
Approximations
Brutalizing optics into 4 limiting regimes

y Ray (Geometric Optics)  : h  g 0

y Paraxial Approximation  : e� «   / / 2

y Thin Lens Approximation : lens thickness g 0 

y Lossless Approximation : scatter, absorption g 0 

  



Ray (Geometric) Optics Approximation
 wavelength, h  "  0

Ray Optics Limit

True Gaussian Beam
Propagation



Paraxial Approximation
 small angle approximation  :  sin(e) ≈ tan (e) ≈ e
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Lensmaker Formula
Thick Lens

Optical Axis

Lensmaker Formula : 

n nm

R1 R2
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Optical Axis
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Thin Lens Approximation



Thin Lens Approximation
 neglect lens thickness in calculating focal length
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Lensmaker Formula
Thin Lens

Optical Axis

Lensmaker Formula : 

n nm
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Huygen’s Principle
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Single Slit Wave Diffraction

Imges adapted from : http://electron6.phys.utk.edu/light/1/Di�raction.htm

Water waves passing through a barrier exhibit diffraction.



Focusing by a Lens

Optical Path Length (OPL)  =  Σ ni . di

nair = 1.0

nglass = 1.5

nair = 1.0

CSHL Imaging Course 2016 Philbert Tsai Lectures



Focusing by a Lens

Optical Path Length (OPL)  =  Σ ni . di

nair = 1.0

nglass = 1.5

nair = 1.0

Why don’t we get
an in�nitesimal 
point focus ?

CSHL Imaging Course 2016 Philbert Tsai Lectures



Single Slit Wave Diffraction

Imges adapted from : http://electron6.phys.utk.edu/light/1/Di�raction.htm

Water waves passing through a barrier exhibit diffraction.



Single Slit Wave Diffraction

Imges adapted from : http://electron6.phys.utk.edu/light/1/Di�raction.htm

Water waves passing through a barrier exhibit diffraction.



Single Slit Wave Diffraction

Imges adapted from : http://electron6.phys.utk.edu/light/1/Di�raction.htm

Water waves passing through a barrier exhibit diffraction.



Single Slit Wave Diffraction

Imges adapted from : http://electron6.phys.utk.edu/light/1/Di�raction.htm

Water waves passing through a barrier exhibit diffraction.
As the size of the hole decreases, the wave that passes
the barriers goes from nearly planar to nearly spherical.



Single Slit Wave Diffraction

Imges adapted from : http://electron6.phys.utk.edu/light/1/Di�raction.htm

Water waves passing through a barrier exhibit diffraction.
As the size of the hole decreases, the wave that passes
the barriers goes from nearly planar to nearly spherical.



Single Slit Wave Diffraction

Imges adapted from : http://electron6.phys.utk.edu/light/1/Di�raction.htm

Water waves passing through a barrier exhibit diffraction.
As the size of the hole decreases, the wave that passes
the barriers goes from nearly planar to nearly spherical.

Smaller openings diffract waves to larger angles!



Wave Interference

In order to create
sustained interference
you need (at least)
two soures with
the same wavelength
that are coherent

Coherent sources are sources
that maintain a constant
phase between each other.

If all the waves have only a single wavelength, then we say
the waves are monochromatic (”one color”, see Chapter 24)



Young’s Double Slit Experiment

Because the waves
emerging on the right
from the two slits are
from the same
wavefront (on the left),
they are in phase with
each other (coherent).

If a screen is placed to
the right of the two
slits, a pattern of bright
and dark parallel bands
(call inteference fringes)
will appear on the screen

Two narrow slits act as coherent sources of monochromatic waves



Young’s Double Slit Experiment

The bright and dark fringes are due to 
constructive and destructive inteference.

In the center of the screen both waves
have traveled the same distance and so
they arrive in phase.

At the center of the first off-center
bright fringe, the wave from the lower
slit has traveled exactly one extra wavelength
than the wave from the upper slit, and so
they again arrive in phase.

In between these two bright fringes,
there is a dark fringe where the path
length difference is exactly half-a-wavelength
and so the waves arrive exactly out of phase.

Two narrow slits act as coherent sources of monochromatic waves



Single Slit Wave Diffraction

Imges adapted from : http://electron6.phys.utk.edu/light/1/Di�raction.htm

Water waves passing through a barrier exhibit diffraction.
As the size of the hole decreases, the wave that passes
the barriers goes from nearly planar to nearly spherical.

Smaller openings diffract waves to larger angles!



Single Slit Wave Di�raction



Resolution
It’s all about the NA

Abbe resolution Limit  :   rxy    =   ______λο

2 . NA

rz    =   ______n . λο

 NA2

Numerical Aperture (NA)  =    n . sin( θmax )   

 

n  =  index of refraction of media
θmax

  =  maximum angle of incidence

θmax

rxy

z z

Intensity
on z axis

rz



Airy Disc
Di�raction through a round aperture

     2 • J1(x)
I (θ) =  Io     ______
          x

  I = Intensity
  x = k.a. sin(θ)
  k = 2.π / λ
  a = aperture radius
  θ = angle from center of aperture to evaluation point
  J1 = Bessel function of the first kind, first order

(      )2



Point Spread Functions
Measuring the resolution of your microscope

Diaspro et al. BioMedical Engineering OnLine 2006

Abbe resolution Limit  :   rxy    =   ______λο

2 . NA
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Point Spread Functions
Measuring the resolution of your microscope

Diaspro et al. BioMedical Engineering OnLine 2006

Abbe resolution Limit  :   rxy    =   ______λο

2 . NA

rz    =   ______n . λο

 NA2

Ta
ke

n 
fro

m
 S

VI
 w

eb
sit

e

Unaberrated          Aberrated



Resolution
It’s all about the NA

f/#  =  focal_length / input_diameter   

 

 Lens
Diameter

25 mm

25 mm

25 mm

12.7 mm

 Focal
Length

100 mm

50 mm

25 mm

12.7 mm

 f/#

4

2

1

1

 NA

0.12

0.24

0.44

0.44

Lens Shape
 

Lateral

2.1 m

1.04 m

0.56 m

0.56 m

 
Axial

34 m

8.7 m

2.1 m

2.1 m

 = 500 nm
Resolution 



Optical Aberrations
(Seidel abberations , aka third-order aberrations, monochromatic aberrations)

Lateral Axial
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Petzval Field Curvature

Spherical AberrationComa

Field Distortion
(Barrel / Pincushion) Astigmatism

*modified from MicroscopyU website
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Minimizing Optical Aberrations

Which way should you insert this plano-convex lens ?



Minimizing Optical Aberrations
(Distribute optical power across multiple surfaces)

Which way should you insert this plano-convex lens ?

Better!
Work distributed
over both surfaces
=> Smaller angles



Chromatic Aberration
(Index of refraction is a function of wavelength)

Flint
Glass

Crown
Glass

Achromatic Doublet Lens



Minimizing Optical Aberrations
(Distribute optical power across multiple surfaces)

Image taken from Molecular Expressions website
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Microscope Objectives
More $$$  =  Better Aberration Correction
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Microscope Objectives
More $$$  =  Better Aberration Correction

Slide courtesy of Nicholas George (Olympus Corp.)





Approximations
Brutalizing optics into 3 limiting regimes

� Ray (Geometric Optics)  :   g 0

� Paraxial Approximation  :   «    / 2

� Thin Lens Approximation : lens thickness g 0 



Thick Lenses
Focal length is measured from principal planes
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Thick Lenses
Focal length is measured from principal planes
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Sense of Scale
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7 μm Red Blood Cell
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Sense of Scale

20 μm

Red Blood Cell (7 μm)

Pyramidal Neuron Cell Body (~10 μm) Bacterium (1 x 5 μm)

20 cycles of green light
 (λ = 0.5 μm)



Sense of Scale

20 μm

Red Blood Cell (7 μm)

Pyramidal Neuron Cell Body (~10 μm) Bacterium (1 x 5 μm)

20 cycles of green light
 (λ = 0.5 μm)



Sense of Scale

700 nm

400 nm

200 nm bead
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Sense of Scale

200 nm bead 4 nm
Green Fluorescent

Protein

2 nm
Fluorescein

Molecule

75 nm Virus Particle




