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About the light

Energy
& Signal



About the light

Optical communication

Laser weapon

Laser induced nuclear fusion

illumination

firework

display



About the light

Absorption spectrum

Colors &
Contrast

Photoreceptor



About the light

Why light is so important and everywhere in our 
lives?

Light is electromagnetic wave and can mediate 
electromagnetic interaction, which is one of the four 
fundamental interactions we know so far. 

Chemical bond and reaction



About the light

Is there any other better means?

No!

Stick to light, there is no other way out!!!



About the light

Physical Properties of Light

 Wavelength

 Photon energy



About the light



X Ray

First Nobel Prize
in Physics



Visible light can penetrate deep into water

Water absorption spectrum



Photosynthesis

From wiki



Visible light

Visible light is bio-compatible.

Use visible light for in vivo biological studies!



Optical imaging

Why imaging?

Seeing is believing!

imaging wording

Sorry, I can’t do it ! (>_<)



Why imaging?

What’s is understanding?

Objective

The world is 3D.

The world is physically there.

This is how the world works, despite what you think 

Subjective
Our understanding is built on our collected information and

experience, based on which we can predict.

Vision is our major sense to collect information, so seeing

leads to understanding!!!



Early times of optical imaging

Galileo Galilei

• “Father of observational astronomy”

• “Father of modern physics”

• “Father of scientific method”

• “Father of science”

• “Father of modern science”, by Albert Einstein 

1564 – 1642

“In 1610, he used a telescope at close range to magnify the parts of insects.”

“In 1609, Galileo was, along with Englishman Thomas Harriot and others, 
among the first to use a refracting telescope as an instrument to observe stars, 
planets or moons.”



Seeing is believing

10-9m10-6m1026m

X ray

10-11m
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Basics of optical imaging

 Light Ray Model

 Light wave model

 Frequency domain model



Light ray model of an ideal lens

Back pupil plane Focal plane

Optical axis

Ideal lens

Rule 1: Light ray will not be deflected when passing through the center of lens

Rule 2: Parallel light rays will be focused into a single spot on focal plane



Imaging system: Light ray model



Infinity corrected imaging system
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Objectives’ parameters

Correction spec: 

Magnification:

Numerical Aperture (NA):

Working Distance (WD):

Immersion medium:



Objectives’ parameters

Example: 
100x objectives of different brands have different focal length:

Leica & Nikon Objectives: 200/100=2 mm

Olympus Objective: 180/100 = 1.8 mm

Zeiss Objective: 165/100 =1.65 mm



Summary of light ray model

 Lens focuses parallel light rays of different directions into spots at 

different positions on the focal plane.

 Modern imaging system (infinity corrected imaging system) consists of 

two lens. Light from a point source is converted into plane wave, then 

back to a spot.

 The magnification of the imaging system can be calculated as:

M= ೟ೠ್೐ ೗೐೙ೞ

೚್ೕ೐೎೟೔ೡ೐ ೗೐೙ೞ



Basics of optical imaging

 Light Ray Model

 Light wave model

 Frequency domain model



Wave nature of light

Water ripple diffraction



Light wave model of optical imaging system

What’s the resolution limit of the optical imaging system?

Point spread function (PSF):

Objective lens Tube lens

f1 f1 f2

Magnification:



Light wave model of optical imaging system

Objective lens Tube lens

f1 f1 f2

Magnification:

PSF



Optical imaging system is linear & spatial invariant

Object Image

convolution

deconvolution



Point spread function

Objective lens Tube lens

ଵ
ଶ

Fraunhofer diffraction pattern of a circular aperture (Airy disk)

Numerical Aperture



Point spread function & Resolution

Ernst Karl Abbe

Numerical Aperture:

Resolution:



Point Spread Function & Resolution

Example:

An Olympus Plan Apochromat, 60X, NA 1.27, water objective is mistakenly 

installed in a Nikon microscope, please calculate the magnification and expected 

resolution when imaging a GFP labelled cell.

Olympus tube lens focal length: 180 mm
Nikon tube lens focal length: 200 mm
Emission wavelength of GFP: 510 nm

Olympus objective focal length: 180 mm/60 =3 mm
Magnification: 200 mm/3 mm = 66.7

Resolution: ఒ

ଶே஺
=

ହଵ଴ ௡௠

ଶ∗ଵ.ଶ଻
= 200.8 𝑛𝑚



Conventional microscope
Phase Contrast/

Different Interference
Contrast (DIC)

Dark Field

Staining

Bright Field



Fluorescent indicator

EGFP

 Single molecule sensitivity



Fluorescent indicator

Dye
Protein

Quantum dot Nano Diamond



Hot topics in optical imaging

Fluorescence 
imaging

Higher 
resolution

3D imaging

 PALM/STORM

 STED

 Super-resolution SIM

 Expansion microscope

 Confocal

 Multiphoton

 Light sheet

 Light field

 Sectioning SIM



3D Imaging

 Confocal microscope

Two photon microscope

Light sheet microscope

Light field microscope



Confocal Scanning Microscope

In 1940 Hans Goldmann, ophthalmologist in Bern, Switzerland, developed a slit lamp 
system to document eye examinations. This system is considered by some later authors as 
the first confocal optical system.

Excitation laser beam

fluorescence
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Two photon microscope

Theory of two photon absorption:

Maria Goeppert-Mayer

1 GM = 10e-50 cm4 s/photon

1e16 W/m^2Wide field: 1e4 W/m^2



Two photon microscope

Science, Vol. 248, Issue 4951, pp. 73-76  (1990)

Femto second dye laser

80MHz, 100fs pulse width

 peak power is 125000 times of 

the average power



Laser source

Ti: Sapphire Laser

Coherent Chameleon familiy



Two photon microscope

1-photon 2-photon

Thin sample
Low laser intensity

Higher resolution

Thick sample
Less scattering

Low photo damage

Low photo bleaching

Problem: speed!!!!!!



Two photon microscope

Brain Prize 2015

“invention, refinement and use of two-photon microscopy to provide detailed, dynamic 

images of activity in individual nerve cells, dendrites and synapses, thereby transforming 

the study of development, plasticity and functional circuitry of the brain.”



Time lapse two photon imaging of neuron plasticity

Behavioral Experiments



Two photon functional imaging



Light sheet microscope & whole brain imaging

Richard Adolf Zsigmondy

Nobel Prize in chemistry in 1925



Light sheet microscope



Light sheet microscope



Light sheet microscope for development biology

Tomer, R. et al. Nature Methods  9, 755-763 (2012)



Light sheet microscope



Light sheet microscope



Light sheet microscope





Super resolution microscope

 STED Microscope

Localization Microscope: PALM/STORM

Structured Illumination Microscope (SIM)



Super-resolution microscope

Lothar Schermelleh et al. J Cell Biol 2010;190:165-175



STimulated Emission Depletion (STED) Microscopy



STimulated Emission Depletion (STED) Microscopy



STimulated Emission Depletion (STED) Microscopy



Structured Illumination Microscope (SIM)



Structured Illumination Microscope (SIM)

Sample uniform illumination 

=

imageglowing structure

sinusoid illumination Sample

=

imageglowing structure

epi fluorescence imaging

SIM



Structured Illumination Microscope (SIM)

D. Li et a. Science, 2015; 349 (6251)

3D resolution 2D x-y 
resolution

x-y z

Wide field 200 nm 600 nm 170 nm

Linear SIM 100 nm 300 nm 90 nm

1st

nonlinear 
SIM

- - 60 nm

2nd

nonlinear 
SIM

- - 45 nm

Live imaging demonstrated



Localization microscope: PALM/STORM

Resolution is limited by labeling density and photon budget of each fluorophore

~10,000 images are required to reconstruct one image



Localization microscope: PALM/STORM



3D STORM

Ke Xu et al. Nature Methods 185-188 (2012)



Expansion microscope



Expansion microscope



Special Topcis: Light field microscope



Light field microscope



Light field microscope

• Idea：1908, Gabriel Lippmann

• Speed: ~50 volume/s

• Trade off between resolution and field of view

R. Prevedel, Nature Methods 2014



X-LFM X-Light Field Microscope

What’s new?

• Resolving conflict between volume coverage and resolution by:

• Decoupling between Numerical Aperture (NA) and Field of View 

(FOV)

• Overlapping tolerance 

• Multifocal plane imaging

• New reconstruction algorithm based on optical wave theory 
and maximum  likelihood estimation 

丛林 王泽冠 杭苇



Free moving zebrafish whole brain imaging

XLFM X-Light Field Microscope
Improved  z depth tracking system

丛林 王泽冠 杭苇

Free moving-zebrafish tracking

中科大温泉组

温泉 柴宇明



Whole brain functional imaging of neuronal activities in 
freely behaving larval zebrafish



Whole brain functional imaging of neuronal activities in 
freely behaving larval zebrafish



Whole brain functional imaging of neuronal activities in 
freely behaving larval zebrafish


