Ch 25-26 Reflection, Refraction, and Optics
Ray model of light 
· Waves are often approximated as rays to predict the path with which they will travel.  The ray model of light is based on the assumption that light travels in a straight line in a vacuum or uniform medium.  A ray is a straight line that represents the path of a very narrow beam of light.  Ray diagrams are drawings used to depict the path of light rays.  Even though ray diagrams ignore the wave nature of light, they are useful in describing how light behaves at boundaries (reflection or refraction) and often used to locate the image formed by a mirror or a lens.
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Behavior of light at a boundary

· Whenever light, or any wave, encounters a different medium, one of three things can happen.  The light can be absorbed by the new medium and turned into internal energy and/or heat, the light can be transmitted through the new medium, or the light can be reflected back into the original medium.  In reality, what most often happens is some combination of the three fates. Good mirrors reflect about 90 percent of the incident light and absorb the rest.  If the light is reflected the angle of the reflected ray will be equal to the angle of the incident ray.  If the ray is transmitted into the new medium the ray may be bent or refracted.  
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Reflection of light
· Reflection is the turning back of an electromagnetic wave at the surface of a substance.  The Law of Reflection states that the angle of incidence = angle of reflection. Typically the angles are measured with respect to the normal.  The normal is a line drawn perpendicular to the surface at the point of incidence.
Refraction of light

· When light travels from one transparent medium into another transparent medium with different properties at any angle other than straight on, the light ray changes direction (bends) at the boundary; that is, the ray is refracted.
· Refraction occurs because the light’s velocity changes.
· If the velocity decreases when the light enters the new medium, then the angle of refraction < angle of incidence and the ray is bent towards the normal.
· If the velocity increases when the light enters the new medium, then the angle of refraction > angle of incidence and the ray is bent away from the normal.
· The path of the light ray across a boundary is reversible.
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· The amount that the ray bends depends upon the ratio of the speeds in the different mediums.  To relate the speeds it is useful to define a quantity known as the index of refraction.  The index of refraction (n) of a material is the ratio of the speed of light in a vacuum to the speed of light in the material (n=c/v).  The larger the index of refraction the slower the speed of light.  The table below lists some common indices of refraction. 
	[image: image19.wmf]o

i

o

i

d

d

h

h

M

-

=

=

Material
	Refractive Index

	Air
	1.0003

	Water
	1.33

	Glycerin
	1.47

	Immersion Oil
	1.515

	Glass
	1.52

	Flint
	1.66

	Zircon
	1.92

	Diamond
	2.42

	Lead Sulfide
	3.91
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· Frequency does not change when light passes from one medium into another since frequency depends upon the source that created the light.  If frequency does not change but speed does change, then wavelength must change proportionally (if speed decreases then wavelength must decrease).
[image: image20.jpg]Mirrors





[image: image21.jpg]\ |
|
/

|

A
v ]

Double Plano- Convex
convex convex meniscus
Converging lenses
/ {
\
|
|
Double Plano- Concave
concave concave meniscus

Diverging lenses

Cutnell & Johnson
Wiley Publishing
Physics 5th Ed.

Figure 26.24 (W1053)
CMYK




· [image: image22.jpg]. ,
L™ . ABCGEc oeDEF

image

L

P~

V4
iverging lens
()

(@)

Cutnell & Johnson
Wiley Publishing
Physics 5th Ed.

Figure 26.29 (W1058)
CMYK



One interesting consequence of refraction is that an object lying under water appears to be closer to the surface than it actually is.  This is because light speeds up when it moves from water into air, bending away from the normal.  Your brain perceives the light to travel in a straight line.
· Another consequence of refraction is the dispersion, spreading of white light into its color components, of light due to different wavelengths of light having different indices of refraction.  Since n is a function of wavelength, Snell’s law indicates that light of shorter wavelengths will bend more than light of longer wavelengths.  The table below lists the indices of refractions for various colors.
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	Material
	Blue
(486.1 nm)
	Yellow
(589.3 nm)
	Red
(656.3 nm)

	Crown Glass
	1.524
	1.517
	1.515

	Flint Glass
	1.639
	1.627
	1.622

	Water
	1.337
	1.333
	1.331

	Cargille Oil
	1.530
	1.520
	1.516

	Carbon Disulfide
	1.652
	1.628
	1.618


Total internal reflection
· [image: image24.png]


Total internal reflection is the complete reflection of light at the boundary between two transparent media that occurs when the angle of incidence is greater than some critical angle.  Total internal reflection can only occur when light goes into a medium with a lower index of refraction since the light must speed up and bend away from the normal.  The maximum angle that the incident light can have and still exit is called the critical angle (refracts at 90o).  If the angle of incidence is greater than the critical angle, the light will undergo total internal reflection.  Light tubes or fiber optic cables can guide light over long distances due to successive internal reflections.
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Example 1.  Light of frequency 6.0 x 1014 hertz strikes a glass/air boundary at an angle of incidence (1. The ray is partially reflected and partially refracted at the boundary, as shown above. The index of refraction of this glass is 1.6 for light of this frequency.

a.    Determine the value of (3 if (1 = 30°.

b.    Determine the value of (2 if (1 = 30°.

c.    Determine the speed of this light in the glass.

d.    Determine the wavelength of this light in the glass.

e.    What is the largest value of (1 that will result in a refracted ray?
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Example 2.  The glass prism shown above has an index of refraction that depends on the wavelength of the light that enters it. The index of refraction is 1.50 for red light of wavelength 700 nm in vacuum and 1.60 for blue light of wavelength 480 nm in vacuum. A beam of white light is incident from the left, perpendicular to the first surface, as shown in the figure, and is dispersed by the prism into its spectral components.

a.    Determine the speed of the blue light in the glass.

b.    Determine the wavelength of the red light in the glass.

c.    Determine the frequency of the red light in the glass.

d.    On the figure above, sketch the approximate paths of both the red and the blue rays as they pass through the glass and back out into the vacuum. Ignore any reflected light. It is not necessary to calculate any angles, but do clearly show the change in direction of the rays, if any, at each surface and be sure to distinguish carefully any differences between the paths of the red and the blue beams.

[image: image27.png]Figure 11 - Chromatic aberration



e.    The figure below represents a wedge‑shaped hollow space in a large piece of the type of glass described above. On this figure, sketch the approximate path of the red and the blue rays as they pass through the hollow prism and back into the glass. Again, ignore any reflected light, clearly show changes in direction, if any, where refraction occurs, and carefully distinguish any differences in the two paths.

Optics
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In analyzing mirrors and lenses we will focus on the types of images they produce.  Images are formed at the point where rays of light actually intersect (real image) or from which they appear to intersect or come from (virtual image).  In describing the image produced by a mirror or lens you will have to address the following three characteristics.
1. The type of image (real or virtual)
2. The orientation of the image (inverted or upright)
3. Magnification (larger, smaller, or same size)  
· Magnification is the ratio of the height of the image to the height of the object, which can also be calculated in terms of a ratio of the distances.  If the image is larger than the object, the magnification will be greater than one.  If the image is smaller than the object, the magnification will be less than one.  If the image is the same size as the object, the magnification will be one.
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Flat Mirrors
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A flat mirror will always produce an upright, virtual, unmagnified image, that is left-right reversed.  The distance from the object to the mirror is equal to the distance of the image to the mirror.
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Spherical Mirrors 
· The type of image produced by a spherical mirror depends upon whether the mirror is converging (concave) or diverging (convex) and, for converging mirrors, whether the object is behind or in front of the focal point.  The focal point is the point at which rays parallel to the principal axis intersect (converge) after being reflected.  The principal axis is a line drawn perpendicular (normal) to the surface of the mirror and passes through the focal point and center of curvature of the mirror.  Focal length is the distance from the focal point to the mirror along the principal axis.

.

[image: image31.jpg]Fast-moving
incident

7 wave fronts

A

Incident ray

Medium 1

/
Medium 2 s
Slow-moving <<__
refracted

Refracted ray
wave fronts

(@)

Cutnell & Johnson

Wiley Publishing

Physics 5th Ed.

Figure 26.08 (W1039)
MK

(b)



[image: image32.jpg]\\ /I Apparent

\vl depth = d” pctyal

(b)

Cutnell & Johnson

Wiley Publishing

Physics 5th Ed.

Figure 26.05 (W1036)
MYV K




· The focal length is ½ the radius of curvature of the mirror.

 f=R/2

Images produced by spherical mirrors

· To determine the type of image produced by a spherical mirror you can draw ray diagrams and/or use the mirror and magnification equations.  You will have to know how to do both.
· Four rules for finding images formed by spherical mirrors using ray diagrams.  (Note – You only need to draw two rays to determine the point at which the image will form.)
1. Incident rays parallel to the principal axis of a mirror are reflected through the focal point.
2. Incident rays that pass through the focal point are reflected parallel to the principal axis.

3. Incident rays that pass through the center of curvature are reflected back through the center of curvature.

4. Incident rays drawn to the point of contact of the principle axis with the mirror will reflect at the same angle with which the hit (law of reflection).

· Equations used for locating images and determining magnifications

· Mirror and thin lens equation
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· Magnification
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· Sign conventions 

· do is + if real (object is in front of mirror or lens)

· di is + if real (in front of mirror or behind lens)
· di is – if virtual (behind mirror or in front of lens)

· f is + for converging mirror or lens
· f is – for diverging mirror or lens
· M is positive, upright 

· M is negative, inverted
· Real images (di is +) are inverted (M is -); virtual (di is -) are upright (M is +).  Since the distance for a virtual image is negative, the magnification will be positive and the image is upright.  Since real images have a positive distance, magnification will be negative and the image is inverted.
Diverging (convex) mirrors
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Diverging mirrors always produce images that are virtual, upright and smaller.   Since the mirror is convex the center of curvature is behind the mirror and so is the focal point.  Both values are negative when used in the mirror equation. 
Converging (concave) mirrors

· As shown below, the type of image produced by a converging mirror depends upon the location of the object relative to the focal point and center of curvature.  Real images are formed if the object is beyond the focal point.  If the object is beyond the center of curvature, the image is inverted, real, and smaller.  If the object is between the focal point and center of curvature, the image is inverted, real, and larger.  At the focal point no image is produced since all rays would reflect parallel.  If object is in front of focal point, the image is upright, virtual, and larger. 
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a. All incoming rays parallel to the principal axis will reflect through the focal point.

b. If the object is beyond the center of curvature, the image is inverted, real, and smaller.  

c. If the object is at C, the image will be real, inverted and the same size (also located at C).

d. If the object is between the focal point and center of curvature, the image is inverted, real, and larger.  

e. At the focal point no image is produced since all rays would reflect parallel. 

f. If object is in front of focal point, the image is upright, virtual, and larger.

	Object placed at:
	Image distance  di
	real or virtual
	upright or inverted
	larger or smaller

	do > C
	+
	real
	inverted
	smaller

	do = C
	+
	real
	inverted
	same size

	f < do < C
	+
	real
	inverted
	larger

	do = f
	No image
	No image
	No image
	No image

	do < f
	-
	virtual
	upright
	larger
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Example 3.  The concave mirror shown above has a focal length of 20 centimeters. An object 3 centimeter high is placed 15 centimeters in front of the mirror.

a.    Using at least two principal rays, locate the image on the diagram above.

b.    Is the image real or virtual?  Justify your answer.

c.    Calculate the distance of the image from the mirror.

d.    Calculate the height of the image.

Thin lenses

· The concepts for lenses are similar to mirrors with three notable exceptions.

1. Real images form on the opposite side of the lens since rays pass through the lens. The sign conventions are the same as mirrors, but remember that di will be + when the image is on the opposite side of the lens since real images form on the opposite side of the lens. 
2. In ray diagrams, rays that pass through the center of the lens do not bend.
3. Since center of curvature is irrelevant, 2f is used.
· As with mirrors, lenses can either be converging or diverging, which for lenses depends upon the material of the lens, shape of the lens, and the medium surrounding the lens.  For lenses placed in air, or any medium that has an index of refraction less than the lens, the lens will be converging if it is thicker in the middle (convex) and will be diverging if it is thinner in the middle (concave).  This would be reversed if the lens is placed in a medium with an index of refraction greater than the lens.  Lenses come in a variety of shapes as shown below. 
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· Diverging lenses have a negative focal point and are thickest at the edges.  Diverging lenses always produce smaller, virtual, upright images (same as diverging mirror).
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· Converging (convex) lenses have a positive focal point and are thickest in the middle.

· [image: image38.jpg]Wave fronts

Pulsating
sphere

— Rays




As shown below, converging (convex) lens produce the same images as a converging (concave) mirror.  The type of image formed depends upon the location of the object relative to 2f and f.  If the object is beyond 2f, the image is inverted, real, and smaller.  If the object is between2f and f the image is inverted, real, and larger.  At the focal point no image is produced since all rays would refract parallel.  If object is in front of f, the image is upright, virtual, and larger.
a. All incoming rays parallel to the principal axis will refract through the focal point.

b. If the object is beyond 2F, the image is inverted, real, and smaller.  

c. If the object is at 2F, the image will be real, inverted and the same size.
d. If the object is between F and 2F, the image is inverted, real, and larger.  

e. At the focal point no image is produced since all rays would refract parallel. 

f. If object is in front of focal point, the image is upright, virtual, and larger.

	Object placed at:
	Image distance  di
	real or virtual
	upright or inverted
	larger or smaller

	do > 2f
	+
	real
	inverted
	smaller

	do = 2f
	+
	real
	inverted
	same size

	f < do < 2f
	+
	real
	inverted
	larger

	do = f
	No image
	No image
	No image
	No image

	do < f
	-
	virtual
	upright
	larger


Combinations of thin lenses

· If more than one lens is present, the image formed by the first lens is treated as the object for the second lens.  The total magnification is the product of the individual magnifications.
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Mirror and Lens aberrations

· As shown below left, parallel rays incident on hemispherical mirrors fail to focus at a single point, especially the farther the ray is from the principle axis.  Spherical aberration is the inability of a spherical mirror to focus all parallel rays to a single point.  As shown below right, parabolic mirrors eliminate spherical aberration by making all parallel rays pass through focal point.  Parabolic mirrors are used in a variety of common devices such as reflecting telescopes and flashlights because of their ability to focus the light more effectively than a spherical mirror.
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· As with spherical mirrors, spherical aberration can also occur with lenses.  But unlike mirrors, lenses can also have chromatic aberration.  Chromatic aberration (chrom – color) occurs because index of refraction varies with wavelength (see dispersion).  





Example 4.  An object is placed 3 centimeters to the left of a convex (converging) lens of focal length f = 2 cm, as shown below.
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a.    Sketch a ray diagram on the figure above to construct the image. It may be helpful to use a straightedge such as the edge of the green insert in your construction.

b.    Determine the ratio of image size to object size.

The converging lens is removed and a concave (diverging) lens of focal length f = -3 centimeters is placed as shown below.
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c.    Sketch a ray diagram on the figure above to construct the image. 

d.    Calculate the distance of this image from the lens. 

e.    State whether the image is real or virtual.

The two lenses and the object are then placed as shown below.
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f.    Construct a complete ray diagram to show the final position of the image produced by the two‑lens system. 

� EMBED Equation.3  ���





� EMBED Equation.3  ���








sin (c = n2/n1    for  n1 > n2





If the ray is reflected, the angle of incidence is equal to the angle of reflection.  If the ray is transmitted, the angle of the refracted ray is found using Snell’s law (� EMBED Equation.3  ���).





Note that virtual images will be upright and real images will be inverted.





The equations used to find distances and magnifications for lenses are the same equations used for mirrors.


� EMBED Equation.3  ���     � EMBED Equation.3  ���


Remember that for converging lenses f is always positive and for diverging lenses f is always negative.





Snell’s law (law of refraction) is used to calculate the angle of refraction across a boundary.





n1 sin(1 = n2 sin(2





n ( index of refraction
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