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Unit	
  29:	
  One	
  day	
  only

Suggested	
  ac/vi/es:

*Ac/vity	
  29-­‐5:	
  Ray	
  Tracing	
  to	
  Locate	
  the	
  Virtual	
  Image

*Ac/vity	
  29-­‐7:	
  Forming	
  an	
  Image	
  with	
  a	
  Concave	
  Mirror

No	
  grades	
  for	
  this	
  unit,	
  aNendance	
  only.
We’ll	
  move	
  on	
  to	
  Unit	
  30	
  on	
  Wed

Unit	
  29	
  is	
  not	
  on	
  the	
  Midterm,	
  but	
  may	
  be	
  on	
  the	
  Final	
  
Exam.

(c) Part of the law of reflection states that the incident ray, the 
reflected ray and the normal to the reflecting surface lie in the same 
plane. Is this adequately tested by this experiment? Explain.

Experiment OP1: Ray Optics, Reflection and Concave Mirrors
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Fig. 1.5: Finding the Virtual Image of the Filament.

Part IV - Using Ray Tracing to Locate the Virtual Image (C)

In this part you will use the method developed in part II to find the position of

the virtual image of a filament formed by a plane mirror. The basic idea is
illustrated in Figure 1.5.  The (C) means that you may use your own ideas and

be creative in doing this part. Take notes clearly describing the procedure in

your lab notebook. Analyze the data and discuss the results. [Do not write on the

ray table.]

Part V - The Focal Length of a Concave Mirror

The image formed by a plane mirror is always virtual. A concave mirror can

form either a real image or a virtual image. A real image occurs if the rays come

from a distant source. If the source is closer than one focal length from the

mirror, then a virtual image is formed. If the source is exactly at the mirror’s

focal point, the rays emerge parallel from the mirror. This is the principle used in

flashlights, headlights and spotlights to produce a parallel beam of light.

Ideally, concave mirrors have a paraboloidal shape. Spherical shapes are

cheaper to manufacture than paraboloids and most inexpensive concave mirrors

are spherical. For most applications the loss in quality is insignificant,

particularly where the mirror’s f-number (focal length/diameter) is large. In the

following exercise you will use the cylindrical ray optics mirror to visualize its

image-forming properties and find the mirror’s focal length by producing a

parallel beam of rays.

1. Mount the slit plate and ray table. Place the slit plate directly on the light

source and move the ray table so its edge touches it. Use the ray table

surface with a centimetre grid and turn it so that the grid is aligned with the

optical bench axis.

  Figure 29.6: Finding a virtual image. 
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Fig. 1.7: Setup to observe the image from a concave mirror

2. Observe the real image formed by a concave mirror. Place the ray

optics mirror on the ray table, turn on the light and observe the rays

reflected from the concave surface. When the mirror is at the far end of the

table you should see the reflected rays converging at the position of the real

image.

3. Rotate mirror to show aberration. If you turn the mirror so that the

image position is off the optical axis of the bench, you will notice that not

all rays converge at the same place. This is because the mirror’s shape is

circular instead of parabolic. This effect is known as spherical aberration

when it occurs in spherical mirrors.

4. Measure the source-mirror and image-mirror distances and

magnification. Orient the ray mirror so that the image is exactly on the

optic axis. Record the object-to-mirror distance, the image-to-mirror

distance. Slide the light source box a few mm away from the alignment rail

keeping its edge parallel to the

rail. Record the direction and

distance that the image is

displaced for a given light

source displacement. This

shows the magnification and

inversion of the image.

5. Find where the mirror gives

parallel reflected rays. Slide

the mirror closer to the light

source until the reflected rays

diverge. The rays don’t actually cross now, but their projections on the

dark side of the mirror will cross at the position of the virtual image. Move

the mirror back until the emerging rays are parallel. Measure the distance

between the light source and the mirror. Remove the mirror from the table

and have your partner repeat this measurement to get two independent

values for the focal length

VI - Forming an Image with a Concave Mirror.

If you cut a strip along any diameter of a spherical mirror you get something

close to a cylindrical mirror. It's not surprising then that we can understand

spherical mirrors from the properties of cylindrical mirrors studied in the last

part.

1. Arrange components. Set up the equipment as shown in Fig 1.7 with the

concave side of the mirror facing the light source. The viewing screen

should cover only half of the hole in the component holder so that light

from the filament reaches the mirror.

2. Find focal point of a distant object. Estimate the focal length of the

.

Figure 29.7: Set-up to observe the image from a concave mirror

(b) Choose five distances between 50.0 cm and 5.0 cm. These are 
object-mirror distances o for which you will measure the image-mirror 
distances i and the image heights h’. Record o, i, h and h’ in the table 
below. Calculate f from o and i "in each instance and record these 
values in the table below. Show at least one calculation of f in the 
space below.

o i h h’ f(calc)

(c) How do your five values of f  agree? 
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Geometrical Optics
Father	
  of	
  Geometrical	
  Op/cs	
  

 “Al	
  Hazen”:	
  Abū	
  ʿAlī	
  al-­‐Ḥasan	
  ibn	
  al-­‐Ḥasan	
  ibn	
  al-­‐
Haytham	
  (Arabic	
  :	

	ابن  
	الهيثم    )

 Kitab	
  al-­‐Manazir	

	كتاب  
	ا-ناظر    (Book	
  of	
  Op/cs),	
  wriNen	
  
from	
  1011	
  to	
  1021

 Translated	
  to	
  la/n	
  in	
  1200’s.
 Electromagne/c	
  and	
  Quantum	
  Theories	
  of	
  op/cs	
  are	
  
consistent	
  with	
  geometrical	
  op/cs	
  in	
  its	
  domain	
  of	
  
relevance.

Picture of how Archimedes burnt Roman ships 
using parabolic mirrors. From the 1572 Latin 
edition.



from n2 to n1

Let’s Start with a Summary:
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The	
  speed	
  of	
  light	
  in	
  a	
  medium	
  
is	
  slower	
  than	
  in	
  empty	
  space:

vmedium = c / nmedium

since ε0 > ε
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What	
  about	
  the	
  wave	
  must	
  be	
  the	
  same	
  on	
  either	
  side?	
  A
B
C Observers	
  in	
  both	
  media	
  must	
  

agree	
  on	
  the	
  frequency	
  of	
  vibra/on	
  
of	
  the	
  molecules

CheckPoint 2
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Reflection
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Mirrors in Movies

Duck	
  Soup	
  (1933)

The	
  Lady	
  from	
  Shanghai	
  (1947)

Enter	
  the	
  Dragon	
  (1973)

and	
  many	
  more

http://www.youtube.com/watch?v=VKTT-sy0aLg
http://www.youtube.com/watch?v=VKTT-sy0aLg
http://www.youtube.com/watch?v=i3OwK9H4vSM
http://www.youtube.com/watch?v=i3OwK9H4vSM
http://www.youtube.com/watch?v=Jq7_L3dOAmY
http://www.youtube.com/watch?v=Jq7_L3dOAmY


Refraction: Snell’s Law
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Not	
  the	
  quickest	
  route…

This	
  one	
  is	
  beNer

What's	
  the	
  fastest	
  path	
  to	
  the	
  ball	
  knowing
you	
  can	
  run	
  faster	
  than	
  you	
  can	
  swim?

Think of a Day at the Beach
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A

B

x1

y1
l1

x2

y2 l2

Semng	
  
dt/dx1 = 0

Same	
  Principle	
  
works	
  for	
  Light! D
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v = c/n

How	
  is	
  x2	
  related	
  to	
  x1?

To	
  find	
  minimum	
  /me,	
  
differen/ate	
  t	
  wrt	
  x1	
  and	
  set	
  = 0

Time	
  from	
  A to	
  B :
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Snell’s Law:  

n1 sinθ1 = n2sinθ2

n	
  decreases	
  Þ	
  θ	
  	
  increases	
  

CheckPoint 6
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θ1 > θc Total	
  Internal	
  Reflec/on

NOTE:	
  	
  n1 > n2 implies θ2 > θ1 BUT:	
  	
  θ2	
  has	
  max	
  value	
  =	
  90o!

Total Internal Reflection
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θc	
  clearly	
  depends	
  on	
  both	
  n2	
  and	
  n1	
  

CheckPoint 8
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Intensity  

If	
  two	
  materials	
  have	
  the	
  same	
  n
then	
  its	
  hard	
  to	
  tell	
  them	
  apart.

Anything	
  looks	
  like	
  a	
  mirror
if	
  light	
  is	
  just	
  glancing	
  off	
  it.
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Polarization
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  Law:
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o	
  =	
  horizontal

CheckPoint 4
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A	
  ball	
  sits	
  in	
  the	
  boNom	
  of	
  an	
  otherwise	
  empty	
  tub	
  at	
  the	
  front	
  of	
  the	
  
room.

Suppose	
  N	
  people	
  sit	
  high	
  enough	
  to	
  see	
  the	
  ball	
  (N =          ).
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A	
  ball	
  sits	
  in	
  the	
  boNom	
  of	
  an	
  otherwise	
  empty	
  tub	
  at	
  the	
  front	
  of	
  the	
  room.
Suppose	
  N	
  people	
  sit	
  high	
  enough	
  to	
  see	
  the	
  ball	
  (N =          ).

Suppose	
  I	
  fill	
  the	
  tub	
  with	
  water	
  but	
  the	
  ball	
  doesn’t	
  move.

Will	
  more	
  or	
  less	
  people	
  see	
  the	
  ball?

A)	
   More	
  people	
  will	
  see	
  the	
  ball

B)	
   Same	
  #	
  will	
  see	
  the	
  ball

C)	
   Less	
  people	
  will	
  see	
  the	
  ball ?
no	
  water

θA

waterθw

Snell’s	
  Law:	
  	
  ray	
  bent	
  away	
  from	
  normal	
  going	
  from	
  water	
  to	
  air
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The	
  light	
  would	
  go	
  out	
  in	
  all	
  direc/ons,	
  so	
  only	
  some	
  
of	
  it	
  would	
  be	
  internally	
  reflected.	
  The	
  person	
  would	
  
see	
  the	
  light	
  that	
  escaped	
  aver	
  being	
  refracted.	
  

Draw	
  some	
  rays

CheckPoint 10
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Diver’s	
  illusion

Diver	
  sees	
  all	
  of	
  horizon
refracted	
  into	
  a	
  97° cone

97º

Example: Refraction at Water/Air Interface
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50 cm

200 40 60 80 100

45o

A	
  meter	
  s/ck	
  lies	
  at	
  the	
  boNom	
  of	
  a
rectangular	
  water	
  tank	
  of	
  height	
  50cm.	
  
You	
  look	
  into	
  the	
  tank	
  at	
  an	
  angle	
  of	
  
45o	
  rela/ve	
  to	
  ver/cal	
  along	
  a	
  line	
  that	
  
skims	
  the	
  top	
  edge	
  of	
  the	
  tank.	
  

What	
  is	
  the	
  smallest	
  number	
  on	
  the	
  
ruler	
  that	
  you	
  can	
  see?

nwater = 1.33

Conceptual	
  Analysis:
-­‐	
  Light	
  is	
  refracted	
  at	
  the	
  surface	
  of	
  the	
  water

Strategy:
-­‐	
  Determine	
  the	
  angle	
  of	
  refrac/on	
  in	
  the	
  water
	
  	
  and	
  extrapolate	
  this	
  to	
  the	
  boNom	
  of	
  the	
  tank.	
  

Exercise
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If	
  you	
  shine	
  a	
  laser	
  into	
  the	
  tank	
  at	
  an	
  angle	
  of	
  45o,	
  what	
  is	
  the	
  
refracted	
  angle	
  θR	
  in	
  the	
  water	
  ?

A)	
  	
  	
  θR = 28.3o B)	
  	
  	
  	
  θR = 32.1o C)	
  	
  	
  	
  θR = 38.7o

nair sin(45) = nwater sin(θR)Snell’s	
  Law:

Exercise

50 cm

200 40 60 80 100

45o

nwater = 1.33

A	
  meter	
  s/ck	
  lies	
  at	
  the	
  boNom	
  of	
  a
rectangular	
  water	
  tank	
  of	
  height	
  50cm.	
  
You	
  look	
  into	
  the	
  tank	
  at	
  an	
  angle	
  of	
  
45o	
  rela/ve	
  to	
  ver/cal	
  along	
  a	
  line	
  that	
  
skims	
  the	
  top	
  edge	
  of	
  the	
  tank.	
  

What	
  is	
  the	
  smallest	
  number	
  on	
  the	
  
ruler	
  that	
  you	
  can	
  see?

sin(θR) = nair sin(45°)/nwater = 0.532 

θR = sin−1(0.532) = 32.1o
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50 cm

200 40 60 80 100

45o

nwater = 1.33

What	
  number	
  on	
  the	
  ruler	
  does	
  the	
  laser	
  beam	
  hit?

B)	
  37.6 cmA)	
  31.4 cm C)	
  44.1 cm

θR = 32.1o

tan(θR) = d/50

θR

d

Exercise

A	
  meter	
  s/ck	
  lies	
  at	
  the	
  boNom	
  of	
  a
rectangular	
  water	
  tank	
  of	
  height	
  50cm.	
  
You	
  look	
  into	
  the	
  tank	
  at	
  an	
  angle	
  of	
  
45o	
  rela/ve	
  to	
  ver/cal	
  along	
  a	
  line	
  that	
  
skims	
  the	
  top	
  edge	
  of	
  the	
  tank.	
  

What	
  is	
  the	
  smallest	
  number	
  on	
  the	
  
ruler	
  that	
  you	
  can	
  see?

d = tan(32.1°) x 50cm = 31.4cm
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200 40 60 80 100

45o

nwater = 1.33

If	
  the	
  tank	
  were	
  half	
  full	
  of	
  water,	
  what	
  number	
  would	
  the	
  laser	
  hit?
(When	
  full,	
  it	
  hit	
  at	
  31.4 cm)

C)	
  32.0 cmA)	
  25 cm D)	
  40.7 cmB)	
  31.4 cm E)	
  44.2 cm

Follow-Up

A	
  meter	
  s/ck	
  lies	
  at	
  the	
  boNom	
  of	
  a
rectangular	
  water	
  tank	
  of	
  height	
  50cm.	
  
You	
  look	
  into	
  the	
  tank	
  at	
  an	
  angle	
  of	
  
45o	
  rela/ve	
  to	
  ver/cal	
  along	
  a	
  line	
  that	
  
skims	
  the	
  top	
  edge	
  of	
  the	
  tank.	
   50 cm
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50 cm

200 40 60 80 100

45o

nwater = 1.33
θR

θR = 32.1o

d = 31.4 cm

50 cm

200 40 60 80 100

45o

d = 50 cm

50 cm

200 40 60 80 100

45o

nwater = 1.33
θR

25 cm + (31.4/2) cm

d = 40.7 cm
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More Practice

A	
  monochroma/c	
  ray	
  enters	
  a	
  slab	
  with	
  n1 = 1.5 at	
  an	
  angle	
  θb	
  as	
  shown.

A)	
  	
  	
  Total	
  internal	
  reflec/on	
  at	
  the	
  top	
  occurs	
  for	
  all	
  angles	
  θb, such	
  that	
  sinθb <	
  2/3

B)	
  	
  	
  Total	
  internal	
  reflec/on	
  at	
  the	
  top	
  occurs	
  for	
  all	
  angles	
  θb,	
  such	
  that sinθb >	
  2/3

C)	
  	
  	
  There	
  is	
  no	
  angle	
  θb (0 < θb < 90o) such	
  that	
  total	
  internal	
  reflec/on	
  occurs	
  at	
  top.	
  

 n1 = 1.5

 n = 1

 n = 1TOP

BOTTOM
θb

n sinθ is	
  “conserved” Ray	
  exits	
  to	
  air	
  with	
  same	
  
angle	
  as	
  it	
  entered!

θb
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Follow-Up
A	
  ray	
  of	
  light	
  moves	
  through	
  a	
  medium	
  with	
  index	
  of	
  refrac/on	
  n1	
  and	
  is	
  incident	
  

upon	
  a	
  second	
  material	
  (n2) at	
  angle	
  θ1 as	
  shown.	
  	
  This	
  ray	
  is	
  then	
  totally	
  reflected	
  
at	
  the	
  interface	
  with	
  a	
  third	
  material	
  (n3).	
  	
  Which	
  statement	
  must	
  be	
  true?

	
  	
  	
  	
  	
  	
  A)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  B)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  C)
n1

n2

n3

θ1

If n1 = n3

n1

n2

n3

θ1

θ1

Want	
  larger	
  angle	
  of	
  refrac/on	
  in	
  n3 n3 < n1
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