Computational Optical Imaging

Lecture 2



Outline

* Last time: Angular Spectrum Method (ASM) and 2D FTs
* Fresnel diffraction

* Near field and NSOM (near field optical microscopy)

* Far field

* Exercise #1

* Gratings

* Talbot imaging

* Bessel beam and Light sheet imaging

* Exercise #2
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3 steps

1. Take the 2D Fourier transform of f(x,y)

2. Multiply each spatial frequency component by its eigenvalue
3. Take the inverse 2D Fourier transform to get g(x’,y’)



Angular spectrum

f(x,y)
E(x,y,z10,t)
E(x,y,z=0,t)=Af(x,y)e/*" \/
e Af = J (2pux+2pvy [k’ =(2pu )’ ~(2pu \’z )
fixy) eead F(u,v) — OF ( u v)e du dv

E(x,y,z=0,t)=A4e’ f(x,y)=Ae’" (2p) ) F (uv Je 7™ du dv
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Evanescent Waves
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Near-field imaging
NSOM
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Dither and Z-Motion
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Example 2: Point source
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Example 4: Image

Propagation profile |E|2
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Example 4: Image
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Fraunhofer Diffraction

or
Far field



Propagation of square aperture

Abs of the field in XY plane
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Square aperture - linear propagation
Aperture near field

z=0mm Zz=1mm z=20mm

z=100mm far field (rescaled)

Image size = 2x2mm
Aperture side = 550um
Wavelength = 800nm




2D square and 2D sinc




1D rect and 1D sinc

0, if[x>1/2
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2D rectangle




Paraxial Approximation

e—j(kxx+kyy+kzz)
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Paraxial Angular Spectrum
E(x,y,z10,t)
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Paraxial plane wave: A(kx k.z)=e }A(kx,ky ,2=0)

Convolution Theorem: g (x'y )= f(x,y )h(x'-x,y - y)dxdy

G(uy)=F(uy)H (uy)

G, F and H are Fourier transforms of g, f and h
respectively

Note that Fourier Transform of the exponential is:

-p(x7+y?) -p(u+v?) — —
e e where k_=2pu ky =20V



Fresnel Diffraction

Let us apply the Convolution Theorem on Beam Propagation Equation:

_JEl(x=x)?+(y-y)?

1
A(x,y'.z2)=—1| A(X,y,z=0)e Az dxd
(X',y',2) Wﬂ (X,Y,2=0) y

Recall: [ (x,y,z, t) = A(x,y,z)e’™ e "

Finally:
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Far Field

Ex(x',y’,z,t):A(x"yr,z)ejme—jkz
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Exercise




Grating
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Talbot Effect
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Talbot effect explanation

E(x,y,z10,t)

WE Y - j(2pux+2 k?=(2pu )’ =(2pu )z
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Approaching far field

Propagation profile

coordinate [mm]
(e}

5 10 15 20 25 30 35
z coordinate [cm]

'
W

1
-

'
[\
(=]
3]
-

|

I
||

,t"|"'~
|
\

ITHARRAR

y coordinate [mm]

y coordinate [mm)]
A W N ~ o &~ L & b

z coordinate [cm]

X coordinate [mm]



Gaussian beam

i Propa ation rofile

-1

|
=
(9]

y coordinate [mm)]
=
W (a]

50 100 150 200
z coordmate [mm]

1 -1
0.7
0.9 0.8
0.8 0.6 0.6
0.7 -0 05
0.6 0.
g 0.4
05 .
04 g0 03
3 - 02
) 0.1

o
=
>

(=]
5
=3
(5]

)

0.2

y coordinate [mm)]
o o =
(=) S (=]
(=4 (=1
v

y coordinate [mm]
=3 =]
- - (-]

=3

%

=]
%

1 1 1
09+ 1 0.9 09
08r 1 08 08
07r 1 0.7 0.7
06+ 1 0.6 06
05+ 1 05 05
0.4 0.4 0.4
03r 1 03 03
02f 1 0.z 0.2
01F 1 01 01F

0 0 : 0

1 0.5 0 0.5 1 -1 0.5 0 0.5 1 1 0.5 0 0.5 1

x10°% %10°? %107



Non-Magic Speckle
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Magic speckle

From the paraxial plane wave equation

~Jj[(2pu )’ +(2pv ] T

[
A(2pu,2pv,z )=e 2k A(2pu,2pv,z =0)

[ [
A(2pu,2pv,z )» A(2pu,2pv,z =0)if u’lz0 1
if  (2pu)’ +(2pv )’ = const



Magic Speckle input

Why doesn’t
It change??
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Magic Speckle input
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Bessel beam

FT
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Propagation of a Bessel beam

Profile of propagation
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Almost no diffraction is observed after 2cm of propagation in free space
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Self healing property



https://en.wikipedia.org/wiki/Bessel_beam

Light Sheet Imaging

camera (CCD, sCMOS, ..)

detection objective

excitation laser beam

o fluorescence light
cylindrical lens

lightsheet



Light Sheet by scanning a Bessel beam

Galvo mirrors g
to scan Y =cvos

Piezo
stage
Coverslip

Dichroic mirrors

Filter

Tubelens

L
' “ L1-L6 E{ ] .L
Bessel beam _‘ | L8 ||' ;
[ | La ]
E § Laser I GN\ —
M L16
b c
2 .
iy—-t
q <
2
0
x (mm) -2 -5

Chu, Li-An, et al. "Rapid single-wavelength lightsheet localization microscopy for clarified tissue." Nature communications 10.1 (2019): 1-10.



Light Sheet by scanning a Bessel beam

d Detection objective 4
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Gao, Liang, et al. "3D live fluorescence imaging of cellular dynamics using Bessel beam plane illumination microscopy.” Nature protocols 9.5
(2014): 1083-1101.
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