

0x
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Optical imaging with 3D pupil: building the Hopkins matrix

( )0; xxh ′

L

θs

( )0xx −δ

x′

0x

Hopkins
matrix
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Incoherent imaging with 3D pupil

L

θs

object:
incoherent

superposition
of point sources

( )
( )
( )
( )
( )

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

−
M

M

xf
xf

f
xf
xf

d2
d-
0
d
d2 ( )

( )
( )

( )
( )

?

d2
d
0

d
d2

=

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

′−

′−

′
′

M

M

xg
xg

g
xg
xg

image

MIT 2.71/2.710 Optics
12/07/05 wk14-b-61

Incoherent imaging with 3D pupil

L

θs
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Incoherent imaging with 3D pupil

L

θs

object
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Incoherent imaging with 3D pupil
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Incoherent imaging with clear (2D) pupil

object
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Defocused response of 3D pupils
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Defocused response of 3D pupils
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Blinking spot of 3D pupil
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Applications: 3D holographic optical imaging
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3D optics for imaging: summary

1m1m 1cm1cm 100100μμmm 11μμmm 10nm10nm100m100m
Object sizeObject size

Working distanceWorking distance

1mm1mm

10cm10cm

1m1m

1km1km

Microscopy

……

1cm1cm

Ladar/Lidar
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Probing unknown 3D holograms
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Diffraction from deformed 3D holograms
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Experimental arrangement: transmission geometry

3D
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Experiment: diffraction from indented 3D hologram
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Fringe deformation due to indenter (transmission)
indenter tip
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Deformed transmission 3D hologram in k-space



38

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

Deformed transmission 3D hologram in k-space
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Deformed transmission 3D hologram in k-space
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Experimental arrangement: reflection geometry

3D
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Experiment: diffraction from indented 3D hologram
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Fringe deformation due to indenter (reflection)

z

indenter tip
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Deformed reflection 3D hologram in k-space


