PHYS 270 — SUPPL. #15
Ray Optics
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FIGURE 22.15 The diffraction of light by a circular opening.
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FIGURE 22.15 The diffraction of light by a circular opening.
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The diameter w of the diffraction pattern increases with distance
L, showing that light spreads out behind the circular aperture,
but it decreases if the size D of the circular aperture increases.



Wave vs. Ray Model

[f light travels in straight lines, the image on

Long wavelength, A = a.
This wave quickly fills the
region behind the opening.

Short wavelength, A << a.
This wave spreads slowly
and remains a well-defined
beam.

the screen is the same size as the hole.
Diffraction will not be noticed unless the light
spreads over a diameter larger than D.

Screen

Incident light

0 =sin"'(A/a)

244AL/D =D

D =~244AL

w=D

a < D, diffraction important; use wave theory

a > D_ diffraction negligible; use ray model

Hole of
diameter D

/

Sound fills space behind
opening because A\/a >1 easily.
For light to do the same a=.001
mm



Light rays

A beam of light

/|

Point source

Ray Optics

Direction
of travel

Parallel bundle

reflective object.

The sun is a self-
luminous ob]ul
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Reflected light a1

The camera “sees”
] light rays reflected
The tree is a by the tree but not
the rays from the sun.

Line of sight




The ray model of light

/ Light rays travel in straight lines.

Light travels through a transparent material in straight lines called light rays. The speed of
lightis v = ¢/n, where n is the index of refraction of the material.

Light rays can cross.

Light rays do not interact with cach other. Two rays can cross without either being affected in

any way.
. . A light ray travels forever unless it interacts with matter.
Material 1 Material 2 = y ch e - s :

- A light ray continues forever unless it has an interaction with matter that causes the ray to
Refiection Refraction change direction or to be absorbed. Light interacts with matter in four different ways:
/ B Atan interface between two materials, light can be either reflected or refracted.

B Within a material, light can be either scattered or absorbed.
Scatterin o . . . .
& Absorption These interactions are discussed later in the chapter.
An object is a source of light rays.
An abject is a source of light rays. Rays originate from every point on the object, and each
point sends rays in all directions. We make no distinction between self-luminous objects and
reflective objects.
Diverging bundle of rays The eye sees by focusing a diverging bundle of rays.

The eye “sees™ an object when diverging bundles of rays from each point on the object
enter the pupil and are focused to an image on the retina. (Imaging is discussed later in the
chapter.) From the movements the eye’s lens has to make to focus the image, your brain
“computes” the distance d at which the rays originated, and you perceive the object as
being at that point.




FIGURE 23.4 A ray diagram simplifies the
situation by showing only a few rays.
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Ray Diagrams

Rays originate from every point on an object and travel outward in all directions, but a
diagram trying to show all these rays would be hopelessly messy and confusing. To
simplify the picture, we usually use a ray diagram showing only a few rays. For
example, FIGURE 23.4 1S a ray diagram showing only a few rays leaving the top and bot-
tom points of the object and traveling to the right. These rays will be sufficient to
show us how the object is imaged by lenses or mirrors.

NOTE » Ray diagrams are the basis for a pictorial representation that we'll use
throughout this chapter. Be careful not think that a ray diagram shows all of the
rays. The rays shown on the diagram are just a subset of the infinitely many rays
leaving the obiect.



Examples of Ray diagram
ray diagrams

FIGURE 23.5 A camera obscura.
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Aperture

Point source The image is upside down. If the
hole is sufficiently small, cach
Point prOjeC’[ion point on the image corresponds to

one point on the object.



A long, thin light bulb illuminates a vertical
aperture. Which pattern of light do you see
on a viewing screen behind the aperture?

Screen

Light

(a) (b) (c) (d)




A long, thin light bulb illuminates a vertical
aperture. Which pattern of light do you see
on a viewing screen behind the aperture?

Screen




Law of reflection (specular)

FIGURE 23.7 Specular reflection of light.

(a) The incident and reflected rays lie in
a plane perpendicular to the surface,

Reflective
surface

(bh) Normal
I

Angle of Angle of
incidence reflection

17

Reflected ray

Incident ray 0

Reflective surface

Specular refiection (object smooth and
flat over an area large compared to
wavelength)

For large flat mirror:
Angle of incidence = angle of reflection

Diffusive reflection (object not smooth,
but locally obeys the law of reflection)

FIGURE 23.9 Diffuse reflection from an
iregular surface

Magnified view of surface



FIGURE 23.9 Diffuse reflection from an
Imegular surface.

Each ray obeys the law of reflection
at that point, but the irregular surface
Jcauses the reflected rays o leave in
£ many random directions,

Magnified view of surface

Diffuse Reflection

Most objects are seen by virtue of their reflected light. For a “rough” surface, the law
of reflection 6, = 8, is obeyed at each point but the irregularities of the surface cause
the reflected rays to leave in many random directions. This situation, shown in
FIGURE 23.9, 15 called diffuse reflection. It is how you see this page, the wall, your
hand, your friend, and so on. Diffuse reflection is far more prevalent than the mirror-
like specular reflection.

By a “rough” surface, we mean a surface that is rough or irregular in comparison to
the wavelength of light. Because visible-light wavelengths are 0.5 jum, any surface
with texture, scratches, or other irregularities larger than | um will cause diffuse
reflection rather than specular reflection. A piece of paper may feel quite smooth to
your hand, but a microscope would show that the surface consists of distinct fibers
much larger than | wm. By contrast, the irregularities on a mirror or a piece of pol-
ished metal are much smaller than | wm. The law of reflection is equally valid for
both specular and diffuse reflection, but the nature of the surface causes the outcomes
to be quite different,



(a)

Law of reflection

FIGURE 23.10 The light rays reflecting from a plane mirror.

Rays from P refiect from
the mirror. Each ray obeys
the law of reflection.

Mirror

(b)

This reflected ra;y appears
10 have come from point P’

§ =35

(plane mirror)

(¢) Object distance Image distance
5 5

The reflecied rays all diverge from P’, which
appears 10 be the source of the reflected rays.
Your eye collects the bundle of diverging rays
and “sees” the light coming from P,



Law of reflection

FIGURE 23.11 Each point on the extended

object has a corresponding image point

an equal distance on the opposite side

of the miror Virtual image — light rays

Sp Sp do not physically pass

) ’ through image.
Eye perceives the rays
527 Q diverging from the image
e location

The rays from P and Q that

reach your cye reflect from

- different arcas of the mirror.

Your eye intercepts only

a very small fraction of

all the reflected rays.

1. Rays from each point on the object spread out in all directions and strike every
point on the mirror. Only a very few of these rays enter your eye, but the other
rays are very real and might be seen by other observers.

2. Rays from points P and Q enter your eye after reflecting from different areas of
the mirror. This is why you can’t always see the full image of an object in a very
small mirror.
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Virtual Image

Consider P, a source of rays which reflect from a mirror.
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['he rays from P and Q that
reach your eye reflect from
different areas of the mirror.

Your eye intercepts only
a very small fraction of

all the reflected rays.

T'he reflected rays appear to emanate from P’, the same
listance behind the mirror as P 1s in front of the mirror.
hat 1s, s'= 5. All rays DIVERGE from the virtual image

Object distance Image distance

(c)
4 S S, .
Object _»© Virtual
b | —z2F7 P image
Eye

The reflected rays all diverge from P’, which
appears to be the source of the reflected rays.
Your eye collects the bundle of diverging rays

and “sees” the light coming from P’.






FIGURE 23.12 Pictorial representation of light rays from your
head and feet reflecting into your eye.
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Two plane mirrors form a right angle. How
many images of the ball can you see in the
mirrors? /)

Observer




Two plane mirrors form a right angle. How
many images of the ball can you see in the
mirrors? @
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Refraction

Angle of :/Nonnal

incidegee | Weak reflected

Refraction of a parallel beam of light

and of rays from a point source
Z
> "t n,sin@, = n,sinf,  (Snell’s law of refraction)
D c
1 > “ ‘\ n =
28 12 D & Q e SV Vinedium
> ?_'[ ela “
-

Flgure 35.14 As a wave moves Vinedium — C/ n

L}
from medium 1 to medium 2, its ‘t )
wavelength changes but its

No
frequency remains constant. 'X X': \ = %\_", 'X.{,:L——-) A - -

ne



FIGURE 23.15 Refraction of light rays.
(b)
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FIGURE 23.15 Refraction of light rays.

(c) If the ray direction is
reversed, the incident

Angleof 1 and refracted angles
refraction | are interchanged but

I the values of 6, and

Refracted 0, ' 6, remain the same.

ray Medium |

Angle of
incidence



Refraction

Snell’'s law states that if a ray refracts between
medium 1 and medium 2, having indices of
refraction n, an n,, the ray angles 6, and 6, in the
two media are related by

n,sinf; = n,sin6, (Snell’s law of refraction)

Notice that Snell’s law does not mention which is
the incident angle and which is the refracted
angle.



TABLE 23.1 Indices of refraction

Medium n
Vacuum 1.00 exactly
Alr (actual) 1.0003
Air (accepted) 1.00
Water 1.33
Ethyl alcohol .36
Oil 1.46
Glass (typical) .50
Polystyrene plastic .59
Cubic zirconia 2.18
Diamond 2.41
Silicon (infrared) 3.50
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Refraction of a parallel beam of light
and of rays from a point source
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Total Internal Reflection

FIGURE 23.22 Refraction and reflection of
rays as the angle of incidence increases.

The angle of incidence i1s increasing.

Transmission is getting weaker.
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Total internal reflection
occurs when 0,= (‘IL_.

n,sinf, = n,sin6,

(Snell’s law of refraction)



Detector

(b)

Plastic protective cover

e " Cladding




Image by Refraction

FIGURE 23.27 Finding the virtual image P’
of an object at P. We've assumed
ny = ns.

Virtual
image
n, Optical
axis

Object

Rays diverge from the ./

virtual image at P’ =~

[ =stan0, = s'tan0,

, tan@, sin 6,
§ =——§=—5

~ tan 6, sinb,
for0,0, <<1

n,

FIGURE 23.26 Refraction of the light rays
causes a fish in the aquarium to be seen
at distance d'.

(a) A fish out of water
The eye sees the

object at distance d.

Object

d Eye

(b) A fish in the agquarium
The eye sees the

image at distance d’

Object Image - e T~
- == _—'—-b__J-—"/_-_/-
Actual rays -
d o
Refraction

Diverging rays appear to come from
this point. This is a virtual image.



EXAMPLE 23.13 A goldfish in a bowl

FIGURE 23.46 The curved surface of a fish bowl
produces a virtual image of the fish.

Virtual image

5= 10 cm




Does Mirror Reverses Left and Right?




Color

Different colors are associated with light of different
wavelengths. The longest wavelengths are perceived as
red light and the shortest as violet light. Table 23.2 is a
brief summary of the visible spectrum of light.

TABLE 23.2 A brief summary of
the visible spectrum of light

Approximate

Color wavelength
Deepest red 700 nm
Red 650 nm
Green 550 nm
Blue 450 nm

Deepest violet 400 nm



Dispersion

The slight variation of index of refraction with
wavelength is known as dispersion. Shown is the
dispersion curves of two common glasses. Notice that n
is larger when the wavelength is shorter, thus violet light
refracts more than red light.

FIGURE 23.29 Dispersion curves show n increases as A decreases.
how the index of refraction varies with n
wavelength. 1.62 -

.60 -

1.5849 UV

1.56

1.54 1

[.529 Crown glass

1.50 — A (nm)

I I I
300 400 500 600 700 800



(a) A second prism can
combine the colors
back into white light.

White :

]ig}/ \ v

s /
] | White
A prism disperses ' light
~ white light into colors.
n increases as A decreases.
n
1.62
1.60 -
1.584 uv
1.56
1.54
1.52+ ‘
1.50 - ‘ :- A (nm)
300400500 600 700 300

(b)
The second prism does
not change pure colors.
White :
light v
) 4ee'n
light
An aperture selects
B _a green ray of light.
Approximate
Color wavelength
Deepest red 700 nm
Red 650 nm
Green 550 nm
Blue 450 nm
Deepest violet 400 nm




RAINBOW

n increases as A decreases.

T — A (nm)

(a) 2. Dispersion causes different colors
to refract at different angles.
Sunlight i 3. Most of the light refracts
~ + into the air at this point,
1. The sun is behind ‘ 2&" but a little reflects back

your back when
you see a rainbow.

300400 500 600 700 800

(b) 5

C 425°/

Sunlight > / 4

5 A
A

/ 40.8°

Eye

O

You see a ruinbow with red on
the top, violet on the bottom,
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into the drop.

[ o *

..... 4. Dispersion separates the
colors even more as the rays
refract back into the air.

000 e AT G 44 e A2hes Wadey

-------- Red light is refracted
predominantly at 42.5°. The red
light reaching your eve comes
from drops higher in the sky.

------ Violet light is refracted

predominantly at 40.8°. The violet

light reaching your eve comes
from drops lower in the sKy,




Why are plants green?

Chlorophyll absorbs most of the
red and blue/violet light for use
in photosynthesis.

Absorption .~ *
100% - v The green and
yellow light that 3
is not absorbed ¥
is reflected and
gives plants their
green color.

¢
0% T T T T T T T T T A (nm)
400 500 600 700

Air molecules

Observer :  Observer
at midday 1 at sunset

Why are sunsets red —\Why is
the sky blue

Green
remov

Isc ~(1/>\')4
Raleigh
scattering
Blue scatters
16 times
more than red

glass green because it
es (absorbs) all other colors

Red filter

Black where Green filter
filters overlap
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What is a lens?

Device that provides a capability to create bright and well
focused images. How?

Use Refraction to create images out of divergent light rays

° i )
Focal point Focal length f

e Focal length X

e Property of lens Parallel rays N

no matter how it N

is used \

T

e Distance from lens Optical axis i
that paraxial rays This is the focal soint.
converge Converging lens Rays actually converge

o et at this point.
e Reversibility |



