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PHYSICS - CLUTCH
CH 31: GEOMETRIC OPTICS
CONCEPT: RAY NATURE OF LIGHT
● Light is an electromagnetic wave



They have wave fronts which describe points of maximum electric field

● It is convenient to describe light as rays – lines that point PERPENDICULAR to the fronts
● Light will always travel in a straight line when in a single medium (air, vacuum, water, etc)
- When light is disturbed, interesting things happen: refraction and diffraction

𝜆

● HUYGEN’S PRINCIPLE states:
1) All points on a wave front act as point sources for spherical wavelets
2) New wave fronts are formed by the tangent line across the apex of wavelets produced by last front

Old Wave Front

Old Wave Front

𝝀

𝝀

EXAMPLE: Explain light reflecting off a mirror using Huygen’s principle
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CONCEPT: REFLECTION OF LIGHT
● Remember! When a wave encounters a boundary, it can do two things: _________________ and _________________
- In reality, a wave will do a bit of each
● Light reflects off a boundary in the same manner as a ball undergoing an elastic collision with a wall:

𝜃1

𝜃1

𝜃1 ′

𝜃1 ′

● The LAW OF REFLECTION states:
𝜃1′ = _______

EXAMPLE: Find the missing angle, 𝜽.

65𝑜
𝜽

120𝑜
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EXAMPLE: HANGING MIRROR
A flat mirror hangs 0.2 m off the ground. If a person, 1.8 m tall, stands 2 m from the mirror, what is the point on the floor
nearest the mirror, x, that can be seen in the mirror?
2m

1.8 m

0.2 m
x

PRACTICE: FIND DISTANCE BETWEEN INCOMING AND OUTGOING RAYS
What is the distance, 𝑑, between the incoming and outgoing rays?

10 cm

68𝑜

d
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CONCEPT: REFRACTION OF LIGHT
● Remember! At a boundary, light can do two things: _______________________ and _______________________
● When light crosses a boundary, from one medium to another, it turns out that it changes direction
- Remember! In each medium, light still travels in a straight line, those lines just aren’t parallel
● The reason for this change in angle is due to light traveling at DIFFERENT SPEEDS in different media
- Remember! A fundamental fact about waves is that their speeds are determined by properties of the medium
- The property of a medium that determines the speed of light is known as the INDEX OF REFRACTION

● The INDEX OF REFRACTION of a medium is defined as
𝑛 = _______
- Light always travels slower in a medium than in a vacuum, so 𝑛 > 1
- For air, 𝑛𝑎𝑖𝑟 = 1.00029 at standard temperature and pressure, so it is always approximated as simply 1
● You can think about refraction like a barrel rolling from a smooth surface to a rough surface
- When the barrel is entirely on the smooth surface, all points are rolling at the same rate
- When one edge of the barrel hits the rough surface, it moves slower than the rest
- One edge moving more slowly than another causes the barrel to turn
- Once the entirety of the barrel is on the rough surface, it once again moves straight

EXAMPLE: Explain refraction using Huygen’s principle
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CONCEPT: SNELL’S LAW
● Remember! When light transmits through a boundary into a different medium, the angle of its path changes

𝑛1

𝑛2

𝜃1
𝜃2

● SNELL’S LAW gives us the angle of refraction
𝑛1 sin 𝜃1 = ______________

EXAMPLE: A light ray is incident on an air-water boundary at 33o to the normal, with the refractive index of water being
1.33. If the light ray passes from air to water, what is the refracted angle? What if the ray were to pass from water to air?
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PRACTICE: WAVELENGTH OF REFRACTED LIGHT RAY
A light ray passes from air to glass, with an index of refraction of 1.5. If the light if blue, with a wavelength of 450 nm, what is
the wavelength of the light ray after it passes into the glass?

EXAMPLE: REFRACTION THROUGH MULTIPLE BOUNDARIES
A light ray enters a 25 cm deep layer of oil at an angle of 37 o to the normal. Below the oil is a layer of water 15 cm deep.
How far does the light ray move horizontally from the point it enters the oil to the point it hits the bottom of the water?

x
𝑜

37

𝑛𝑜𝑖𝑙 = 1.47

𝑛𝑤 = 1.33
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CONCEPT: TOTAL INTERNAL REFLECTION
● Remember! At a boundary, a light ray can undergo both reflection and transmission
- Light typically does a combination of both
● According to Snell’s law, when passing from a high refractive index to a low, the angle increases from the normal
- There is a maximum amount of deflection from the normal that a ray can undergo

𝑛2
𝑛1 > 𝑛2
𝜃

𝜃′

𝜃𝑐𝑟𝑖𝑡

● There exists a CRITICAL ANGLE past which light can no longer transmit
- This is known as TOTAL INTERNAL REFLECTION

𝜃 > 𝜃𝑐𝑟𝑖𝑡



It can only reflect

● The CRITICAL ANGLE is found by
𝜃𝑐𝑟𝑖𝑡 = ____________
- You can see the above equation ONLY works when 𝑛1 > 𝑛2 – otherwise the arcsine is undefined
● Fiber optic cables utilize total internal reflection to transmit light over vast distances

EXAMPLE: A fiber optic cable has a refractive index of 1.45. If you want the fiber optic cable to be able to carry a signal
through both air and water (𝑛 = 1.33), what should the minimum angle of the light passing through the cable be?
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PRACTICE: LIGHT SEEN FROM A POOL
Most pools have an underwater light for swimming at night. If the underwater light is 1 m below the surface, for what area of
the surface of the water are you able to see the light? Note that the refractive index of water is 1.33.

1m
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CONCEPT: RAY DIAGRAMS FOR CONCAVE MIRRORS
● You can see what happens to light reflecting off mirrors by drawing RAY DIAGRAMS
- These are diagrams that simply follow the law of reflection to show the path of light rays
● Before we are able to draw ray diagrams, we have to define the FOCUS: the point where collimated light converges

● The distance from the apex of the mirror to the focus is known as the FOCAL LENGTH

● To draw RAY DIAGRAMS FOR CONCAVE MIRRORS, draw two of the following lines:
1) A line parallel to the central axis, then reflected off the mirror through _________________
2) A line through the focus, then reflected off the mirror ______________________________
3) A line to the apex of the mirror, reflecting at ________________________________

● When light comes off an object, a mirror can form an IMAGE
- An IMAGE is a point of convergence of light
- In this case, the image is [ UPRIGHT / INVERTED ]

f

EXAMPLE: Where would the image be formed for an object at the focal point of a concave mirror?

f
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PRACTICE: IMAGE OF OBJECT INSIDE FOCUS OF CONVEX MIRROR
Will an image be formed for an object placed inside the focus of a convex mirror? If so, where will it be formed?

f
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CONCEPT: RAY DIAGRAMS FOR CONVEX MIRRORS
● While a concave mirror converges light, a convex mirror will _________________ light
- This means that light will ____________ focus

● However, light APPEARS to focus on a point, known as the APPARENT FOCUS
- This focus, while not real, is still commonly referred to as simply the focus

● To draw RAY DIAGRAMS FOR CONVEX MIRRORS, draw two of the following lines:
1) A line parallel to the central axis, then reflected off the mirror _______________________
2) A line towards the focus, then reflected off the mirror ______________________________
3) A line to the apex of the mirror, reflecting at ________________________________

● When light comes off an object, a convex mirror can also form an IMAGE
- However, this image is not REAL – light never converges
- The light APPEARS to converge – this is known as a VIRTUAL IMAGE

f

- In this case, the image is [ UPRIGHT / INVERTED ]

EXAMPLE: Where would the image be formed for an object a focal length away from the surface of a convex mirror?

f
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PRACTICE: IMAGE OF OBJECT INSIDE FOCUS OF CONVEX MIRROR
Find the location of the virtual image produced by a convex mirror when the object is placed a distance less than the focal
length form the surface of the mirror.

f
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CONCEPT: RAY DIAGRAMS FOR PLANE MIRRORS
● Collimated light coming off a plane mirror neither converges nor diverges
- Therefore there is NO focus for a plane mirror
- Sometimes a plane mirror is said to have a focal length of ___________

● To draw RAY DIAGRAMS FOR PLANE MIRRORS, draw two of the following lines:
1) A line parallel to the central axis, then reflected off the mirror _______________________
2) Any line towards the mirror, then reflected off the mirror ______________________________

EXAMPLE: A person 1.6 m tall stands 0.7 m away from a plane mirror. How tall does the person appear in the mirror? How
far from the mirror does the image appear? Is this image real or virtual?

1.6 m

0.7 m
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PRACTICE: HANGING A PLANE MIRROR
You want to hang a plane mirror on your wall. If you want your entire body to fit into the mirror, what’s the maximum height
off the ground that the mirror must be? What is the smallest mirror you can buy? Consider yourself to be 1.55 m tall.
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CONCEPT: MIRROR EQUATION
● All we are going to worry about are SPHERICAL MIRRORS – mirrors that are cut from a sphere

R

- This means that the mirror has a RADIUS OF CURVATURE
- The radius of curvature, R, of a mirror determines the focal length:

𝒇=

𝑹
𝟐

● For any spherical mirror, we have a MIRROR EQUATION to determine the image location:
1
𝑠𝑜

+

1
𝑠𝑖

=

1
𝑓

so is the object distance and si is the image distance

● There are important sign conventions for the mirror equation:
TYPE OF MIRROR

FOCAL LENGTH

IMAGE

Concave mirror

𝑓>0

𝑠𝑖 > 0 or 𝑠𝑖 < 0

Convex mirror

𝑓<0

𝑠𝑖 < 0

Plane mirror

𝑓=∞

𝑠𝑖 < 0

● There are important interpretations for the image distance:
- If 𝑠𝑖 > 0



The image is [ REAL / VIRTUAL ] and [ UPRIGHT / INVERTED ]

- If 𝑠𝑖 < 0



The image is [ REAL / VIRTUAL ] and [ UPRIGHT / INVERTED ]

● One can also easily find the magnification of the image formed by the mirror:
- The negative sign is to show whether an image is inverted or not

𝒎=−

𝒔𝒊
𝒔𝒐

EXAMPLE: A 1.4 m tall person stands 1 m in front of a plane mirror. Where is the person’s image located? How tall is it?
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EXAMPLE: OBJECT IN FRONT OF CONVEX MIRROR
A 5 cm tall object is placed 10 cm in front of a convex mirror. If the radius of curvature of the mirror is 2 cm, where is the
image located? Is the image real or virtual? Is the image upright or inverted? What is the height of the image?

PRACTICE: OBJECT IN FRONT OF A CONCAVE MIRROR
A 4 cm tall object is placed in 15 cm front of a concave mirror with a focal length of 5 cm. Where is the image produced? Is
this image real or virtual? Is it upright or inverted? What is the height of the image?
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PRACTICE: DESIGNING A MIRROR
You want to produce a mirror that can produce an upright image that would be twice as tall as the object when placed 5 cm
in front of it. What shape should this mirror be? What radius of curvature should the mirror have?
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CONCEPT: REFRACTION AT SPHERICAL SURFACES
n1

● A single light ray passing through a transparent surface undergoes refraction
- Many light rays passing through will also undergo refraction
- An object placed in front of a spherical surface will form an image

so

n2

si
R

- These images can be real or virtual, based on the shape of the surface

● The IMAGE DISTANCE for a spherical surface is given by the following equation:
𝑛1
𝑠𝑜

+

𝑛2
𝑠𝑖

=

𝑛2 −𝑛1
𝑅

● The radius of curvature, 𝑅, uses the following sign conventions:
- For a convex surface, 𝑅 > 0
- For a concave surface, 𝑅 < 0
● We use the same sign conventions for the image distance:
- If 𝑠𝑖 > 0



The image is [ REAL / VIRTUAL ] and [ UPRIGHT / INVERTED ]

- If 𝑠𝑖 < 0



The image is [ REAL / VIRTUAL ] and [ UPRIGHT / INVERTED ]

EXAMPLE: An object in air is placed 5 cm in front of a transparent, concave surface. If the radius of curvature is 7 cm, and
the refractive index behind the surface is 1.44, where is the image located? Is the image real or virtual?
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PRACTICE: IMAGE FORMATION BETWEEN GLASS AND WATER
An object is embedded in glass as shown in the following figure. If the glass has a concave face, and is embedded in water,
where will the image be located? Will the image be real or virtual?

n1 = 1.52

n2 = 1.33

so = 2 cm
6 cm
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CONCEPT: RAY DIAGRAMS FOR CONVERGING LENSES
● When light strikes the surface of a mirror, it reflects – when light strikes the surface of a lens, it transmits
- The transmitted light undergoes refraction
● CONVERGING LENSES, as the name implies, converges collimated light that passes through it

- The point on the opposite side of the lens where the light converges is known as the ________________
- Because light can pass through either side of the lens, there is a focus on BOTH sides
● The most common type of converging lens is the one shown above, known as a BICONVEX lens
- Biconvex because it is a convex surface either way you look at it
● Just like with mirrors, RAY DIAGRAMS can be drawn to find information about images formed by lenses

● To draw RAY DIAGRAMS FOR CONVERGING LENSES, draw two of the following lines:
1) A line parallel to the central axis, then through the lens towards ________________________
2) A line through the near focus, then through the lens ______________________________
3) A line to the center of the lens that passes through _____________________

EXAMPLE: Draw the image location for the following converging lens. Is this image upright or inverted?

f
f
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PRACTICE: IMAGE FORMATION WHEN OBJECT IS WITHIN FOCUS OF CONVERGING LENS
If an object is placed within the focus of a converging lens (it’s at a distance of less than the focal length), will a real image
form? If so, does it form at a distance less than or greater than the focal length?
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CONCEPT: RAY DIAGRAMS FOR DIVERGING LENSES
● A diverging lens will never focus light, so it will only produce [ REAL / VIRTUAL ] images

● Remember! Light APPEARS to focus on a point, known as the _____________________
- Because light can pass through either side of the lens, one exists on both sides
● The most common type of diverging lens is the one shown above, known as a BICONCAVE lens
- Biconcave because it is a concave surface either way you look at it
● Just like with mirrors, RAY DIAGRAMS can be drawn to find information about images formed by lenses

● To draw RAY DIAGRAMS FOR DIVERGING LENSES, draw two of the following lines:
1) A line parallel to the central axis, then through the lens _______________________
2) A line towards the far focus, then through the lens and _______________________________
3) A line to the center of the lens that passes through _____________________

EXAMPLE: Draw the image location for the converging lens. Is the image upright or inverted?

f
f
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PRACTICE: IMAGE FORMATION WHEN OBJECT IS WITHIN FOCUS OF DIVERGING LENS
If an object is placed within the focus of a diverging lens (it’s at a distance of less than the focal length), where will the image
form? If so, does it form at a distance less than or greater than the focal length?
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CONCEPT: THIN LENS EQUATION
R1

● For images produced by lenses, we will only consider THIN LENSES
- Thin lenses are formed by two spherical pieces of glass
- They can be either converging or diverging lenses

R2

● Thin lenses come in 5 basic types:

- Lenses that are THICKEST in the middle are [ CONVERGING / DIVERGING ]
- Lenses that are THINNEST in the middle are [ CONVERGING / DIVERGING ]

● For a lens with a focal length 𝑓, the image location is given by the THIN LENS EQUATION
1
𝑠𝑜

+

1
𝑠𝑖

=

1
𝑓

so is the object distance and si is the image distance

● There are important sign conventions for the focal length to remember:
- If the lens is converging

The focal length is [ POSITIVE / NEGATIVE ]
- If the lens is diverging

The focal length is [ POSITIVE / NEGATIVE ]
● There are important interpretations for the image distance:
- If 𝑠𝑖 > 0

The image is [ REAL / VIRTUAL ] and [ UPRIGHT / INVERTED ]
- If 𝑠𝑖 < 0

The image is [ REAL / VIRTUAL ] and [ UPRIGHT / INVERTED ]
● One can also easily find the magnification of the image formed by the lens:
- The negative sign is to show whether an image is inverted or not

𝒎=−

𝒔𝒊
𝒔𝒐

EXAMPLE: A biconcave lens has a focal length of 2 cm. If an object is placed 7 cm in front of it, where is the image located?
Is this image real or virtual? Is it upright or inverted?
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PRACTICE: IMAGE FORMED BY BICONVEX LENS
A biconvex lens has a focal length of 12 cm. If an object is placed 5 cm from the lens, where is the image formed? Is it real
or virtual? Is it upright or inverted? What’s the height of the image if the object is 2 cm tall?
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CONCEPT: LENS MAKER EQUATION
● The focal length of a thin lens depends on three things:
- The radius of curvature of the near glass
- The radius of curvature of the far glass
- The index of refraction of the glass itself

R1

R2

● The LENS MAKER EQUATION gives the focal length for a thin lens
1
𝑓

= ________________

● There is a sign convention for the radii of curvature:
- If the center of curvature is in front of the lens



The radius is [ POSITIVE / NEGATIVE ]

- If the center of curvature is behind of the lens



The radius is [ POSITIVE / NEGATIVE ]

EXAMPLE: The following lens is formed by glass with a refractive index of 1.52. What is the focal length of the following
lens when an object is placed in front of the convex side? What about if an object is placed in front of the concave side?

10 cm

7 cm
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EXAMPLE: WHAT TYPES OF IMAGES CAN BE FORMED BY LENSES?
What types of images can be formed by converging lenses? What about diverging lenses?

EXAMPLE: IMAGE FORMATION BY A BICONCAVE LENS
A biconcave lens has two different radii of curvature. If the radius of curvature of one piece of glass (n = 1.52) is 4 cm, and
the radius of curvature of the other piece is 7 cm, what is the focal length of the lens? If an object is placed 5 cm from the
lens, where will the image be formed? Is this image real or virtual? If the object is 1 cm tall, what’s the height of the image?
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