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A simple thin lens 

Focal length = f 
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Describing a light ray 
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Describing a light ray 

(x1, θ1) ⟹ (x2, θ2) 

θ1 θ2 x 



Geometric optics and ray tracing 

ZEMAX website 





Wavelength and frequency 

c = λν 

λ 

= 299,792,458 m/s in vacuum 

Wavelength (nm) 



Refractive index 

𝑛 =
𝑐

speed in medium
=
𝜆vacuum
𝜆medium
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Refraction 
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n1 sinθ1 = n2 sinθ2 

Snell’s law: 



Explaining refraction 

n1 

n2 

θ1 
θ2 

∆𝑡 =
𝑙1

𝑐 𝑛1 
 =

𝑙2

𝑐 𝑛2 
 

l2 

l1 

D 

n1 sinθ1 = n2 sinθ2 

l1 = D sinθ1 l2 = D sinθ2 







Diffraction 

utoronto.ca 



Interference 



Interference 
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harvard.edu 

Δφ 

• Thickness 
• Angle 
• Wavelength 



Light propagation = diffraction + interference 



Light propagation = diffraction + interference 

A = Σ Ai sin(2πl/λ) 

li 
Ai 

I = A2 



Double slit interference 

d 



Double slit interference 
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Δ = d sinθ ≈ dx/z 
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Δ = kλ for constructive interference 

Stripe distance = 
𝑧

𝑑
 ∙ λ 



Light as electromagnetic waves 

𝛻 ∙ 𝑬 =
𝜌

𝜀0
 

𝛻 ∙ 𝑩 = 0 

𝛻 × 𝑬 = −
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𝛻 × 𝑩 = 𝜇0𝑱 + 𝜇0𝜀0
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Maxwell’s equations 
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Maxwell’s equations 

Electric field 

Static electric field generated by charges Charge density 

wikipedia 
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Maxwell’s equations 

Magnetic field 

Magnetic force lines form closed circles. 

wikipedia 
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Maxwell’s equations 

Rate of change 

A changing magnetic field generates electric field 
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Maxwell’s equations 

Electric current 

Electric current and changing electric 
field generate magnetic field 
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Maxwell’s equations 

Michael Davidson 

Speed of light = 1 𝜇0𝜀0  



Polarization 

Michael Davidson 

wikipedia 



Light as particles 

hν 



From blackbody emission 

𝐸 = ℎν 

Max Planck 



Photoelectric effect 

The Encyclopedia of Science 

1 Einstein = 1 mole of photons 

Albert Einstein 

hν 

hν hν 

hν 

hν 
hν hν 

hν 

Photoelectrons 



Photon: the quantized energy of light 

Ground state 

Excited state 

ΔE = hν 



Wave-particle duality 

11 electrons 

Double-slit experiment of electrons 

Akira Tonomura, PNAS, 2005 

200 electrons 

6000 electrons 

40000 electrons 

140000 electrons 




