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Wave	
  Number,	
  Wave	
  Vector,	
  and	
  Momentum	
  
Chapter	
  4,	
  PedroE^3)	
  



Index of refraction and ‘speed’ of light 

In a medium, light generally propagates more slowly. 
–  in air:  v = c/1.0003           nair = 1.00 
–  in water: v = c/1.33            nwater = 1.33 
–  in glass: v = c/1.52             nglass = 1.52 
 

In general:   
     v = c/n is the “phase velocity” 
     wavelength/n 
     frequency is the same (in linear optics) 

n also depends on the wavelength è dispersion. 

The speed of light in vacuum is a physical constant. 
  
c = 299 792 458 m/s (exact) ~ 3x108 m/s  



Snell’s	
  Law	
  

 
1.  Huygens’ principle 
2.  Fermat’s principle 
3.  Interference of all possible paths of light wave from source to observer  
— it results in destructive interference everywhere except extrema of phase 
(where interference is constructive)—which become actual paths. 
 
4.  Application of the general boundary conditions of Maxwell equations for 

electromagnetic radiation.    è amplitude of reflected and refractive waves 
       [Chapter 23] 
 
5.  Conservation of momentum based on translation symmetry considerations  

Frequency	
  is	
  the	
  same.	
  



Derive	
  Snell’s	
  Law	
  by	
  Transla,on	
  Symmetry	
  

A homogeneous surface can not change the transverse momentum.  
The propagation vector is proportional to the photon's momentum. 
 
The transverse wave number must remain the same. 
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Refrac,on	
  through	
  Plane	
  Surfaces	
  
n1>n2:	
  The	
  refracted	
  rays	
  bend	
  away	
  from	
  the	
  normal.	
  
	
  
n1<n2:	
  The	
  refracted	
  rays	
  bend	
  toward	
  the	
  normal	
  

A	
  source	
  point	
  S	
  below	
  an	
  interface	
  emerge	
  into	
  an	
  upper	
  
medium	
  of	
  lower	
  refrac,ve	
  index.	
  
è	
  No	
  unique	
  image	
  point	
  is	
  determined.	
  These	
  rays	
  have	
  no	
  
common	
  intersec,on	
  of	
  virtual	
  image	
  point	
  below	
  the	
  
surface.	
  

Small	
  angle	
  approxima,on,	
  i.e.	
  consider	
  only	
  	
  
Paraxial	
  Rays	
  (making	
  small	
  angles	
  with	
  the	
  op6cal	
  axis)	
  

sinθ ≅ tanθ ≅θ in radians( )
Snell’s	
  law	
  can	
  be	
  approximated	
  by	
  	
  
n1 tanθ1 ≅ n2 tanθ2
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The	
  fish	
  problem	
  …	
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  a	
  glass	
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Total	
  Internal	
  Reflec,on	
  

The largest possible angle of incidence which still results in a refracted ray is called the critical angle; 
in this case the refracted ray travels along the boundary between the two media. 
 
For example, consider a ray of light moving from water to air with an angle of incidence of 50°.  
The refractive indices of water and air are approximately 1.333 and 1, respectively,  
so Snell's law gives us the relation 

Example	
  :	
  Water	
  n2	
  =1.33	
  (=4/3)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Air	
  n1=1.00	
  

which is impossible to satisfy.  

The critical angle θcrit is the value 
of θ1 for which θ2 equals 90°: 

Assignments:	
  	
  
Glass	
  n	
  =	
  1.52	
  
Diamond	
  n	
  =	
  2.42	
  



Reflec,on	
  and	
  refrac,on	
  at	
  a	
  flat	
  dielectric	
  interface	
  



Imaging	
  by	
  an	
  Op,cal	
  System	
  

Nonideal	
  images	
  are	
  formed	
  in	
  prac,ce	
  because	
  of	
  	
  
(1)  light	
  scabering,	
  
(2)  aberra,ons,	
  and	
  
(3)  diffrac,on.	
  

Trading	
  off	
  fabrica6on	
  (grinding)	
  and	
  spherical	
  aberra6ons.	
  
	
  
Molded	
  aspheric	
  lenses	
  are	
  more	
  commonly	
  nowadays.	
  	
  	
  

Key	
  words:	
  object	
  point,	
  image	
  point,	
  object	
  space,	
  image	
  
space,	
  wavefronts.	
  	
  
Rays	
  spread	
  out	
  radially	
  in	
  all	
  direc6ons	
  from	
  object	
  point	
  
O.	
  A	
  Ray	
  diagram	
  deals	
  with	
  selected	
  major	
  rays.	
  	
  



Reflec,on	
  at	
  a	
  Spherical	
  Surface	
  

1
s
+ 1
s '
= − 2

R
Sing	
  Conven,on	
  

(assuming	
  the	
  light	
  propagates	
  from	
  lee	
  to	
  right)	
  

The	
  object	
  distance	
  
s	
  is	
  posi,ve	
  when	
  O	
  is	
  to	
  the	
  lee	
  of	
  V	
  (real	
  object).	
  
s	
  is	
  nega,ve	
  when	
  O	
  is	
  to	
  the	
  right	
  of	
  V	
  (virtual	
  object).	
  
The	
  image	
  distance	
  
s’	
  is	
  posi,ve	
  when	
  I	
  is	
  to	
  the	
  lee	
  of	
  V	
  (real	
  image).	
  
s’	
  is	
  nega,ve	
  when	
  I	
  is	
  to	
  the	
  right	
  of	
  V	
  (virtual	
  image).	
  
The	
  radius	
  of	
  curvature	
  
R	
  is	
  posi,ve	
  when	
  C	
  is	
  to	
  the	
  right	
  of	
  V	
  (a	
  convex	
  mirror).	
  
R	
  is	
  nega,ve	
  when	
  C	
  is	
  to	
  the	
  lee	
  of	
  V	
  (a	
  concave	
  mirror).	
  

posi,ve	
  object	
  and	
  image	
  distances	
  è	
  real	
  objects	
  and	
  real	
  images	
  
convex	
  mirrors	
  è	
  posi,ve	
  radii	
  of	
  curvature	
  (eg.	
  a	
  silver	
  spoon)	
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Ray	
  Diagrams	
  for	
  Spherical	
  Mirrors	
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Ray Diagrams	
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Refrac,on	
  at	
  a	
  Spherical	
  Surface	
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Thin	
  Lenses	
  

Lens	
  ac,on	
  on	
  plane	
  wave-­‐fronts	
  of	
  light.	
   Ray	
  Diagrams	
  



the lensmaker’s formula 	



The	
  refrac,ve	
  power	
  of	
  a	
  lens	
  of	
  
focal	
  length	
  f	
  

  
D [diopters] = 1

f [in meters]

The	
  lensmaker’s	
  formula	
  

A	
  “Thin”	
  lensè	
  d	
  is	
  negligible	
  

n1=1	
  (air)	
  	
  
n2=n	
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Summary	
  of	
  Image	
  Forma,on:	
  Spherical	
  Mirrors	
  &	
  Thin	
  Lenses	
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Summary	
  :	
  Real	
  and	
  Virtual	
  Images	
  



Newtonian	
  Equa,on	
  for	
  the	
  Thin	
  Lens	
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Change	
  in	
  curvature	
  of	
  wavefronts	
  by	
  a	
  thin	
  lens	
  



Example	
  of	
  refrac,on	
  by	
  spherical	
  surfaces	
  
Extra	
  Credit	
  (0.25	
  pt)	
  
	
  
Explain	
  the	
  imaging	
  forma,on	
  by	
  a	
  cylinder	
  filled	
  with	
  water.	
  
Be	
  specific	
  (i.e.	
  use	
  ‘real’	
  values’),	
  See	
  Example	
  2-­‐2	
  (page	
  34)	
  
	
  



Thin	
  Lens	
  Combina,on	
  è	
  Sequen,al	
  Imaging	
  	
  

Reading	
  Assignments	
  
1.  Example	
  2-­‐3	
  (page	
  38)	
  

2.	
  Java	
  Applets	
  
hbp://silver.neep.wisc.edu/~shock/tools/ray.html	
  	
  
	
  

(See	
  also	
  Lab	
  #1	
  Appendix)	
  


