In the second unit on waves and optics we finaliy our full attention to light. In this
particular unit we will tend to avoid the wave natof light while emphasizing the

ability of light to travel in a straight line exdegt certain boundaries. At these
boundaries light may reflect or refract or bothef@e taking the test on unit 305 be sure
that you are fully aware of each of the topicselisin the following outline.

|.  Reflection and Transmission at a Flat Boundary
A. Reflection
B. Refraction
1. Index of Refraction
2. Snell's Law
3. Total Internal Reflection
4. Dispersion
. Image Formation with Spherical Mirrors
A. Ray Tracing
B. Algebraic Approach
C. Special Cases

lll.  Image Formation with Thin Lenses

A. Ray Tracing

B. Algebraic Approach



Lesson 3-28 Electromagnetic Spectrum, Reflection
Read Sections 13:1 — 2 and 14:1 and Index of Refraction

Often light travels through a vacuum. All light vess travel at the same speed in empty
space. We designate the speed of light in a vacutimletter “c”. Let ¢ = 3.0E+8 m/s
and store this value in your calculator in the algigmbol. Most physicists and
astronomers think of light as more than what yau s=e with your eyes. Generally they
refer to the electromagnetic spectrum discusseuages 737-738. To them, radio waves
to visible light to x-rays are all pretty much \a&ions on the same theme, oscillating
electromagnetic fields or light. Thank you Mr. Meedl.

All parts of the electromagnetic spectrum inclggdin c =f A
gamma rays will behave according to the equatidhen
box to the right while traveling through empty spa®o not be tricked into picking one
form over another when asked which moves at thegaspeed in a vacuum? Some
waves do vibrate more slowly as compared to othier§.able 1 on page 447 the slower
vibrations are at the top of the chart while the&tdavibrations are at the bottom. As you
move down the chart in increasing frequency yol seé the wavelength getting shorter.
This is because the product of f anchust always result in the same value of “c”, the
speed of light in a vacuum. In order for that &ppen as one value gets larger the other
value must shrink. Be sure that ykuow the entire order of the spectrum in Table 1
according to longest to shortest wavelengd lpwest to highest frequency(f), fastest to
slowest speed (trick question) and from lowest gynév highest energy (same as
frequency). The only numbers that you should balfar with are the wavelengths of
visible light. For ROY G BV the wavelength at ttegl end of the visible spectrum is
around 700 nanometers. At the violet end of treespm the wavelengths are around
400 nanometers. For the rest of this course igghtsynonym for the entire
electromagnetic spectrum unless otherwise stated.

Homework ProblemPractice A page 449. 0; | Or

Law of Reflection

In this course we consider only very smooth sudace =  ---—--—---—--—-ommmmmmmmm-
The law of reflections as shown in figure 13.7im@y
stated, “Angle in equals angle out”. But you musike Bi = or
note of a peculiarity. Angles in optics are meadurom
the normal to the surface instead of from the saxfdn general, an “i” subscript is
notation for thancident ray. An “r” subscript is for theeflected ray.

Homework Problenmone

Index of Refraction

We have just mentioned that the speed of lightva@um is the same for all
wavelengths. But what happens when light passesgh a transparent substance?
Since there are now atoms in the way the light mbhahge speed. What will this do to
frequency and wavelength? How do you comparepbedof light through one medium
as compared to another? Consider light movingudiinavater and glass for example.
The central key to all of these concerns is thexnaf refraction.




The index of refraction, “n”, is defined as thégaf
speed of light in a vacuum to speed in a mediurecaBse of
the way it is defined the value of the index foy amaterial
will be 1 < n <eo. If n = 2 then the speed of light is half themat speed. Values of n
are listed in Table 14.1 on page 490. Of coursatithors will mention names of
materials and expect you to use the table to getthresponding value for the index of
refraction. Unless otherwise stipulated you cauae that air is approximately a
vacuum. Compare the value of n for air to thaa @Bcuum. The speed of light in water
can be found using the value of n=1.333 for water. ¢/n = 3E8/1.333 = 2.25E+8m/s

So we recognize that when light goes from a vactoumater it has a change in
speed. What about the frequency? This is a wétigat question. The answer is that
frequency is constant.

When going from one medium to another light cresseoundary. We call this
transmission. Recall the prefix “trans” means to cross. Whesssing a boundary the
speed of light changes but frequency does nots s the affect on wavelength that if
speed decreases then so does wavelength and df isipeeases so does wavelength. See
figures 14.3 on page 489.

n =clv

Example Problem

Assume that light in medium 1 is moving throughwvaith a wavelength of 500 nm.
Suppose that medium 2 is a piece of glass with58=1Find the speed, frequency and
wavelength on both sides of the boundary.

In Air In Glass

v c=3E8 m/s v =c/n = 3E8m/s/1.5 = 2.0E8m/s
A =500 nm as given f = 6E+14Hz, same as before
f=ch=6E+14 hz A= v/f = 2E8m/s / 6E14hz = 333 nm
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Compare and Contrasting Waves

In this lesson we started by comparing two difféengaves in the same medium, a
vacuum. When you compare two waves in a vacuurspbeds are the same and the
frequency and wavelength will vary inversely.

We ended this lesson by comparing one wave in fiferent mediums. In this
case the frequency remains the same for the sivegle across the boundary but the
speed and wavelengths will change directly. Samgests tend to confuse the two
comparisons in an attempt to blend them into aaitigpught. Do not attempt this.
These are two different ideas.

In today’s lesson we considered what happens wiseémgée wave strikes a
boundary at an angle of éhcidence. We did this in order to focus on théues of
speed, frequency and wavelength as the wave crssésundary. What happens if the
wave is not normal to the surface? What if we hapeoblem as shown in figure 14.3?
How does the angle change across a boundary?isTtoaborrow’s lesson.




Lesson 3-29 Snell’'s Law, Dispersion & Internal Reflection
Read Sections 14:1-2

In figure 14.2a, a beam of light is shown strikthg boundary between air and glass.
Part of the light reflects and part of the liglartsmits. The amount of light that reflects
and transmits can be calculated but is not includehis course. The direction of the
reflected and transmitted beam is of concern. HEreyshown in figure 14.2a. The text
labels the incident angle 8sbut we will designate the incident angleBas The book
calls the reflected angl® but we will used;. The book calls the transmission an@le
but we choosé:. How are the incident
and transmission angles related? This is described n; sinB; = n; sin 6
by Snell’'s Law and is shown in the box to the right
The angles are related to speed. The criticalisleabe able to explain why the
beam either bends towards the normal or away frmmobrmal. Both are shown in
figures 14.2 a & b. Notice in figure 14.8& beam slows down going from air to water
and bends towards the normal. Christian Huygeptaed this in the following
manner. The bottom part of the wave hits the wiatgrand slows while the upper half
of the wave is still moving at a faster speed m dihe beam bends to the side that drags
first as shown in figure 14.3. In figure 14.2 le tight is increasing speed going from
glass to air. When light increases speed acresbahndary it will bend away from the
normal because the top half of the wave will inseespeed before the bottom half. Be
sure that you fully understand the bending in amidfimm a physical point of view and
can explain it in your own words to others. Seaneple problem 14.A for application of
Snell's Law.
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Dispersion(Note the root word here is disperse.)

Up to this point we have considered only monochtan({ane color) sources of light like
a laser. It so happens that the index of refradBanot the same exact value for all parts
of ROYGBYV. This is why Table 14.1 has specificatated “measured at 589nm”. If
you look at table 26.2 you will notice that theioes of refraction have a slight variation
in value across the visible spectrum. Crown glasgxample goes from a value of
n=1.520 at the red end of the spectrum up to sevailll.538 at the violet end of the
spectrum. As a result of variation on indexesedfactionwhen white light strikes a
transparent material at an angle the differentrsdbend to different angles. The
spreading of white light into its colors is knowsdaspersion.

Homework ProblemRead section 14:3

Total Internal Reflection

When light passes across a boundary where it caaase speeh; < n;) total internal
reflection is possible. As you can see in figuBelD a, the light is bending away from
the normal. This means that the transmission anmdjleeach 90 before the incident
angle (14.10b). When the transmission angle éxattly 90 the incident angle is said

to be at the “critical angle”. Any light approacpithe boundary at the critical angle or at
an angle higher than the critical angle cannot@stiae incident medium. All rays at the




critical angle or greater experience total inteneflection. The critical angle is found by
taking Snell’s Law, allowin@; = 9C° and solving for the incident angle. The result is
highlighted in equation [26.4] on page 790. Agsuit of this effect a perfectly
transparent material can be made into a mirrohaws in figure 14.12.

Homework ProblemPractice 14 C page 508

Lesson 3-3(02 days) Image Formai with Spherical Mirrors
Read Sections 13:2 — 4

When an object is placed in front of a mirror maays of light will be emitted from the
surface of the object. A curved reflecting surfaaa be used to collect many of these
rays and form an image of the original objectgure on p. 461 shows three of the many
rays coming from a point at O and meeting agapoatt I. The purpose of this lesson
is to explore how a curved mirror forms an imagegiseveral methods.

Spherical Mirrors and Focal Length

Coating the outside of a perfect sphere with ecéf’e material makes a
spherical, convex mirror. If the sphere is hollihne inside of the sphere can be coated to
form a concave mirror. The entire sphere doedaee to be used; a mere slice will
suffice to form an image (Tables 13:4&5). Yourttekows two-dimensional drawings.

In either the convex or the concave case the darsased on a radius from the center of
the original sphere to the surface. The lettem @lli diagrams represents the center of the
original sphere. The distance from C to the miisdhe radius. If parallel rays of light
shine upon a spherical surface they will tend togaat a single point called the focal
point, “f”. The focal point is always half the radius oé tsphere. _
This is shown directly in figure 13.12 and drawhematically f = radius/2
in figure 13.12. Note that for convex mirrors @illthe rays will
diverge (spread out) upon reflection at the surfadehey will tend to spread from a
common focal point behind the mirror.

This brings us to our first note of sign conventidhthe focal point is on the
reflecting side of a mirror it has a positive lengt. If the focal length is on the non-
reflecting side of a mirror it has a negative focalength. This is because mirrors
should reflect, not transmitConvex mirrors havef-(see Table 13-5) while concave
mirrors have f (Table 13-4).

Ray Tracing

Any object can be placed in front of a mirror arsgd for image formation. On page 455
the object is a toy. Both toy and image are shimathe picture. In ray diagrams an
upright arrow represents the object, no matter wisaice the base of the object is on the
principle axis of the mirror then the base of tlmage will also be on the principle axis of
the mirror. Using rays from the highest point of the object (aiow tip) to locate the
highest point of the image helps us fill in the réf the image between tip and
principle axis. There are an infinite number of rays leavingtthef the object. It

would take a long time to draw all of them. Fosdtety for us we only need to know how
to draw two to four rays in order to establish vehtre image is formed. The method of
using these rays in order to establish the locaifdhe image is known agy tracing.
Examples of ray tracing are shown in Tables 13dtE815




The Four Rayg$sound like a bad song group from the 60’s?)

The book lists three rays that are easily drawwillladd a fourth to their list on page

459 and also expand their description. WARNINGd vt attempt to learn all four rays

at once. Read each description below, then treteray through figures in Table 4 & 5.

= Ray 1 ([1]) leaves the tip of the object going flatdo the principle axis towards the
mirror. Upon reflection, the ray travels alongrelreferencedhrough the focus.
Notice for fig13.13 the ray does not pass throunghfocal point becaugeis behind
the mirror. The reflected path, however, is algymath the focal point.

= Ray 2 ([2]) leaves the tip of the object alignedhwhe focal point but headed towards
the mirror. Upon reflection this ray will be pdedlto the principle axis. On page
461 this ray passes through In Table 4-6, ray 2 never crosgelsecause the object
is closer to the mirror than the focal point. iglf3.13 the ray encounters the mirror
before reaching. In two of their three examples the ray doesgwothrough the
focal point as their description implies. Thisiky “aligned with” is a better way to
think of ray 2.

= Ray 3 ([3]) leaves the tip of the object and apphes the mirror aligned wittne
center, C, of the curvature of the mirror. In sarases the ray passes through C
before getting to the mirror, in other cases thyeardly encounters C after reflection.
In fig13.13 the ray never gets to C because thait polocated behind the mirror.
Again the phrase “through the center” is a pooriahof words.

= Ray 4 (invisible?) leaves the tip of the object goés directly to the intersection of
the principle axis and the mirror. Upon reflectitve ray forms the same angle below
the principle axis going outward that it had forntedween the principle axis and
inward ray. This is my favorite ray because itglaet matter if the mirror is concave
or convex it is always drawn the same way. Iftthef the object is 3 cm above the
principle axis then the reflected part of ray 4l wdss through a point 3cm below the
axis at the object. It is difficult to introduceer in this ray as well.

If the rays, after reflection, converge to a pantthe reflected side of the mirror you
have areal image. The image will also be inverted. If the raysreeto diverge after
reflection then you have\artual image that will be upright. In order to locate the m@ac
to draw the virtual image you must trace the reéfldaays back to their common point of
reflection that is behind the mirror. Notice theek]l dashed lines in fig 13.13 and Table
4-6. All images can be classified as either realibual. They can also be classified as
upright or inverted. Finally they can be classifaes enlarged or reduced. The image in
Table 4-4 is real, inverted and enlarged. The eriagrable 4-6 is virtual, upright and
enlarged. Make-up mirrors work this way. The imayg13.13 is virtual, upright and
reduced. This will be true of all convex mirrongluding side view mirrors. Flat mirrors
produce upright, virtual images that are the same sYou can see both real and virtual
images. Only real images can be projected ontwees or other surface.

Algebraic Approach

Let the distance that an object is from the mibbethe object distance,.dLet the
distance the image is from the mirror he @he focal
length isf. All of these values are positive if theyare| 1 + 1 =1
measured on the reflecting side of the mirror and do di f
negative if on the transmitting side of the mirror.




The three values are related as expressed in twe abxt box. This is a great place for
using the [X] button on your calculator.
v If image distance is positive the image is real; gative ¢ implies a virtual image.
There is another equation also. The magnificatioime image can also be
determined algebraically. The true definition ¢t
magpnification is the ratio of image heightto | M= h; or M = -d;
object height. We can also use the object and ) do
image distances to find magnification.
v' A positive M means that the image is upright.
v If absolute value of |[M| is > 1 object is enlargedf [M| < 1 image is reduced.
Homework ProblemPractice B page 462 and Practice C page 466 Use éligaic
approach for all problems
Graphical Analysis and the Tl 83+
Imagine that you stand x meters in front of a miimith a focal length of = +1 unit.
Your image is formed a distance of ffom the mirror. Make a graph of your image
distance as a function of your actual distance ftloenmirror. What happens to your
image as you walk towards the mirror from verydamay? Let your Magnification be
Y,. What does your magnification look like as a fumt of distance from the mirror?
Use the upper boxed equation on this page and4&t d = Y,andf=1. Solve for
Y1 = x/(x-1)/(>=0). If you graph this with a window that is —1<x&bd —5<¥<5 you
will see a graph that is negative inside of theafdength and positive outside the focal
length. Standing in front of a concave mirror paoduce real and virtual images
depending upon where the object is located. Ifrgpeat the same exercise for a convex
mirror with f =-1 you will find that no matter where you stand itnage distance is
negative so that the image is always virtual.
This graphing exercise can be extended to grapmtmgnification as a function

of distance from the mirror. Do not erasgbut do turn it off by un-highlighting the
equal sign. Go down tox¥and have the calculator graph ¥ -Y1/x. This will give you
the magnification as a function of distance in otti@t you can tell where you get
enlarged or reduced images as well as invertegght. Graphs are shown below for
the concave mirror case.

Image distance= f(object distance) Magnification = f(object distance)

] \_% HAG /‘(
L
FooEF 3D F/ZF-—?F

You can see that the magnification is positiveviaiues of x less than the focal length.
So the image is upright if you are inside of theadldength and inverted outside of focal
length. While standing outside of focal length ymagnification is enlarged betwegn
and C. Your image is reduced for any distance grehtin C from the mirror.
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Lesson 3-31(2 days) Image Formation with Thin Lens
Read Sections 14:2-3

The ideas of today’s lesson are very similar toptevious lesson with a few exceptions.
You can form images that are real or virtual, inedror upright and so forth with either
spherical mirrors or with thin lenses. There agg/few contrasts. Lenses form images
by transmission and refraction while mirrors udéetions. Mirrors will focus all
wavelengths to the same point while lenses willdodifferent wavelengths to different
angles (dispersion troubles). The focal length afirror is simply half of the radius.
The focal length of a lens is determined by thevature of both front and back faces of
the lens as well as the indices of refraction eflédns and its surrounding medium. A
mirror has one focal point while a lens will hawetfocal points. The positive for a
mirror is the reflecting side because mirrors i&fleThe positive side for a lens is the
transmission side because lenses transmit ligherelare three rays for lenses while
there are 4 easy rays for mirrors.

The lessons have the following in common. Youaaalyze image formation
using ray tracing techniques or by an algebraidwotkt The same equations from
yesterday’s lesson work today as well but bewaae fibsitive and negative signs have
been reversed for.dA positive image distance is transmitted.

Focal length of a lens

Figure 14.5a shows how rays for a convex lensfadllis parallel rays to a point on the
transmission side of the lens. Another name fdowable convex lens (fig 14.5a) is a
convergent lens since it will make the rays congerghe bigger the difference between
the index of refraction of the lens and the surtbog medium the quicker the rays will
converge and the smaller the valug ofif the lens in the photograph were placed in
water the yellow rays would be seen to converghdéarfrom the lens anflwould be
larger in value but still positive. If the samedewere placed in a solution that had an
index of refraction greater than the plastic ldrentthe lens would suddenly bend the
rays out instead of in.

The lens in figure 14.5b is thick near the edges/buy thin in the center of the
lens. This type of lens is known as a concave I&hsice how it makes the red rays
diverge? Thus the other name for this type of Ier@sdivergent lens. Values of focal
lengths for this type of lens will be negative.

Ray Tracing
Before we describe the ray tracing be sure thathaue reviewed Huygens’s explanation

of refraction at a boundary, fig 14.3. Considsssra figures 14.5a&b for contrast. In
both instances the rays leave the object travelargllel to principle axis. In former case
the ray bends inward towards the forward focal polin the latter case the ray bends
outward? Why the difference? If you cannot explaiysically why the rays bend the
way they do stop and go find out before readingranye. In the first case the part of the
ray closer to the center of lens gets slowed daowhdausing the ray to bend inward; in
the latter case the outer part of the wave catttieeglass first making the ray bend
outward. We now describe the rays similar to pé&gjé



* Ray 1 ([1]) leaves the tip of the object movingaika to the principle axis until
reaching the lens. It then transmits aligned witle of the focal points. Use your
comprehension of refraction to choose the cor@mlfpoint (forward or back).

* Ray 3 ([3]) leaves the top of the object and trawttaight through the center of the
lens without being deflected, assuming a very kbmns.

* Ray 2 ([2]) leaves the tip of the object alignedhwhe “other focal point” until it
reaches the lens. From there is transmits patallile principle axis.

The cruelest part of ray tracing is that if you gt 1 wrong you will also get ray 2

wrong and there is no way to check unless youupbn your knowledge of refraction

according to Huygens. Again note that if the regsverge on the transmission side you
have a real image. If the rays tend to divergemfsmme point in front of the lens you

will have to trace the transmitted rays backwaodetate the image as is demonstrated

in Table 14:3 #6. Trace back thecond halfof the rays please. (Most common mistake
made by first year students is tracing back thengnart of the diverging rays!)

Algebraic Approach

Again the same equations are used as before justrb&ul with the sign conventions.

Watch the vocabulary for convergent or convex lersering a positive focal length. All

divergent lenses will always form an upright, reglliwirtual image. A convex lens will

form either an inverted, real, reduced image on@night, virtual image.

Homework ProblemPractice B page 501 Algebraic Method only

This concludes our second unit on waves and opkicept for a few special objects. Be
totally familiar with a flat mirror where radiuses, f=c0 and ¢ = -d, with M = +1. Be
totally aware that a magnifying glass works with tbject (small print) inside of the
focal length so that the image is virtual, uprightl enlarged. A make-up mirror works
with the same ideas in mind. Finally, note thar¢his a third way to create image
formation with use of a Fresnel Lens but we havieawe that to our next unit which is
Physical Optics. (Nice segue eh?)



