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COMMENT TO USERS

In the upper right-hand cormer of each Mastery Test you will find the “pass”
and "recycle” terms and a row of numbers ¥1 2 3 ,.." ro facilitate the
grading of the tests. We intend that you indicate the weakness of a student
who is asked to recycle on the test by putting a cirecle around the number of
the learning objective that the student did not satisfy. This procedure will
enable you easily to identify the learning objectives that are causing your
students difficulry.

COMMENT TO USERS

1t is copventional practice to provide several review nodules per semester orf
quarter, as confidence builders, learning opportunities, and to consolidate what
has been learned. You the instructor should write these modules ycurseli, in teros
of the particular weainesses and needs of your students. Thus, we have not supplied
review modules as such with the 3P Modules, However, fifteen sample review tests
were written during the Workshop and are available for your use as guides. Please
send $1.00 to CBP Modules, Behlen Lab of Physics, University of Nebraska - Lincoln,

Hebraska 68588,

FINIS

This printing has completed the initial CBP project. We hope that you are finding
the materials helpful in your teaching. Revision of the modules is being planned
for the Summzr of 1976. We therefore solicit your comments, suggestions, and/or
corrections for the revised edition. Please write or call

CBP WORKSHOF

Behlen Laboratory of Physics
University of Nebraska
Lincoln, HE 68588

phone (402) 472-2790
(402) 472-2742 . .




" Module 1
STUDY CUIDE

LENSES AND MIRRORS

THTRODUCTION

17 you have ever worn glasses, used a magnifying glass, looked through a telescope,
or looked in a mirror, you have soze idea of the effect that tramsmitting and
reflecting materials have on light. When light passes from one material to another
it is refracted. 1t is this property of light that is used in zaking eye glasses
and magnifying glasses. The laws of reflection and refraction have immediate appli-
cation in the construction of optical instruments. Two main objectives of most
optical cdevices are to increase the light-gathering area and to provide a magni-
fied image. Magnification is not usually the only requirement. For instance, the
important characteristic of a l1arge astronomical telescope is its diameter, which
allows the telescope to gather more light, allow shorter exposures, and give higher
resolution,

In this module we shall apply the l1aws of reflection and refraction to two types

of simple devices, thin lenses and spherical mirrors. Understanding of these two
simple devices sets the stage for the module Optical Instruments, which utilizes
various combination of lenses and mirrors {o produce the instruments desired effects.

PREREQUISTTES

Before you begin this moduile, Location of

you sheuld be able to: Prereguisite Content

*Solve problems using the law concerning the Ref]ectiop
reflection of 1ight rays from a surface {needed and Refraction
for Objective 1 of this module) Hodule

*Solve problems using Snell’s law concerning a Reflection
1ight ray passing from one substance o another and Refraction
{needed for Objective 2 of this module) Hodule

LEARNING OBJECTIVES

After you have mastered the content of this module, you will be able to:

1. Spherical mirrors - Solve problems invelving a single spherical mirrqr‘by
drawing ray diagrams and/or by applying the mirror equation. In addition
you may be asked to calculate the lateral magnification.

2. Thin lenses - Solve problems involving a single thin lens by drawing ray
diagrams. and/or by applying the thin-lens eguation. In addition you may
be asked to calculate the lateral magnification.

5




STUDY 6BIDE: Lenses and Mirrors 2

GENERAY COMMENTS
in this moduie, you need to know the eguations describing:

(1) The reiationship between the image distance, the object distances and the
vocal length 7or spherical mirrors.

(2) The relationship betwzen the focal length and the radius of curvature of a
sgherical mirror.

{3} The lateral magnification of an object by a spherical mirror.

{2) The relationship between the image distance, the object distance. and the
focal length for thin lenses.

{5) The relationship between the focal length, the radii of curvatures, and the
indices of refraction of the iens material and the medium.

{6) The lateral magnification of an object by a thin lens.

You can accomplish this by memorizing the relevant equations along with the sign
conventions, or you can study the derivations in order to understand them well
enough to derive the equations yourself. ¥e recommend this latter course since
knowledge of the derivation of these equations can be used to consider more com-
plex situations.

in addition, you will be expected t0 know and apply the rules for drawing ray
diagrams for both spherical mirrors and thin lenses.

Lateral magnification is maonification in the direction perpendicular to the
optical axis of the mirror or lens. Longitudinal magnification is magnification
in the direction parallel to the optical axis of the mirror or lens.

To avoid confusion, note that this module uses the following notation:

n = index of refraction. s = object distance.

i = size of image. s” = image distance.

0 = size of object. R = radius of curvature.
MW = magnification.




STUDY GUIBE: Lenses and #irrors 3(8 1)

TEXT: Frederick J. Bueche, Introduction to Physics for Scientists and Engineers
(¥cGraw-Hill, New York, 1975), second edition

SUGGESTED STUDY PRGLEQURE

Read Sections 30.4 through 30.6 and 30.9 through 30.11 in Chapter 30. Then study
Problems A and B and I1lustrations 30.2 through 30.4 and 30.6 through 30.10 before
working Problems C and D and Problems 3, 9, 13, and 19 in Chapter 30.

The important equations, keyed to rumber in the General Comments, are:

(1) £q. (30.4) - p. 589. (2) Eq. (30.3) ~ p. 591. (3) E£q. 30.5) - p.
Sign conventions on p. 591, ray-diagram rules on pp. 592, 593.

(4) Eq. (30.15) - p. 601. (5) Eq. (30.14) ~ p. 601. (6) Eq. (30.16) - p. 6G2.
Sign conventions on p. 599, ray-diagram rules on p. 602.

Statement 2 in Section 30.11 is misleading, as is Figure 30. 21(e). The conclusion
that a ray passing throuqh the center of a thin lens 1s essentially undeviated

is correct; however, it is not necessarily True that 'a ray through the center of
the lens enters and l1eaves through parallel faces.” HNor is it in genera] true
that “such a ray is undeviated.” For thin lenses (with the assumption of small
angies, etc. ) the faces are nearly {if not exactly) paraliel, and the deviation
of the beam is negligible.

Take the Practice Test, and work some Additional Problems if necessary, before
attempting a Mastery Test.

BUECHE
Objective - Problems Assigned Additional
Number Readings with Solutions Problems Problems
Study Study Text
Guide  Text Guide (Chap. 30)  (Chap. 30)
1 Secs. 30.4 A 1Mws.230.2, € Quest.?  Quest. 2, 5, 17,
to 30.6 30.3, 30.4 1, 12, Probs. 4 to 8
Probs. 3:
9
2 Secs. 30.9 B 11lus. 30.6 D Quest. 11, Quest. 3, 4, 7
to 30.11 to 30.10 Probs. 13, to 10, Probs.
19 10, 11, 12, 17,

18, 20, 21

Mlus. = IMlustration(s). Quest. = Question(s).

7




STUDY GUIDE: lenses and Mirrors 3(HR 1)

TEXT: David Halliday and Robert Resnick, Fundamentals of Physics {Wiley, Hew
York, 1970; revised printing, 1974)

SUGGESTED STUDY PROCEDURE

Read Chapter 36, Sections 36-8 through 36-10. Answer questions 21, 24, and 30,
study Problens A and B and Examples 6, 9, and 10, and work Problems C, 0, and 33,
43, and 48 in Chapter 36.

Tre izportant equations, keyed to the nutbers in the General Commenis, are:

(1) Ea. (36-17) - p. 583. (2) Unnumberedeequatjon preceding Eq. (36-17) - p. 683.
Sign conventions on p. 683, ray-diagram rules onr p. £85.

(3) Eq. (36-18) - p. 686. (3) Eq. (36-31) -;p. 693. (5) Eq. (36-30) - p. 692.
(6) Eq. (36-32) - p. 593. Sign conventions on p. 688, ray-diagram rules p. 593.

Take the Practice Test, and work some Additional Problems if necessary, before
attempting a Mastery Test.

HALLIDAY AHD RESNICK

Objective Problems Assignad Additional
Humber Readings with Solutions 3 Problems Problems
Study Text tudy Text
Guide  (Chap. 36) Guide (Chap. 35)  (Chap- 36)
1 Sec. 36-8 A ex26 C  Quest.? 21, Quest. 19, 20,
Prob. 33 Prob. 34
2 Secs. 36-9, B Ex. 9, D Quest. 24, Quest. 22, 23,
36-10 10 30, Probs. 25 to 29, 31,
43, 48 32, Probs. 40,
41, 42, 44,
47, 52

3Ex. = Example(s). Quest. = Question(s).




STUDY GUIDE: Lenses and Mirrors 3(5Z 1)

TEXT: Francis ¥eston Sears and Mark Y. Zemansky, University Physics {Addison-
Wesley, Reading, Mass., 19783), fourth edition

SUGGESTED STUDY PROCEDURE

Read Chapter 39, Sections 39-3 through 39-5 and Chapter 40, Sections 40-1 through
40-4, 40-6, and 40-8. Study Problems A and B and the Examples listed in the Table.
Then work Problems € and D and Problems 39-8, 40-10, and 40-17.

The imporiant equations, keyed to the numbers in the Beneral Comments, are:

(1) Eq. (39-9) - p. 563. (2) Eq. (39-8) - p. 563. ({3) Eg. (39-6) - p. 559.
Sign conventions, p. 558. Ray-diagra~ rules, p. 564.

(4) Eq. (40-3) - p. 575. " (5) Eg. {(40-2) - p. 574. (6) Eq. (40-3) - p. 576.
Sign conventions, p. 558. Ray-diagram rules, p. 578.

Take the Practice Test, and work some Additional Problems if necessary, hefore
trying a Mastery Test. 9

SEARS AND ZEMANSKY

Objective Problems Assigned Additional
Number Readings with Solutions Problems Problems
Stuay ext Stuay Text
Guide Guide
1 Secs. 39-3 A Examples 1 and C 39-8 39-.5, 39-6,
to 39-5 2 in Sec. 39-3, 39-7, 39-9
Example in Sec.
39-5
2 Secs. 39-7, B Example in D 40-10, 40-9, 40-11,
40-1 to 40-4, Sec. 40-2 40-17 40-13, 40-14
40-6, 40-8
9
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STUDY GUIDE: Lenses and Mirrors 3(us 1)

TEXT: Richard 7. Weidner and Robert L. Sells, Elementary Classical Physics
(Allyn and Bacon, Boston, 1973), second edition, Vol. 2

SUGGESTED STUDY PROCEDURE

Since your text does not treat spherical mirrors, you should read this study
guide for the relevant development; then read Chapter 37, Sections 37-1, 37-2,
37-4. Study Problems A and B and Example 37-1, besides the problems below. Then
work Problems C, D, and Problems 37-1 and 37-2 in your text, besides Problems 1
through 6 in the following discussion of spherical mirrors.

Spherical Mirrors

Consider a concave mirror of radius R as shown in Figure 1. Let there be a point
source of Tight at 0. One ray of 1ight from 0 will go directly from 0 to V and

be reflected back on itself. Pick another arbitrary ray emanating from 0 and

hitting the mirror at A. It is reflected at A and crosses the first ray at I. Since
the angle of incidence is equal to the angle of reflection, the angles made by the
second ray with the radius R are equal. From the diagram we have

axis
Figure 1 -
. b s”
e R
— s | i
WEIDNER AND SELLS
Objective Problems Assigned Additional
Number Readings with Solutions Problems Problems
Study Text Study Text
Guide Guide
1 This study A C,
guide 1to6
2 Secs. 37-1, B Ex.? 3741 D 37-1, 37-3, 37-4, 37-7,
37-2, 37-4 37-2 37-8, 37-10,
37-13, 37-15,
37-18 to 37-27
3Ex. = Example(s). - 10




STUDY GUIDE: Lenses and Mirrors 3(us 2)

tana=h/(s - &), tang=h/(R-8), and tanvy=h/(s"-8).
Since for small angles, tan a = a,

a=hf(s-~8) B=h/(R-6), andy=h/(s" -8}
Looking at the geometry of the situation we also have (why?)

B=at8 and y= B+ 8.

Eliminating ® we have 28 = a + vy, Combining this last equation with the ;
first three and using the small-angle approximation, we get
h h 2h

s -85 -8 R-38°
Since a, B, and y are small, & will also be small and can be neglected; thus,

/s + 1/s” = 2/R. (1)
Now let s ~ =, and Eq. (1) becomes

1/s° = 2/R.
As s + =, the rays from O become parallel to the axis. Uhen parailiel rays strike
the mirror they are focused at a point called the focus o focal point of the

mirror. The distance of the focus from the mirror s called the focal 1en9th-(f).
Thus we can rewrite Eq. (1) as

1/s + 1/s° = 1/7, (2)*
where
f = R/2. (3)*

Now consider an object (arrow) placed at 0 (see Figure 2). A ray (labeled 1) from
the head of the object parallel to the axis will go through the focus. A ray £2]
from the head of the object through € (the center of the spherical surface) must

Figure 2




STUDY. GUIDE: Lenses and Mirrors 3(Ws 3)

be reflected back on itself. It can be shown that where these two rays cross all
other rays emanating from the head of the object also meet, and an image of the
object is formed at this distance from the mirror. Denote the distance from the
mirror to this mmage by s”, the distance from the object (o} to the mirror by s,
and we have the mirror equation

1/s + 1/s” = 1/f.
Now let us solve for the magnification of the mirror. Using similar triangles,
i/(R - s} = o/(s - R),
where i is the size of the image and o is the size of the object. The magnifica-
tion of the mirror is defined as the ratio of the image size to the objeci size
(actually lateral 2xtent from the axis), i.e.,
meifo=(R~-s")/s-R).
Solving for R in terms of s and s in Eq. (1) we have
R =2s5"/(s + s~).

Substituting this into the equation for m we have

2ss°/(s + s°) - s _ 5255‘ - ss° - s2)/(s + s°) _s5” - 52

m=s- 2ss’/{s +s°)  (sZ +s°s - 2s5°)/(s + 5°) §¢ - ss”

s“(s - s”j/s{s -~ s°) = s/s. (4)*

1]

Now consider what happens when we have a convex mirror, as in Figure 3. The ray
from 0 to A will be reflected and appear to the observer to cross the axis at I.
The ray from 0 to V will be reflected back on itself and appear to the observer to
cross the extension of the reflected ray at I. Again we have

tane =h/(s+ 8}, tanpg=h/(R-6), and tany=h/(s" - &).
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STUDY GUIDE: Lenses and Mirrors 3(us 4)

Using ths small-angle approximation, we then have
a=hf(s+¢8), s8=h/(R-8), and y=hf(s"-38).

Again using geometry we have

g=c*+8 Y=8%+8, or y=e+28, amd ——5 iz ¥*r~5"

Again ignoring & because of the small-angle assumption we have 1/s - 1/s* = -2/R.
Motice how this equation compares with Eq. (1). ¥e can make the equations identi-
cal if we adopt the following conventions for spherical mirrovs:

(a) The object distance is always greater than zero, j.e., s> 0.

(b) For the Image distance,
if s- > 0, then light rays actually pass through the image location;
i€ s~ < 0, then 1ight rays do not pass through the image location.

(c) For the radius of curvature,
R > 0 when the mirror is concave to the objects;
R < 0 when the mirror is convex to the object.

As an exercise, you should show that the absolute value of the magnification of
a convex mirror is m = s”/s.

In order to draw ray diagrams for spherical mirrors you can use the following:
Rule 1: An incident ray parallel to the axis is reflected through the focal

point of the mirror (Ray 1 jn Figures 4 and 5).

Rule 2: A ray along the radius of curvature is reflected back on itself (Ray
2 in Figures 4 and 5).

Rule 3: A ray through the focal point is reflected by the mirror paraliel to
the axis (Ray 3 in Figures 4 and 5).

The comment in Section 37-2 on lens aberration by and large can also be applied
to mirrors for essentially the same veasons. Statement 1 on p. 756 is misieading
and should read, "For all practical purposes, a ray passing through the center of
the lens is essentially unchanged, inasmuch as its deviation is small (the lens

| \
)

v

L 4

n

Concave mirror 1A

Convex mirror

Figure 4
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STUDY GUIDE: Lenses and Mirrors 3(us 5)

faces are paralilel or are nearly parallel here) and it is not appreciably displaced
laterally (the lens is very thin).”

The important equations keyed to the numbers in the General Comments are:
(1) £g. (2)*. <{2) Eq. (3)*. (3) Eq. (4)*. Signs and rules given above.

(4) Eq. (37-2) - p. 757. (5) Eq. (37-4b) - p. 768. (6) Eq. (37-1) - p. 753. ]
Sign conventions given on p. 769; ray-diagram rules on p. 756.

Problems

1. In Figure 6, locate the image (a) graphically and (b) by use of the appropriate
equation. Is it real or virtual? Erect or inverted? ¥hat is the lateral
magnification?

2. 1In Figure 7, locate the image (a) graphically and (b) by use of the appropriate
equation. 1Is it real or virtual? Erect or inverted? Lateral magnification?

3. An object of height 6.0 mm is placed 60 cm from 2 concave mirror of radius of
curvature 30 cm. Yhat is the nature of the image and what is the image distance?
Draw an appropriate ray diagram.

4. Yhere-must the cbject be placed so that. the image formed by a convex .mirror is .
one-half as far from the mirror as the object? What is the magnification? '

5. A concave mirror of radius 40 cm has an object located 50 cm in front of i%.
(a) Locate the image graphically. (b) Calculate the image location. (c) Cal- 3
culate the magnification. (d) Is the image real or vwirtual? i

6. Most truck drivers use both plane and convex mirrors for looking to the rear. j
What advantage has each relative to the other?

o mirror
Figure 6
L - . - L] . 2 . | S

" e ¢

1.00 ¢m

g,,,dnirror
I ] I L 1

Figure 7

‘1e8yY (p) °£9°0 (2) ‘wogg (9) °Ss  -uybiy
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STUdDY GUIBE: Lenses and Mirrors 4

PROBLEM SET WITH SOLUTIONS

A(1). Given a convex spherical mirror of radius R, discuss what happens {0 the 1
image as the ebject starts at infinity and approaches the mirror.

Solution
For a convex mirror we have

/s #+1/s*=-2/R and M= s"/s. 1/s” = <2/R - 1/s. Thus
1/s* = ~{2s + R)/sR and s~ = -Rs/{(2s + R).
Since s > 0 and R > 0, s < 0, the image js always virtual. As s + « we have

§* = §:§—§7§ * —g- and the image size goes to 0.

When s =R, 57 = -22/33 = .R/3, and the image is one-~-third the size of the object.
As s - 0, s > 0, and the image size goes to infinity. Actually, the small-angie
approximation breaks down here and our formulas are no longer valid.

B(2). Given a diverging lens of focal length f, discuss what happens to the image
as the object starts at infinity and approaches the lens.

Solution

For a diverging lens we have 1/s + 1/s” = =-1/f and h”/h = s/s. 1/s”" = -1/f - 1/s.
Thus

1/s* = =(f+s)/fs and s” = -fs/(f + s).

Since s>0and f > 0, s < 0. Therefore the image is always virtual. As s+ =
we have

§° = - ]'i s = -f, and the image size -+ 0.

When s = f, we have s” = -f2/2f = -f/2, and the image is one-half the size of the
object. As s + 0, s » 0 and the image size -+ =, Actually, the small-angle
approximation breaks down and our formulas are no longer valid. ’

Problems

C(1). A spherical mirrer has a focal length of +30.0 cm. An object 1.00 cm high
is located 20.0 cm in front of the mirror.
(a) Locate the image graphically.
(b) Calculate the Tocation of the image.
(c) Calculate the radius of curvature for the mirror.
(d}) Calculate the size and orientation of the image.

D(2). WHhere is the image of an object that is placed at the focal point of a
converging lens?
15




STUDY GUIBE: Lenses and Mirrors 5

Solutions

¢(1). See Figure 8, for part (a). (b) -60 cu. {c) 60 cm. (d) Image virtuval,
upright, and 3.00 cm high.

D(2). At infinity. -

} Figure 8

PRACTICE TEST

1. An object is located 20.0 ¢a in front of a convex mirror that forms a virtual
image 5.0 cm behind the mirror.
{ ; -Calculate the foca® length of -the mirror. :
b) Draw 2 ray diagram and solve the problem graph1ca11y

2. Explain how a nagn*fying glass works in terms of object and image relative
to focal point.

J i 1 \\ 0
. i

______ T |
6 94nDt ) H/\ -

"1 < uvorjestyrubew Jof 2 > g/(9due3stp 393fg0) > 0 °Z

"6 ®4nbtd 385 (g)  wd £°g- (€) 1L

16
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LENSES AND HMIRRORS bate

Mastery Test Form A pass recycle
1 2
Hame Jutor

1. When is the image formed by a concave spherical mirror virfual? For those
cases, discuss the size of the image and whether it is erect or inverted
relative to the object.

2. Light enters from the left to form the image shown in Figure 1. Locate the
object (a) graphically and (b) by use of the appropriate equation.

L

Figure 1

17




LENSES AND MiRRORS Date

Mastery Test Form B pass recycle
1 2
Hame Tuter

1. When is the image found by a convex spherical mirror virtwal? For those
cases, discuss the size of the image and whether it is erect or inverted
relative to the object.

2. Light enters from the left to form the image shown in Figure 1. Locate the
object {a) graphically and {b) by use of the appropriate equation.

Figure 1
: L o : > . : L'
F F I
-
1.70 cm
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LENSES AND MIRRORS Date

Hastery Test Form C pass recycie
1 2
Name Tutor
1. An object is located 10.0 ¢m from the center of a spherical silvered ball

5.0 cm in radius.

{a; Calculate the position of its image.
b) ¥hat is.its magnification?

(c) Make a graphical solution.

When is the image formed by a converging thin lens virtual? For those cases,
discuss the size of the image and whether it is erect or inverted relative to

‘the object.

19
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LENSES AND MIRRORS Date _ _

Hastery Test Form D pass recycle
1 2
Hame Tutor

1.

A concave mirror is to form an image of the filament of a headlight lamp -on

a screen 10.0 m from the mirror. The filament is 5.0 mmn high, and the image

is to be 1.00 m high. '

(a) ¥hat should the radius of curvature of the mirror be?

(b) How far in front of the vertex of the mirror should the filament be placed?

Hhen is the image formed by a diverging lens virtud1? For those cases, -discuss
the zize of the image and whether it is erect or inverted relative to the object.

- 20
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LEHSES AND MIRRORS A-1

MASTERY TEST GRADING KEY - Form A

1. What To Look For: Spherical mirror formula. Condition when the image distance
1S negative, image virtual. Formula for magnification. Knowing whether image
is eract or inverted.

Solution:

1 1 _1 - . _ (object distance) x f
object distance ¥ image distance f image distance = {object distance} - f’

When f > object distance, the image is yirtual.

image distance; _ ] f ] = | 1 ¢
object distance! objeci distance - f! {object distance)_l]l
f -,

Imagnification| = |

f > object distance, therefore when 0 < {object distance}/f < 1, the

|magnification} > 1.
Image is erect as shown by ray diagram in Figure 12 if object distance is < f.

2. What To Look For: Graphical construction, thin-lens formula.

Solution: {a) See Figure 13. {b) Object distance = 7.5 cm.

Figure 13 s _ == e
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LENSES AND MIRRORS B-1

MASTERY TEST GRADING KEY - Form B

1. ¥hat To Look For: Spherical mirror formula. Condition when the image distance
is negative, image virtual. Knowing whether image is erect or not.

Solution:

1 1 _ 1 - i _ {object distance; x £
object distance & image distance 1 image distance = object distance) + f°
Since object distance > 0 and f > 0 then image is always virtual.

e: .o 1 _ yimage distance ; _ 1 : 1
Imagnif ication| Iobject distance! l(objeet distance}/s + 1*°

Therefore Imagnification] < 1. Image is erect as seen from ray diagram in
Figure 14.

2. 4hat To Look For: Graphical construction, thin-lens formula. Student knows
that l1eft and right on lens can be interchanged.

Solution: (a) See Figure 15. (b) image distance = 4.8 o to left of lens.

Figure 14

Figure 15
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LENSES ANO MIRRORS c-1

FASTERY TEST GRADING KEY - Form C

1. What To Look For: Spherical mirror eguation. Equation for magnification.
Graphical construction.

Solution: (2) 1/(object distance) + 1/image distance = ~-2/R.
Therefore,
1/(10.0 cm) + 1/(image distance) = -0.40 cm.

-2.00 cm.
2.00/16.0 = 0.200.

1/(image distance) = ~(4 + 1)/{10.0 cm); image distance

(b) [magnification] = |(image distance)/(object distance)]
(c) See Figure 14 in Solution 1 of Test B.

2. ¥hat To Look For: Thin-lens formuta. Condition when image distance is nega-
tive, image virtual. Knoving whether or not image is erect.

Solution:

1. 1 . < <
objJect distance * image distance f° . image distance

. {object distance} x f
(object distance} ~ f~

Since object distance > 0 and f > 0, the image distance < 0 when object distance
< f:image virtual.

image distance | _ ] f ;
object distance! object distance - f!

= 1 ¢
) '(object distance)/f - 1'°

|magnification] = |

Since object distance < f, |magnification} > 1. See Figure 15. Image is erect.




LENSES AND MIRRORS b-1

MASTERY TEST GRADING KEY - Form D

1. ¥hat To Look For: Spherical mirror equation. Magnification for a spherical
mirror. Relationship between focal length and radius of curvaturs for.a
spherical mirror.

Solution:

1

(2) = + = : =1
object distance = jimage distance f-

image distance | . _1m  _ 200
object distance' 0.005m

= 10 m/200 = 0.05 m, which is the answer to (b).

Therefore, object distance

Jmagnification]| = |

%.: 0.;5 m 1; m 0.;5 o therefore £ = 0.05 m. Now f = R/2, therefore,

R = 0.100 m, answer to (a).

2. What To Look For: Thin-lens formula. Condition when image distance is negative,
image virtual. Knowing whether the image is erect or not.

Solution:
1 1 .1 e __’object distance} x f
image distance + object distance T image distance object distance) + f°

Since object distance > 0 and f > 0 jmage distance < 0 for all object distances
and f.

cEsop: jmage distance | _ f |

| magnification| lobject distance! ! object distance + f!
1 I

| {object distance)/f + 1!°

Magnification < 1 for all cases. Image is erect as seen from ray diagram
in Figure 17 if object distance > f. The image erect if object distance < f.

See Figure 18.
ee 113 Figure 17

Figure 18




Module _ 1
STUDY GUIDE

RELATIVITY

INTRODUCTION ]

Seldom has a development in science captured the attention of the general populace
to the -extent that Einstein's special theory of relativity did. Once, after Qiving
a public lecture, Einstein was on the way to the railroad depot when he was asked
to summarize his theory in one Sentence, in. a way the general public could under-
stand. His reply: "When does the station get to the train?" Many of the
predictions of the theory violate common sense ~ lengths change, times change,
masses change, depending on who is looking - but the theory has been proved correct
whenever it has been tested.

At the end of the nineteenth century, Newtonian mechanics and Maxwell's electro-
magnetic theory seemed to explain all physical phenomena, and some scientists
believed that physics as a creative science was finished! Yet there was a seri-
ous gap: the ether, the postulated medium necessary for the propagation of i
electric and magnetic fields, appeared to have several 1ncompat1£1e prOperties B
To resolve the ether prob]em, Einstein reformulated theoretical physics by intro- '
ducing an Operatlona1 approach that made use of light signals propagating at the
speed c = 3.00 x 108 m/s relative to all inertial frames. This approach replaced
the view that space and time have certain absolute properties, as assumed by
Newton and his successors.

Incidentally, the "special in special theory of relativity refers to the fact that’
only uniform relative motion is considered. Accelerated reference frames, such as
those attached to projectiles, are not treated in the special theory of relativity,
but are the subject of Einstein's general theory.

PREREQUISITES
y

Before you begin this module, Location of '
you should be able to: Prereguisite Content

*Jse Cartesian coordinate syétems in three ‘ Triéonometry

dimensions gneeded for Objectives 1 to 3 of Reviev

this module
*Relate speed, distance, and time for motion in Rectilinear

one dimension {needed for Objectives 1 to 3 of Motion

this module) Module ]

LEARNING OBJECTIVES

After you have mastered the content of this module, you will be able to:

25
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STUDY GUIDE: Relativity 2

1. Postulates - State the two postulates of special relativity and apply them
in a descriptive way to simple phenomena.

2. Lorentz-Einstein transformation - State the Lorentz-Einstein transformation
equations, compare them with the Galilean transformation equations, and apply
them to simple problems involving two inertial reference frames in uniform
relative motion.

3. Length contraction, time dilation - Apply the length-contraction and time-
dilation formulas in simple situations to find their consequences, separately
or in combination.

GENERAL COMMENTS

If your text does not have a substantial introduction to Einstein’s special theory
of relativity, we suggest that you consult one or more of the following references:

Adolph ggker, Hodern Physics and Anti-Physics (Addison-Yesley, Reading, Mass.,
1970).*

Frederick J. Bueche, Introduction to Physics for Scientists and Engineers {(McGrav-
Hil11, New York, 1975}, second edition, Chapter 6.

Albert Einstein, Relativity (Doubleday, Garden City, N.Y., 1947).%*
Anthony P. French, Special Relativity (Norton, Hew York, 1968).

Carl Helmholz and Burton Moyer, Berkeley Physics Course: Mechanics {McGraw-Hil1,
New York, 1973}, Vol. 1, Chapters 10, 11.

N. David Mermin, Space and Time in Special Relativity (McGraw, New York, 1968),
Chapters 1 through 12.*

B. Russell, The ABC of Relativity (Hlew American Library, New York, 1959; revised,
1970 or Humanities, revised 1969).*

Edwin F.)Tay]or and John A. Wheeler, Spacetime Physics (Freeman, San Francisco,
1966

Hugh D. Young, Ffundamentals of Mechanics_and Heat (McGraw-Hi11, New York, 1974),
second edition.

We have prepared study guides to accompany the texts by Bueche and by Young. If
you use the other readings, go through the entire book fairly quickly to locate
the principal points, then review the module objectives and correlate them with
the readings. We have purposely not included the relativistic theory of force,
mass, acceleration, and energy for the sake of brevity, but you may wish to read
these topics after you complete the module. After completing the reading, study
Problems A through E and viork Problems F through K. Finally, check your under-
standing by taking the Practice Test.

*These semipopular books. are expecially worthwhile, including as they do presenta-
tions of the historical developments in physics that led to the formulation of

the theory of relativity.
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STUDY GUIDE: Relativity ' 3(8 1)

TEXT: Frederick J. Bueche, Introduct®on to Physics for Scientists and Engineers
{McOraw~Hi11, New York, 1978), second edition B : '

SUGGESTED STUDY PROCEDURE

An introduction to Einstein's special theory of relativity involves many qualjta-
tive understandings of apparently paradoxical relationships. To supplement the
text, which concentrates on the theoretical aspects, with historical and descrip-
tive information we strongly recommend that you read one of the semipopular books
1isted in the General Comments.

Read Sections 6.1 through 6.13 in Chapter 6, studying especially I1lustrations 6.1
through 6.4. Then study Problems A through £ and work Problems F through K. Take
the Practice Test, and work some Additional Problems if necessary, before trying

a Mastery Jest.

Objective 1 is taken up in the first six sections. Chapter 6 begins with a state-
ment of Einstein’s iwo. postulates called the principle of relativity (a better
statowent is, “Accurate identical experiments performed in any two inertial refer-
ence frames in uniform relative motion will give identical resulfs”) and the
principle of constancy. Most of the paradoxical results of the theory can be
traced back to the principle of constancy, as you will discover in later sections.

Some of the surprising consequences are described in Sections 6.5 and 6.6. The
discussion in these two sections makes use of "thought experiments,” theoretical
speculation about what would or would not happen under certain experimental condi-
tions that are plausible to imagine but very difficult to create in reality. Of
course, one does not get real data from a thought experiment, but one can get more
concrete insights into the workings of a theory.

- BUECHE
Objective Problems Assigned
Number Readings with Solutions Problems Additional Problems .
Study Text Study (Chap. 6) :
Guide Guide
1 Secs. 6.1 A, B Quest.? 1, 2, 5, 6, 9,
to 6.6 10
2 Secs. 6.7 to c F, G Probs. 16, 17
6.10, Appendix 4
8 (p. 845)
3 Secs. 6.11 D, E  IMus.? #, 1,9, Quest. 8; Probs. 1 to
to 6.13 6.1 to K 9, 14
i _ 6.4 :
: Q " — — B -
" ERIC ®Mus. = NMiustration(s).  Ouest. = Question(s). 27
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STUDY GUIDE: Relativity 3(8 2)

One difficulty with thought experiments is that one offen does not know whether
one has done them “right.” For instance, what really happens to make the man in
the car {p. 76) say that the 1ight pulses hit the opposite ends of the car at
equal times? Since he is in the middle, he might have mirrors at the ends and
observe the two pulses refurning to him at the same time. But then, would he
still be sure that they had hit the ends simultaneously? Perhaps certain effects
viould cancel between the outward and return trip of each pulse. Einstein found
it necessary to describe, by means of a thought experiment, how one observer
would judge the simultaneity of events occurring at different places in his ouwn
inertial reference frame. This procedure justifies the example on p. 76, and 7S
as follows:

Assume that there is an “observer" at each point in the inertial reference frame.
Assume further that all the observers have identical clocks, running at exactly
the same rate. To compare events, the clocks have to be set to the “same” time
once, SO none is permanently either early or 1ate by a fixed amount. To set the
clocks, the observer 0); at the origin of coordinates sends out a 1ight pulse that
is reflected by a second observer 0, back to 0;. Observer 0, notes the time of
reflection, and 0; notes the times of emission and return. HKow, in view of the
principle of constancy, the time for the pulse to travel from 0; to 0, equals the
time for return, since the speed of 1ight always has the same value. This means
that _the time of reflection should be midway between the times of emission and
return. 03 signals this time to 0, and 0, can set his clock ahead or behind,
depending on the observed reflection time. Einstein called the process the syn-
chronization of clocks. Whenever coordinate and time measurements in a reference
frame are mentioned, they are accomplished by means of synchronized clocks.

Sections 6.7 and 5.8 provide background for Objective 2 by describing in consider-
able detail the so-called Galilean transformation that relates observations in two
coordinate systems in uniform relative motion according to ideas proposed by Gali~
leo and in accord with our everyday experience. The crucial thought experiment in
Section 6.9 makes use of the "1ight sphere,” whose progress in the (x, y, 2, t)
system is observed by clocks synchronized reading t, and whose progress in the
(x*, y*s 27, t*) system is observed by synchronized clocks reading t°. The dis-
crepancy with the Galilean approach is evident.

The Lorent2 transformation equations (Objective 2) can be derived from Eqs. {6.2)
and (6.3) only by the addition of certain assumptions that are stated in Eq. (A8.1)
in Appendix 8. You are not required to derive these, but you may enjoy playing

with the algebra from Eq. (AB.1) on to see how far you get. You are expected to
know Eqs. (6.4) and to be able also to state the inverse transformation leading from
the (x°, y°» 27, t”) system to the (x, y, z, t) system.

Unlike the Galilean transformation, Eqs. (6.4) relate both x” and t~ to x and t:

the time t is not equal to the time t~°. Look at it this way: At a certain instant,
Observer S in the (x, y, z, t) system is just passing observer S$- in the {x°, y~,
z°s t°) system; at that instant, Observer S looks at his own clock and at the clock
of S~ and sees different readings. Just what time difference he sees will depend
on the locations of the two observers (and their clocks) relative to the coordinate
origins of the systems, as measured by the values of x and x”.

Objective 3 is treated in Sections 6.311 through 6.13. These topics really represent
applications of the Lorentz transformation equations, but they are so important that
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STUDY GUIDE: Relativity 3(8 3)

we have stated them as a separate objective. You might begin with Section 6.13,

_which describes certain mathematical properties of the relativistic factor

/1 - v3/c2, which is often represented by the symbol ¥y1,
y=0-8y12, 5=y (81)

Remember that B8 is always less thanm one, and that y is always one or greater.
A useful identity (check this!} is i

¥ = 1% 852 (82)

Regarding the Lorentz contraction, the point here is thai "length® signifies the
distance between the end point of the rod at the same time in the systen in-which
length is measured - the (x°, y~, 2°, t”) system for the proper length Ly and the
(x, ¥y, 2, t) system for the contracted length L. In finding L = x, - x;, there-
fore, we use the same time t in the (x, y, z, t) system for both x5 and x{ in
£gs. (6.4c) and (6.4d):

Xp = X5l #vt, Xy =xjfytvt, L= (xé - xj)y = Ly(1 - 62)]/2- (B3)

Thus, the proper length of the rod, Ly (i.e., the length in the coordinate system
in which it is at rest), is longer than the length L measured in any moving frame.

In Section 6.12 the analysis of time dilation proceeds in a similar fashion to
length contraction, but the text does not use the term “proper time" correctly.
Just replace the phrase “proper time” on p. 85 by the phrase “time on stationary
clocks” and every statement will be correct. The proper time interval of a phen-
omenon is the time interval in a reference frame in which the phenomenon stays

at the same place. Thus, every clock shows its own proper time. A precise defi-
nition is "A time interval between two events is called the PROPER TIME interval

if it is measured by one clock that is present at both events. 1If a time interval
is measured by two different synchronized clocks, each present at one of the events
but not at the other, it is not a proper time interval.”

The statement about moving clocks running slowly can be stated as follows: “The
proper time interval A: is the shortest possible time interval between two events.
The proper time interval is related to any other time interval At between the
same pair of events by the equation

ot = atfy = at(1 - 89)112, (84)

To give you practice with proper time: In I1lustration 6.3 the proper half-life of
pi-mesons is 2.00 = 10 8 s, the time after which half have decayed when observed

at rest. In I1lustration 6.4 the proper time of the one-way trip is the two and
one-half months read by the spaceship clock that is. physically present at the
departure of the Earth and then the arrival of Alpha Centauri. The round trip in
this illustration is not really suitable for discussion with special relativity,
because the spaceship cannot be in uniform motion if it is to stop and return!
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STUDY GUIDE: Relativity 3(y 1)

TEXT: Hugh D. Young, Fundamentals of Mechanics and Heat (McGraw-Hill, Hew York,
1974}, second edition

SUGGESTED STUDY PROCEDURE

Your readings are from Chapter 14. As you do the readings, work the problems in
this study guide. Then take the Practice Test.

Young does not state Einstein'’s assumptions explicitly. There are two:

(1) Principle of relativity: The fundamental laws of physics are identical for
any two observers in uniform relative motion (p. 376, top).

(2) Principle of constancy: The observed speed of light is independent of the
motion of the source (p. 377, bottom}.

Most of the paradoxical results of the theory of relativity.can be traced to the
principle of constancy, which is contrary to everyday experience with water waves,
sound propagation, and the motion of objects thrown from moving vehicles.

in Sections 14-3 and 14-4, Young investigates the consequences of the two princi-
ples for the measurement of time intervals and lengths by differing observers in
uniform relative moticn. The discussion of the synchronization of clocks (p. 385),
though brief, is very important. It is essential for a good understanding of why
the time intervals are dilated: As 0" moves relative to S, the clock at 0~ is
compared, not with the clock at 0, but with many different clocks along the path

of the motion of 0° in S. In Section 14-5, the time-dilation and Lorentz-Fitzgerald
contraction results are put together to lead to the Lorentz transformation equa-
fions.




STUDY GUIDE: Relativity 3 |

PROBLEM SET WITH SOLUTIONS

A1). Siate the two postulates on which the special theory of relativity is based.
Solution

(1) Principle of relativity: The fundamental jaws of physics are identical for two
observers in uniform relative motion.

(2) Principle of constancy: The speed of light in vacuum is the same when meas-
ured in any inertial reference frame, independent of the motion of the source-

8{1). Use Einstein's two postulates directly to show that the hands on a moving
clock advance more slowly than those on a siationary clock. (Do not make
use of the Lorentz transformation eguations.) Hint: Analyze a thought
experiment in which 1ight from a source travels to a mirror and back, and
is abserved from a second frame moving parailel to the mirror.

Solution

A frame of reference S” moves with velocity u relative to 2 frame S. An observer
0- in S~ has a source of light that he directs at a mirror a distance d away, ori-
ented so that the light is reflected back to him as shown in Figure 1. This
observer measures the time interval at” required for a light puise to make the
round trip to the mirror and back. The total distance as measured in S is 2d,
the speed is c, and the time required is

at” = 2d/c. (1}

Consider how this experiment looks to an observer at 0, with respect to which 0~
is moving with speed u. Llet the time interval observed by 0 for the round trip 1
be at. During this time, the source moves relative to 0 a distance u at, as shown :
in Figure 1{b}). The total round-trip distance as seen by 0 is not 2d, but '

2¢ = 2/d2 + [(1/2)u ot]2 . (2)

According to the basic postulate of relativity, the speed of light c is the same
with respect to both observers, and thus the relation in S analogous to Eg. (1)

(a) Observed in S-. (b) Observed in S.
ﬂ;nﬁ Hirrar
l N
I
) &8 d 0\
. I
!
v 381 ¥ __ o T




STUDY GUIDE: Relativity 5

is

at = 22/c = (2/¢c)¥dZ + [(1/2}u atlZ. (3)

fquations (1) and (3) can be combined to obtain a relationship between At and At”
that does not contain the distance d. He solve Eq. (1) for d, substitute the
result in Eq. (3), and solve for At. The result of this algebraic manipulation
is

At”
at = . (4)
(1 - )2

We may generalize this important result: If two events occurring at the same

space point in a frame of reference S” (in this case, the departure and arrival

of the 1ight signal at 0°) are observed to be separated in time by -an interval at”,.
then the time interval At between these two events as observed in the frame of
reference S is larger than At”, and the two are related by Eq. (4). Thus a clock
moving with S” appears to an observer in S to run at a rate that is slower than the
rate observed in $-.

€(2). Two events take place at (x], Yys 29 t]) and (xz, Y5 Zps t2) in one coordi~
nate system, and they take place at “primed” coordinates‘(xi, ¥i» 255 té)
in a second coordinate system. The second system, its axes parallel to
corresponding axes of the first, moves relative to the first with constant
speed v along their common x axes. Find the transformation equations
relating the space and time intervals Ax = Xo = Xps BY = ¥, = Y15 BZ = Z, ~ 24,
and At = t2 - t], to the corresponding primed space and time intervals.
You may start from the Lorentz transformation equations.

Solution

The Lorentz transformation equations may be used to obtain the required intervals.
Suppose that event 1 occurs at position X1 time t], and event 2 occurs at position
X5 time t2, in the unprimed frame. The spatial separation in the primed system

is derived in the following manner:

xi = Y(x'l - BCt'I): 1(2’ = 'Y(xz - BCtz)s
1(2’ - Xi = Ax'= 'Y(XZ - J(-I) - BC(tz - t])’

ax” = y(Ax - BcAt), Ay” = Ay, and AZ” = Az.

Similarly, the separation in time is
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at” = y(at - 8 ax/c).
Remember, 8 = v/c, v = {1 - 32)]/2,-and B=1- 1/72.

D(3). The p-meson is an unstable particle whose half-life (the time after which
half of an original number have decayed radioactively) when at rest is
approximately 2.30 x 1076 s. These mesons are produced in bursts of many
mesons in the upper atmosphere by the impact of energetic cosmic rays.
(a) ¥hat is the half-life, as measured by observers on Earth, of w-mesons
moving through the atmosphere with a speed u/c = 0.99?

{b) How far do the mesons move during the time of one half-life as measured
by observers on Earth?

(c) How far has the ground moved during the time of one half-life, as
observed in the rest frame of the mesons? Compare with the Lorentz-
Fitzgerald contraction.

Solution

(2) A burst of u-mesons traveling at the same velocity can be used to define two
events: (1) their production and (2) the decay of Lalf the original burst. 1In
the rest frame of the mesons, the time between these events is 2.30 x 10 6 s, and
this defines the proper time interval at-. 1In the other frame, relative to which
the u-mesons move at constant velocity u, the time between the two events s given

by

at- C2.30x10%  _2.30 x 1076

0 - (w22 [1-0.992772  [0.02071/2

at =

=2.30 x 10°%/0.14 = 1.60 x 10 s,  greater than st-.
(b) Since the mesons are moving with the speed u = 0.99c, the distance Ax they
travel in the time at is

Ax = u &t = 0.99(3.00 x 108)(1.6 x 107} = 4.8 x 10° .

{c) In the mesons’ rest frame the ground moves with speed u = 0.99c in the direction
opposite to the mesons' motion, and the motion occurs for the time interval At-;
hence the distance ax~ moved by the ground is

s = u st = 0.99(3.00 x 10%)(2.30 x 1078 = 6.8 x 10% m.

Note that the answers in parts (b) and (c) are unequal. This is an example of
the Lorentz-Fitzgerald contraction associated with the relative motion of the
ground and meson reference frames:

sx = ax-{1 - u2/n::2)1/2 = 0,14 ax.

There are several important points to remember: (1) In the time-dilation equation,
the proper time interval At~ in the reference frame S denotes the time interval
between two events at the same position in that frame. (2) In any inertial reference
frame S in which these two events occur at different positions, the time interval

33
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st separating them 5. jonger than the proper time interval At~ between the same
events. £3) In the Lorentz-Fitzgerald contraction equation, the proper length

L - is measured in the frame of reference in which the object is at rest. (4) In
any inertial reference frame S in which the object s moving parailel to its
length, the length L must be measured by noting the positions of its ends at the
same time in S, and L is smaller than the proper length L".

Hote. An experimental comparison of u-meson flux and decay rates has heen carried
out by using Mt. Washington, NH and sea level as the two locations. See D.H. Frisch
and J.B. Smith [An. J. Phys. 31, 342 (1963)]. Also available is a film by Frisch.
and Smith, "Time Dilation, an Experiment with u-mesons,” Education Development
Center, Newton, MA, 1963.

E{3). The Orient Egpress moves past a small station in Central Europe at a speed
of 1.50 x 108 m/s. It has mirrors attached to both ends. The length of
the train (in its rest system) is 100.m. After it passes, the stationmaster
turns on a Tight. The 1ight travels to both mirrors and is reflected back
to him. How much times elapses between the arrival of the two reflected
1ight beams at the station?

Solution

We consider two events: 1light striking the rear mirror and light striking the
front mirror. We have to provide for the motion of the train as well as the motion
of the 1ight. Let the unprimed frame be that of the stationmaster and the track

(see Figure 2), and let

x=0 be the position of the rear mirror when 1ight strikes:;
X = Xg be the position of the front mirror when 1ight strikes;
t=0 be the time when rear mirror is struck;
t= ty be the time when front mirror is struck;

v be the speed of the train;

L be the length of the train (proper); and

0
L= Loy be the length of the train (moving).

Since the 1ight reflected from the front has to travel the extra distance xo two
times (forward and back), it will take the extra time 2ty, which will be the answer.
The time for 1ight to reach the train's rear is immaterial for the delay we are
calculating, since both beams require that extra time. Since the train is moving
while the 1ight is propagating, we have

xg = vtg + L (from motion and length of train)

and
Xp = ctyp (from motion of light).

We must solve these equations f?r ty in terms of v, which appears explicitly and
concealed in L = Lo{1 - v2/c2)3/2;

(c - v)tg = L = Lo(1 - v2/c2)V/2,
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STUDY GUIDE: Relativity 8

) LO(] _ V2/c2)'|f2
0 " c(1-v/c)

_l_-_o_ (] + V/C)}/?
c

1~ v/c

1+ 0.50

100 6
3% 702 V- 0.50 Ss

)”2=mmx1r

2t = 1.16 x 1078 5.

Comments: (i) Note how we have written t0 in terms of LO/c and the dimensionless
ratio v/c. This makes it easy to check for dimensional consistency. (ii) In the
train's frame, the light has traveled from back to front in the time tﬁ = Lolc, which
is smaller than ty- (ii1) Proper time does not enter this problem because no clock
is present at both events.

or
"
o

liaht
~— A e S - ossn Figure 2

— o map

light

Problems

F(2). A very energetic proton interaction is observed at laboratory coordinates
Xy = 0.100 m, ¥i = 0.100 m, z, = 0.100 m, t.I =0s, A mysterious second
event occurs at x, = 0.50 m, Y, =0.100 m, 2, = 0.100 m, and t, = 1.0? x 10°
(a) How far apart in space and time are the two events (see Problem C) as
observed by a distinguished visitor passing through the 1aboratory on a
brief inspection tour with a speed Vy = +1.80 x 108 m/s?
(b) How fast must the visitor be moving with respect to the Taboratory to
observe the .tvo events simultaneously in her reference system?
(c) How fast must the visitor be moving with respect to the laboratory to
observe the two events at the same position?
(d) {Optional) Hhat is the possibility that the proton interaction "caused”

the mysterious event?
30
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STUDY GUIDE: Relativity 9

G(2). 1In the same experimental arrangement used in Problem F, a second energetic
proton interaction and a particle decay are observed at the following

positions and times:

proton: x] 0, y; = 0, z, = 0, t1 = 0.

particle decay:  x, = 1.00 m, ¥y =2 = 0, t, = 1.00 x 1078 s.

(a) How far apart in space and time are the two events for a distinguished
visitor passing through the 1ab with a speed vy = 1.80 x 108 m/s?

(b) How fast must the visitor be moving with respect to the 1ab to observe
the two events occurring simultaneously in her frame?

(c) How fast must the visitor be moving to observe the events at the same
position in her frame?

(d) (Optional) What is the possibility that the decaying particle was
created 1n the proton interaction?

#(3). David Winch rode his bicycle up a straight mountain road at a steady speed
of 0.385 c. Stationary observers with synchronized clocks at the beginning
and end of his 50-km course noted the times of his start and finish.

(a) What elapsed time did the observers record?
(b) What elapsed time did David record?

(c) Whose time was the proper time?
(d) vhat distance was the length of the course as observed by David?

1(3). A train measures 1000 m in length when stationary. The train's track goes
through a tunnel that is 1100 m long when surveyed in its rest frame. The
engineer does not want the train ever to be contained completely within the
tunnel. Therefore he decides to go through the tunnel very fast, at 0.60
times the spead of 1ight. That way, he figures, at least (a) meters of

the train will always be out in the sunlight. He tests this prediction with
cameras on board the engine and the rear end of the train. The cameras are
set up to take motion pictures of the surroundings at both ends of the

train. The tests b (choose "confirm" or "contradict®) his prediction.
The dispatcher alongside the track has a different opinion. Going fast, he
asserts, will only make the situation worse, because it will make the train °
still shorter in comparison with the tunnel. He sets up cameras on the
ground along the track {outside and inside the tunnel) to provide evidence.
At the instant when the rear of the train enters the tunnel, all of his
cameras take flash pictures. The camera that records the head of the train
is _{c) (choose "jnside" or "outside") the tunnel, (d[ meters from

its exit. Do the two direct measurements by the engineer and the dispatcher:
(A) confirm only one of the predictions, definitely settling the question as
to whether the train is really ever entirely within the tunnel? or {B)
confirm both predictions, leaving the engineer and dispatcher in disagreement?
or (C) confirm neither prediction, because the train and the tunnel both
shrink or expand by the same factor in any frame of reference? !e! .
[Choose (A), (B), or (C).]
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STUDY GUIDE: Relativity 10

The dispatcher takes out his stop waich and determines that it takes _ (f)
seconds for the entire train to pass in front of him. The engineer determines
this time interval by seeing how much time elapsed between the picture

showing the dispatcher taken by the engine-mounted camera and the picture
showing the dispatcher taken by the rear camera; he finds it to be

("1onger" or “shorter"), namely _ (h) seconds. Which of these is the
“proper time interval"? (i) .

J(3). Two spaceships, each 120 m long in its own rest frame, meet in outer Space.
An observer in the cockPit at the front of one ship observes that a time
of 1.80 x 1078 s elapses while the entire second ship moves past her, heading
in the opposite direction.
(a) What is the relative velocity of the two spaceships?
(b) How much time elapses on the clocks of the first ship while the front of
the second ship moves from the front to the back of the first ship?

K(3). A student bit his tongue (by mistake) and opened his mouth to cry in pain
0.50 s later. A callous friend who passed by at a high speed (but did not
stop to give aid and comfort) noted that 2.00 s elapsed between the two events
in his reference frame.

(a) What are the space and time intervals (see Problem C) between the two
events for the student in pain?

(b) What is the speed of the callous friend?

(c) What is the spatial separation of the two events in the reference frame
of the callous friend?

Solutions

F(3). Hints: (a) Find the space and time intervals in the lab frame, then transform.
(b) The space and time intervals in the visitor's frame must have 8t° = 0. Solve
the transformation equation for v. (c) The space interval must have sx” = 0. Solve

for v. (gl The “cause" must (precede? follow?) the effect. Answers: (a) 0.275 m;
2.50 x 10740 s, (b) 4#2.25 x 10® m/s. ‘c) v = 4.0 x 108 m/s > 3.00 = 108 m/s,
impossible! (d) Since an observer going faster than v = 2.25 x 108 m/s will see
the order of events reversed, such an observer cannot even agree with the labora-
tory observer on which event occurred first. Since a cause must precede an effect,
no matter who 1s observing, we conclude that these two events cannot be related
causally. That is true for any two events for which 8x > ¢ at. Such a separation

is called spacelike.

G(2). See Hints for Problem F. (a) 1.00 m, 1.00 x 1078 s, (b) v = 9.0 x 108 m/s,
impossible! (c) 1.00 x 108 m/s. (d) Since ¢ 8t > 8 8x, 8t~ is always positive.
Thus any observer can agree with every other that the first event really was first.
it could be the cause of the decaying particle, although it need not be. That is
true for any two events for which 8 ax < ¢ 8%. Such a separation is called timelike.

H(3). Hints: (a) Remember in which frame (David's or observers') the 50 km is
laid out. {b) Apply time-dilation equation. (c) What were the two events and
whose clock was present at both events? (d) Two methods: Lorentz contraction
applied to “course" or_David's time applied to courses’ speed relative to David.
Answers: (a) 4.3 x 10°% s. (b) 4.0 x 107 s. (c) David's. (d) 46 km.
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1(3). Hint: Use two reference frames, one for the track, tunnel, cameras on the

groqnd, ana-dISpatcher;_the other for the train, -engineer, and cameras on the

%;a1n. fIdent1fy)thg “svent?;)that ar? ?eing ?iicussed. Answers: (a) 120 m.
confirm. _{c) inside. 300. {(e) B. (f) 0.44 x 1075, {g) longer.

(h) 0.55 x 10 g. (i) (f) is proper time.

33). (a) 0.65 x 10% m/s. (b) 1.85 x 1070 s.

R(3). (a) &x =0, ay = 0, 4z = 0, At = 0.50 5. (b) 2.904 x 10° wy/s.
(c) '5.81 x 108 m (too far to help).

PRAGTIQE TEST
1. State the two postulates of special relativity.

2. A cosmic-ray particle from space crosses the solar system, parallel to the
plane of the system. The speed of the particle is v = gc = 0.95c. The dia-
meter of the solar system is about 1.20 x 10]3 m.

(a) How long does it take for the particle to cross the solar system, .as
measured by observers in the solar system? -
(b) How long does it take to cross the solar system according to an observer
riding with the particie?

(¢) What is the diameter of the solar system as measured by the obhserver
riding with the particle?

(d) Which observers measure a proper time for the trip? A proper distance
for the diameter?

3. In a certain inertial reference frame, two explosions occur at the space-
time points (x], Yis 2y t3) = (5.3 m, 0, 0, 0) and (xz, Yoz Zps t2) =
(8.0 my, 1.00 m, 2.00 m, 1.00 x 10°” s). An observer in a different reference
frame, moving with velocity v = -2.40 x 108 m/s relative to the first, observes
the same two explosions. Assume the origins of the two coordinate systems
coincide at £ = £ = 0.
(a) Yrite the appropriate Lorentz-Einstein transformation equations to cal-
culate the coordinates of the two events in the second (primed) system.
(b) Calculate the positions and times of the explosions in the primed systen.

‘w2 = ¢z
2

- ‘wopL=% co=lz=U4
'S o 0L x2L'¢ =% "SgoLx22=} ‘w/gl=dx ‘weeeg=Ix(q) ]
‘Z=.2 ‘(3/x8 - )b =.1 ‘A= A 308 - x)A = x () ¢ _
43j3ueip Jadoud saunseaw J3AU3SGo WRISAS-Jp|0g 3wL) a3doud SPJAOIBL
J3A135G0 ,3|0LdRd, (P) ‘W z;0L x 8°€ (9) °S 4OL x 0£°L (9) °s 40L = 2°% (®) ‘2
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RELATIVITY Date

Mast

Name

pass recycie
ery Test Form A
1 2 3
Tutor _

(a) Briefly name the two postulates -of the special theory of relativity. You
will be asked to describe them orally in more detail.

(b) A friend argues that, since the measured speed of a horse depends on the
relative motion of two observers, the principle of relativity must be incorrect.

How do you reply?

Figure 1 represents the top view of two meter sticks, in relative motion with
speed v = gc. The picture is the view by an observer in the unprimed refer-
ence frame. At £ =t~ = 0, ends A and A” of the two meter sticks are together.
let 8 = 12/13 = 0.92.

(a) At t- = 0, calculate the position of end B of the unprimed meter stick, as
observed by someone in the primed reference frame. Draw a sketch, similar to
the one in the figure, showing the sticks at t~ = 0, as seen by the "primed”

observer.
(b) Calculate the time t when ends B and B~ are together, as observed by the

“primed" observer. Sketch the situation.
(c) How would your answers to parts (a) and (b) differ in a uyniverse that obeyed
Galilean relativity?

Y ¢
. — gc
Figure 1 f : |
A g
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RELATIVITY Date

Mast

Name

1.

pass recycle

ery jest Form B
1 2 3

Tutor

(a) Briefly name the two postulates of the special theory of relativity. You
will be asked to describe them orally in more detail.

(b} A flashbulb is mounted on the side of a speeding train, and an identical
bulb is mounted on a pole beside the track. W4hen the two bulbs are side by
side, they are fired. Which pulse reaches the engineer first?

Pioneer XLVI is an unmanned space probe, traveling from Earth to Sun in the
year 1992 1Its uniform speed relative to the Earth is 0.60c. Assume that it
leaves Earth at t = £ = 0, The Earth-Sun distance is 1.50 x 10]] m in the
rest frame of Earth and Sun. Neglect gravitation and rotation.

(a) At what time, .according to earthbound clocks, does it reach the Sun?

(b) According to the clock on Pioneer XLVI, how long does the trip take?

(c) Describe how an observer riding with Pioneer XLVI would determine fhe
distance from Earth to Sun. What distance would the observer calculate?

(d) Describe how your answers to Parts (a), (b): and (c) would differ if

Galilean relativity were Nature's way of operating.
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RELATIVITY . Date

pass recycle
Hastery Test Form €

Kame Tutor

1. {a) Briefly name the two postulates of the special theory of relativity. You
will be asked to describe them orally in more detail.
{b) A friend argues that, since the measured speed of sound depends on the
motion of the observer with respect to the source, the principle of relativity
must be incorrect. How do you repiy?

2. A train that §s 300 m long in its rest frame is moving at a speed of v = gc =
0.80c. At t = 0, the engineer in the locomotive at the front of the train is
adjacent to a switchman standing on the ground {event A). As the caboose at
the rear of the train passes the switchman, he flashes a 1light signal forward
(event 8). The 1ight strikes a rearview mirror beside the engineer (event €),
and is reflected back to be detected by the conductor in the back of the cab-
oose (event D), and ultimately by the switchman (event E}.

(a) State which time intervals between pairs of events are proper for the
conductor in the caboose.

(b) According to a system of clocks and measuring sticks on the ground, cal-
culate the time and location of event B. o

(c) According to a system of clocks and measuring sticks on the ground, cal-
culate the time and location of event D.

(d) How would your answer to part (b) change if Galilean relativity applied?
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RELATIVITY A-1

MASTERY TEST GRADING KEY - Form A

What To Look For: Be sure student knows the difference between the invariance
of physical laws, and, say, Jetting the same numbers for velocity in a given
experiment.

Solution: (a) "Laws of physics are the same in every inertial reference frame,
or some equivalent version. ¥Speed of 1ight is a constant in every inertial
reference frame.”

(b) The relativity postulate does not sey two measurements of speed must give
the same nurber. It does say that in each frame T = dp/dt, so the horse must
push with the same force to get the same momentum change.

What To Look For: (a) In the drawing, points A and A~ should be together, and
AB should be shorter than A“BZ The solution should demonstrate ability to use
the appropriate transforzation equation, or the ability to reason from arguments
about proper length. {b; In the drawing, points B and B~ should be together,
and AB should be shorter than A“B°. Minus sign is important, since comparison
of sketches in (a) and (b) shows that (b) occurred first. Ask student about
the meaning of the minus sign. Problem solution should demonstrate ability to
use Lorentz transformation correctly, or to reason from arguments about the

proper length. 4 g
Solution: See Figure 4. — —
xB = T(xé + Bcté) = Yxé_ GLA::B

xg = xglv = (M)A - 82 = 0.39 m. Figure 4

Or: A°B-” is a proper length. AB is Lorentz contracted, so AB = A"B"v’i - 82
=0.39 m. Since left end is at X3 = 0, right end must be at xé = 0.39 m.

(b) See Figure 5. A’ 8’
. |
xg = vlxg + getg); | L/
xB=xl‘3'='I.00 m. R 6
B Figure 5
tg = (1/8c)xgly) - x3) = -0.222 x 107" s

Or: Primed observer says AB is 0.39 m long. At t = 0, A and A were together.
Jo get B and B~ together, move AB 0.62 m to the right. That occurred at earlier
time

t=-Bf138c = 0.222 x 100 s

{c) Parts (2) and (b) would have the same answer: xg = xg = 1.00mat t* = 0.
The l1ength AB is 1.00 m.
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RELATIVITY B-1

MASTERY TEST GRADING REY - Form B

1.

¥hat To look For: Student should know the postulate of constancy. Speed of
source has no effect on speed of 1ight.

Solution: (a) See Grading Key form A, Solution 1.
(b} Both reach the engineer at the same tigme.

What To Look For: Propér use of correct Lorentz transformation equation, or
correct use of Lorentz contraction arguments, or correct use of time-dilation
arguments. The distance pust be less than the proper distance.

Solution: (2) Call the Earth-Sun distance £ in the Earth-Sun frame. Then

2__ 1.50x 10 @

v 8

0.60(3.00 »x 10° m/s)

(b) t;'= T(ts - 8%/c) = 1(ts - Svts/c) = ts(i - 82)/f4 - g% = ts¢4 - 52
= 830(0.80) = 670 .

Or: Probe "sees” a Lorentz-contracted distance. The time to traverse that
1stance is

7 = £7/8c, thus

£J; - B2 = {1.50 x ]0")(0-30_l= 570 s.
Bc (0.60)(3.00 x 10°)

(c) Time the trip, and multiply by speed. The time (a proper time) is, from
(b), 670 s. The Lorentz-contracted length is

8 = 1.20 x 101 m.

\

t

670(0.60)(3.00 x 10

(d) Answer to (a) would be unchanged. Part (b) would have same answer as (a),
and answer to (c) wowldBe T50'x 10w, - -~ - - :
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RELATIVITY c-1

VASTERY TEST GRADING KEY - Form C

1.

- x’
- B _ -{-300 _ -
t ® 38c _-0.75*]0

What To Look For: Student should know the difference beiween invariance of
physical law, and getting the same number in a given experiment.

Solution: (a) See Grading Key Form A, Solution 3.

{b) The physical properties of the medium determine the speed of sound with
respect to the medium. Those properties obey physical l1aws that are the same
in any inertial frame.

¥hat Jo Look for: Clear understanding of condition for proper time interval.
should recognize that xg = 0, x5 = -300 m, in coordinate frame given here.
Sign of ty must be positive. (You may ask student why.) Alternative
solution to (d) is more difficult. Student should correctly use Lorentz
transformation equation.

Solution: (a) Conductor: Btzy is proper.

(b) Train frame = primed frame, with origin at front end. Ground frame =
unprimed frame, with origin at switchman. Set proper time interval:

tso = 2(300)/(3 x 108) = 2.00 x 1076
Then tgy = Ytop = (5/3)(2)(10°6) = 3.33 x 107° &,
Distance train moves: xgy = (0.80)(3 x 108)(3.33 x 10°6) = 800 m.

~Y8 CtB.

s, for 1ight to go to engineer and back.

1}

=0. B=0.80, vy =1.70. xg

g ‘r(xB - BctB)

g
6

B 573){4/5)(3 x 10 s
Or: Switchman sees Lorentz-contracted train, 2 = - B . Time for train
to pass is t = £/v = 300(0.60)/0.80(3 x 10°) = 0. 75 1078 .

{c) Get & B first; then £, C = t§ + 27 /c, tB is proper time interval between events
A and B, so

t§='yt

] -6 . -
g =1.25 x 107 s, tc-t‘-zojr:"'lo s. t2=2.25x 107 s

x2 = 0. tc=7('tE+Bxéfc)=-ytE=3.75x10 s. xc=Bctc=9>§102m.

c

Or: Engineer argues that event B occurs after the train has passed the switch-
man. That takes time té LOIBC 1.25 x 1076

= - = -6
tc tB + .?.Ofc 2.25 x10 ~ s |
is proper, so tc = tE/#i - B2 = 3.75 x 1076 s. e = gct, as before.

t

(d) xg = 0, as before. tg is time. for train to pass. tg = 7:9/39 =1.25 x 100 s,
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Appendix 1

APPENDIX A: The Use of the Personalized System of Instruction {PSI)*

STUDY MODULES FOR THE USE OF THESE €BP BOBULES
Recommended

1. W¥hat is the Philosophy of PSI?
2. How Do I Manage This System?
3. The Care and Feeding of Student Tutors

Optional

4. How to Plan the Content of a Xeller Plan Course
5. How to Design a Study Module
6. How to Hrite Learning Objectives

REFERENCES {not included in this Appendix)

1. J.G. Sherman (ed.), Personalized System of Instruction, 41 Germinal Papers,
A selection of Readings on the Keller Plan (Benjamin, 1974).

2. F.S. Keller and J.G. Sherman, The Xeller Plan Handbook, Essays on a
Personalized System of Instruction (Benjamin, 1974),

These references may be ordered from the Center for Personalized Instruction,
29 Loyola Hall, Georgetown University, Washington, 9.C. 20007.

STUDY MOOULE 1: WHAT IS THE PHILOSOPHY OF PSI?
IHTRODUCTION | -

PSI (The Keller Plan) is based on learning theory. In this module you will read
about “reward motivated 1carning”: @ method of making instruction more effective,
relevant, and student-centered. Perhaps the . st exciting way to become exposed

to this revolution in learning is to read Frea- Keller's article “Goodbye Teacher ...".
The style is delightful and the content rich with information. (See p. 3 in
Sherman’s ...41 Germinal Papers, Reference 1.)

*Adapted from the PSI Workshop materials developed by Framk Six, Department of
Physics and Astronomy, Hestern Kentucky University, Bowling Green, KY 42101.
These materials were first used at the AAPT meeting, Reno, Nevada in June 1973.
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Appendix 2

LEARNING OBJECTIVES

When you have mastered the content of this module, you will be able te:

1. Keller plan - Given a 1ist of descriptive terms, identify those that characterize
the Keller Plan.

2. Success - List a minimum of two reasons why self-paced, supervised study is
successful.

SUSGESTEQ STUDY PROCEDURE

To master the first learning objective, begin by reading the one-page description
of “The Keller P3an” on p. 5 of the Michigan Femo to the Faculty. You will find
it attached to this study module.

To satisfy the second objective, read the article by Ben A. Green, Jr., “Physics

Teaching 8y the Keller Plan at MIT" [Am. J. Phys. 37, 7641 (1971)], or see p. 71

of Reference 1, and 1ist the reasons Professor Green gives for the success of PSI
at MiT.

PHILOSOPHY OF PSI

A1l of the learning objectives specified in this study module can also be achieved
by digesting Keller's article “Goodbye, Teacher.” HNow try the Practice Test below.

RESOURCE MATERIALS

1. F. S. Keller, "Goodbye, Teacher . . ." [J. App. 8ehav. Anal. 1, 79-89 (1968)];
or p. 3 of Reference 1.

2. Memo to the Faculty, No. 48, April 1972, Center for Research on Learning and
Teaching, University of Michigan, Ann Arbor, page attached.

3. 8. A. Green, Jr., "Physics Teaching by the Keller Plan at MIT" [Am. J. Phys.
37, 764 (1971)3, or p. 71 of Reference 1.

PRACTICE TEST

1. Hhich of the following features describe the Keller Plan?

{a; Regular jectures over the course subject matter.

b} Course material subdivided into units.

(c) Advancement dependent upon student’s demonstration of mastery of the

learning objectives.

{d) A11 students proceed through the materials at the same rate (lock-step).
} Course objectives and procedures are explained in written study guides

that are given to the student.

(f) Repeated testing without grade penailty.
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Appendix : 3 J

(g) Each student proceeds at his own rate of learning.

{h) Grades based on student performance on three progress tests and a final
exam.

{4) Use of student tutors to individualize the instruction.

2. List two reasons given to account for the success of Xeller-type courses.

STUDY MODULE 2: HOW DO 1 MANAGE THE SYSTEM?
INTRODYCT 10N

The previous module emphasized the benefits of PSI that accrue to the learner and
to the teacher. If we arm the learner with: descriptive objectives, relevant
materials, and meaningful activities, he is free to go at his own pace and take
part in as much or as 1ittle of the learning activities as he desires in order to
achieve the objectives. He is given responsibility and control over his own
efforts, with the guidelines and resource materials that he needs to advance and
profit from the experience.

This unit will deal with management skills and course policy. Samples and
suggestions will be presented, but the instructor will have considerable latitude
in setting up his own rules.

LEARNTHG OBJECTIVES

When you have mastered the content of this module, you will be able to:

1. Policy statement - Write the course policy statement for your PSI course.

2. Management problems - Devise plans to handle the management problems of your
course.
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Appendix ) ) 4

GENERAL COHﬁﬁﬂIS
1. Aspects of FSI

Hastery: Demand excellence; settling for less degrades the spirit of the endeavor.
Keller refers to the “Truman effect,” that the job makes the.man. The usual
treatment of students :hat implies they are only worth a "C" is an insult. The
expectation of excellence is a compliment, a challenge in response to-which
students -do act in a new way (Sherman, p. 120, Reference 1).

Motivation: Make the first module appealing and easy to get the students started..
After this the reinforcing nature of the system will take over. Make every effort
to engage the learner in searching, discovering, and verifying. Provide a multi-
media approach with student options, and insist on-permanent storage characteristics
and maximum accessibility.

Grades: -Perhaps achievement of your core objectives might represent a three-credit
°C* or a two-credit "B" {variable credit), with the core plus optional units for
correspondingly higher grades. Isn't it more important to know a student's compe-
tencies in relation to desired accomplishments than in relation to other students'
competencies?

2. System Management

Tutors: Prior students in the course can serve as tutors for academic credit

plus the reward of learning the physics better. You may wish to consider choosing
students who advance rapidly through the first several study units as tutors.
Reward them for serving as tutors by excusing them from the final.exam. Peers
understand many of the difficulties better than do teachers, and praise from peers
is probably more important than praise from teachers. Close supervision of tutors
is recommended.

Procrastination: If you decide to hold quality constant and let time vary (the
Keller tradition), some procrastination is bound to occur. Build in rewards for
prompt performance. Give students graphs of the number of modules as a function
of time with progress 1ines drawn .on them.

Communications: With no attendance requirements, keeping in touch becomes a
probTem.  Some have found it helpful to keep a "Keller Bulletin Board" in the
learning center.

Logistics: Keep the learning center open as many hours as possible. Students should
be able to obtain assistance and have quizzes graded without much delay.

SUGGESTED STUDY PROCEDURE

Read Chapter 4, Logistics, in The Keller Plan Hgndbook;(see p. 24 of Reference 2).
Then proceed to the Practice Test and answer the questions.
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Practice Test Answers

Your answers to these questions will determine the kind of PSI course you offer.

If you wish to have additional input, read the exhibits found in the CBP Orientation
Madule. You may wish to call or write o CBP Workshop, Behlen Laboratory of Physics,
University of Nebraska ~ Lincoln, NE 68588 (402)472-2790, The Center for Personalized
Instruction, 29 Loyola Hall, Georgetown University, Washington, D.C. 20007, or the
CBP Module author who is nearest to you.
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Appendix 6

STUDY MODULE 3: THE CARE AND FEEDING OF STUDENT TUTORS

INTRODUCTION

Student tutors play an essential role in the success of @ Keller Plan course. In
fact, the first time you use the Keller Plan you will probably discover that the
students in the course prefer to ask the tutors for help rather than to ask you.
The students feel more comfortable in exposing their ignorance to other students
than to the instructor, who finally decides their grade. It is important to
provide your tytors with & positive learning experience so that they can function
effectively in your Keller Plan course. Hence, you need- to think seriously about
the care and feeding of your student tutors.

LEARNIHG OBJECTIVES

Hhen you have mastered the content of this module, you will be able to:

1. Use of tutors - Construct & Keller Plan system that makes effective use of
student tutors.

SUGBESTED STUDY PROCEDURE

To satisfy Objective 1, you should read all of the materials in References 1 and
2 that discuss the roll and selection of proctors. 1In Reference 2, see pp. 20
through 23 and 33, 38, and 39. Read articles #1, #5, and #29 in Reference 1.

A wide variety of procedures have successfully been used to attract and hold
Keller Plan tutors. You need to examine the variety of systems that have been
used and decide upon a system that will work at your institution. The secret of
& successful tutoring system is to have enough so that the individual tutoring
load is not too heavy {not more than 10 students per tutor) and to provide
meaningful reward for the tutors.

PRACTICE TEST

1. How mény student tutors will 1 need?

2. What reward will the tutors get? money? credit hours? a petter grade in
the course? a cup of coffee each week with the instructor? snake 0il1?
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Appendix 7

S7UDY MODULE 4: HOW TO PLAN THE CONTENT OF A KELLER PLAN COURSE

THTRODUCTION

In this module you will consider general planning considerations: how to get
organized, where to start. The questions raised here will indicate that "Keller-
1Zing” your course 1s not something to be undertaken 1ightly. The commitment is
a major one in terms of time and effort. The rewards are worth it.

LEARNING OBJECTIVES
¥hen you have masterad the content of this module, you will be able to:

1. Kellerizing - List three decisions that require considerable thought on the
part of the instructor as he prepares to Kellerize his course content.

2. Learner objectives - Recall various methods you might employ to select student
competencies (Jearner objectives) that should result from your course.

3. Activity sequence - Given a 1list of Keller-course planning activities, order
them In a chronological sequence.

4. Consolidation - Describe, in writing, Keller's suggestion for avoiding undue
fragmentation of the course {the result of too much modularization) and for
consolidating what the student has learned.

SUGGESTED STUDY PROCEDURE

Joel Greenspoon {Reference 1), Associate Dean of the Faculty at Temple Buell College,
recommends the following procedure: First, decide what the studént is to learn
in_the course. This is not easy for many instructors because they have not asked
themselves this kind of question. When deciding on the content of the course,

the decision should be made in terms of what the student is to do or say. To state
that a student is to know, understand, or appreciate the effects of Copernican
theory on scientific developments in the early stage of the Rewaissance does not
describe what the student is to do. To ask the student to describe {under certain
conditions) these effects is telling the student what he is to do. To analyze
critically some development does not describe the student's behavior, because the
determination of critical analysis still rests with the instructor. It would be
better to instruct the student to describe, in writing, the arguments for and
against a given position. The clear specification of learning objectives is crucial.
Sequencing the objectives so that students can proceed systematically through the
course involves some trial and error. Second, decide how you will determine when
the student has learned it. This implies 2 clear statement of how he is to do it.
The instructor should provide explicit criteria by which the student’ .ork is
judged. Some instructors prefer the use of a written exam; others prefer an oral
or a paper. Laboratory reports and skill testing are other ways in which the
student might satisfy objectives. Despite the fact that faculty members have been
judging students’ work for years, they find it difficult to state explicitly the
criteria by which they judge or evaluate the students’ efforts. Third, decide what
sources of information are pertinent to the objectives. Choose 1earning activities
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Appendix 8

that will facilitate learning by the students. Field trips, experiments, readings,
lectures, and demonstrations should be considered. If self-pacing is one of your
goals, lectures and demonstrations can be handled by making accessible audiotape
and videotape, to ensure that the progress of any single student is not hindered.
The above remarks should enable you to satisfy Dbjective 1.

Dbjective 2 is concerned with methods you might use to make the first decision -
what should the student learn in the course. Remeémber the advice: think in. terms
of what the student is to do or say (student competencies). It is a simple matter
to go through a book and jdentify all of the possible 1earning objectives. But
vihich of those objectives define competencies (proficiencies, performances) that
you want every student to take away from your course? Concentrate on the minimum
learning objectives (core) as opposed to the “nice-but-not-necessary,” enrichment-
type objectives. Take 2 look at your old final exams. Are these competencies

the most important? You might even go so far as to enlist the advice of colleagues
(shudder). Deterline and Lenn (Reference 2) suggest performing: a simulated task
analysis: +magine the oral examination setting and develop a 1ist of appropriate
questions, problems, and tasks for each major course topic; sift out the core
objectives by deleting the nonessentials consult other ¢olleagues who teach the
same course.

Your planning activities (Dbjective 3) might go 1ike this:

(1) T1dentify competencies desired (simulated task analysis, text, final exams,
colleagues).

(2) Determine criteria of evaluation (test items, practice exercises, study
questions).

£3) Write the minimum learning objectives based on (1) and (2).

4) Sequence the objectives and djvide into study modules.

(5) Specify the resource materials (learning activities).

A simpler prescription has been offered by Dr. Keller. See the page of the
University of Nebraska newsletter PSI "A Guide to What, How, Why & Why Not of PSI"
(attached, also Reference 3), and read the section PSI Instructional Tasks.

The advice concerning review modules applies to Dbjective 4. The CBP modules are
examples of a course that was planned according to Keller's recipe.

Novi, proceed to the Practice Test.

RESDURCE MATERTALS

1. J. Greenspoon, Assoc. Pean of Faculty, Temple Buell College, Denver, Colorado
(private communication).

2. Y. A. Deterline and P. D. Lenn, Coordinated Instructional Systems, Study
Resource Materials Book (Sound Education, inc., Palo Alto, Calif., 1972),

Pp. 14-17.

3. "A Guide to What, How, Why & Why Not of PSI," Instructional Media Center, 421
Nebraska Hall, University -of Nebraska, Lincoln, NE 68588.
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1. First, deciding what student competencies are to be attained; second, deciding
what criteria you will use to judge the students competencies; third, deciding
what learning activities will facilitate development of these competencies. These
tasks are the foundation of a new surge in education circles - "competency-based
education" (CBE), or “performance=zbased education" {PBE), and they are of central
importance in the Keller method.

2. Perform a simulated task analysis, examine your old final exams, proceed
through- a textbook and identify learning objectives, talk with your colleagues.

3. The order is correct, as stated. Some might suggest that first, decide what
material you want to cover and second, divide it into short units. But, do you
know what your destination is? The sequence (a) through (e) stresses learner
outcomes (competencies). We'l1 have more to say about this in succeeding modules.
4, Include review modules.

Practipe-?est Answers
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Appendix 10

STUDY WODULE 5: HOW TO DESIGN A STUOY HMOOULE

INTRODUCTION

The preceding module dealt with deciding upon the goals you intend students to
reach at the end of your course. It has bheen suggested that you select procedures,
content, and methods appropriate to the objectives; cause students to interact
with the subject matter in well-thought-out learning activities; and, evaluvate

the student's performance according to the objectives or goals that were selected.
Assuming that you know what your destination is, this module concerns selecting

the niost efficient route to get the students there.

LEARNING OBJECTIVES

When you have mastered the content of this module, you will be able to:

1. NModule components - List the components of a study module in th=2 sequence they
are presented to the student.

2. Function of components - Write descriptions of the function of each component
of a study module and be able to distinguish between properly and improperly
written components.

3. Instructor order - List the components of a study module in the order that they
are developed by the instructor.

4. Developing modules - Describe a method of developing study modules that is
imitiated by constructing test items.

SUGGESTED STUDY PROCEDURE

The first objective refers to the order of presentation of the component information
in a study module. If you read the CBP modules you will surely recognize the

order: Introduction, Objectives, Procedure (including directions, resource materials,
and finally, Practice Tests}. The table below is patterned after material in
Deterline and Lenn's manuals on Coordinated Instructional Systems (Reference 1).

You should examine this table until you can satisfy Objective 2.
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STUDY-MODULE COMPODNENTS AND FUNCTIONS

Componeﬁt - Function

Introduction Tells the 1earner what the unit is about; identifies the
topics; sets the scope; is brief, clear and interesting.
Provides a concrete, familiar example of the physics
contained in the module.

Learning Objectives Tell the student what he will be able to do as a result
of completing the unit; the competencies he will acquire
and will be required to demonstrate.

Procedure Facilitates learning by the student; directs the learner
to the resource materials in the form of books, audio-
visuals, lectures, demonstrations, models, and other
instructional materials that have maximum accessibility;
practice exercises and discussions identifying correct
answers; identicates what to do, using which materials,
located where, and why.

Practice Test Provides a private progress evaluation to help the learner
realize his own problems and decide what to do about them;
measures the increase in observable competencies; provides
practice in the use of the skills acqguired.

The order in which the components of a study module are developed is not the same
as the order of presentation to the student. It is suggested that you start by
deciding what the successful learner is to be able to do at the end of the study
module. If you follow the sequence below in developing study modules, then you
are more apt to lead the student to the desired competencies.

Ordar of Deve]opment ~ Study-Module Combonents

(1) Mastery Tests

(2) Objectives

{3; Procedure (learning activities, resource .Jaterials, practice exercises)
4} Introduction '

Designing the mastery tests is an easier method of identifying objectives than the
method of constructing learning objectives first. The test items will Jdentify
the competencies completely and provide a guide to show you what it is that you
must prepare the student to do. 1In developing the test items, ask yourself, "What
questions, problems or tasks do I want the learner to be able to answer, solve or
perform; and what is the minimum acceptable performance?" Evans (Reference 2)

put it this way: develop the test, teach the test, stop! (This should give you a
hint about Objective 4.)
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SOURCE MATERTALS

1. Coordinated Instructional Systems, Lesson Book and Study Resource Materials
Boog {Sound Education, Inc., Palo Alto, Calif.), edited by Y. A. Deterline and
P. D. Lenn.

2. J. L. Evans, “"Behavioral Objectives Are No Damn Good,” Technology and Innovation
in Fducation {Aercspace Education Foundation, Washington, D.C., 1967).

3. Sample Module: A (BP module, for example "Work and Energy.®

PRACTICE TEST

1. List the components of a study module in the order they are presented to the
learner.

2, What is the function of the Practice Test?

3. Does the Introduction in the CBP module “Work and Energy” fulfill the function
of a properly written introduction?

4. Llist the components of a study module in the order of development by the
instructor.

5. Describe the use of test items in identifying your 1earning objectives.
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Appendix 13

STUDY MODULE 6: HOW TO WRITE LEARNING OBJECTIVES 4

INTRODUCTION

The advantage of clearly defined learning objeciives is that the student knows
where he is going, can tell what progress he is making, and can tell when he

gets there. He can direct his attention to the essential information that he
needs; and he can make more efficient use of his time. Minimum learning objectives
fortify the instructor. Without them, there is no basis for evaluating a course,
for. selecting materials, or for choosing instructional methods. The core objec-
tives referred to in the previous study module are the essential objectives that
every student should take with him from the course. Some will say that trial and
error has a place in education because students must learn to achieve in that kind
of real world environment. If that be the case, we should develop "suryival
objectives” rather than hope students will pick them up in courses designed to
develop other competencises.

LEARNING OBJECTIVES

When you have mastered the content of this module, you will be able to:

1. Instructional intentions - Given a 1ist of objectives distinguish between
those that do and do not communicate instructional intentions.

2. Criteria for discrimination ~ Differentiate between learning objectives that
do and do not dascribe {(a) the kind of performance or learrer competency to
be demonstrated, (b) the conditions under which the competency is to be
demonstrated, and {c) the minimum acceptable performance.

3. Hrite learning objectives - Use content material and a list of action verbs
to write learning objectives that accomplish all of the foilowing-
(2) describe the learner's competency {behavior performance) to be demon-
strated as evidence of accomplishment of the objective;
(b) identify the conditions under which competency is to be demonstrated;
and
{c) define the acceptable standards of competency.

SUGGESTED STUDY PROCEDURE

Mager says an instructional objective is an intent communicated by describing
a proposed change in a student. It is a statement of what the student is to
be 1ike when he has successfully completed a learning experience. In other
~ords, it is a description of a pattern of behavior ?perfbrmance) that we
want the student to be able to demonstrate. Everyone who is interested in
teaching skills and knowledge to others should read Mager's book, Preparing
Instructional Objectives {Reference 1). '

The objectives in this study module are "content” objectives as opposed to
"attitudinal” objectives. Bloom's books {Reference 2) discuss the various kinds
of objectives you can choose. Whatever the objective, you should be detailed
enough so that others understand your intent as you understand it.
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The first objective in this module is concerned with cemmunicating your instruc-
tional intent. Nager suggesis you pose three questions io ensure that you do
communicate effectively:

(1) Does your statemert describe the performance (behavior, competency)
by name, that will be accepted as evidence that the l1zarner has achieved

the objective?

(2) Does your statement identify the conditions (givens; restrictions)
under which the learner must demonstrate his competency?

(3) Does your statement describe how well the learner miust perform to be
acceptable (acceptable standards)?

The bast way to couch your objectives in “performance terms® is to use action verbs
that describe what the learner will be doing, e.qg., to write, to identify, to
discriminate, to solve, to repair, to construct, to draw, to list. Strive to

avoid misinterpretation.

Often it is desirable to define the objective more precisely by stating the
conditions that will be imposed on the learner when he is demonstrating his
competency. Restrictions such as, “given such and such,” "using only a voltmeter,"”
and “without the aid of trig tables® might improve the ability of the objective

to communicate. Ask yourself what the learner will be provided and what will he
be denied. Does your objective exclude those learner responses that you do -not
want to elicit? If not, be more specific. One method of ensuring your objectives
are understood is to provide examples or practice exercises. Hote the use of this

practice in the CBP modules.

Stating the minimum acceptable performance further specifies your learning goals.
Wnen appropriate, identify the standard or lower 1imit of acceptable performance,
e.g., a time 1imit, a minimum number of correct responses, a percentage, or an
accuracy. 1If you have followed the above remarks, then you should be able fto
satisfy the objectives of this study module. Try the Practice Test now.

RESOURCE MATERIALS

1. R-F-)Mager: Preparing Instructional Objectives (Fearon, Palo Alto, Calif.,
1962). .

2. B.S. Bloom, Taxonomy of Educational Objectives, Handbooks I and II (Qavid
McKay, New York, 1956, 1964).

3. Verb List (attached).

4. CBP Modules, for example, "Work and Energy.
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PRACTICE TEST

1. Which of the following learning objectives communicate instructional intentions?
(a) To develop an understanding of motion with constant acceleration.
(b) To appreciate the nature of physical law.
{c) To recite from memory . . . .
{d) To be able to repair a voltmeter.
{¢) To write Newton's three laws of motion.
{f} To know how a laser works.

2. ¥hich of the learning objectives in the "Work and Energy” Module are written
in performance terms?

3. ¥hich of the above objectives defines the standard of acceptable performance
{criterion)?

4. ¥hich of the above objectives specify the condifions under which the performance
is to occur? i

5. Do the three written objectives in this study module contain the jtems that are
1isted in Objective 3?

-JuditoAoJdil 404 wWoOd SL éJaq; “3as nok ‘os ,-butmol ol ay3 [Le ysiLdunooe,
‘uotualtan e S3pnioul £ 2AL3DRLqQ Arup "Suol3tpuod syl Bulhstjuspt Aq pue ‘@ouww
-40343d 3yl butqrasssp Aq Juajut |Puol}dnalsui 8yl sjeotunutiod (adoy aM) A3yl g

© Tt 30 35t
e uaAlb aue nof usym, ¢ - - ° SIpnlouL yoLym, ¢ ° ° * 30 uo;;ﬁ;aasap e uaALb,,
o elduexa aos, ¢ ° weabelp 3e3s v uo, ‘-6°3 SsuoLyipuod £310ads 3soy ¥

-swa|qo4d su3l BulA|os 403 juui| awe} e Buikitosds Aq 4o %6 ¥
J0Jdz 3|geMolie, ‘uolaalldd 243 Bulppe £q paipawsa 3¢ pLnod sLy] °Op 3UOH °¢

*@A1302{qo0 3y} peyst|diodde Sey 9y SaJraSudiiep 3y St wioraad pLhom
Jd3udeaf 2y} 3oe ue Saweu yoej swua} duewmdoidad ul usIram ade wayl o LY 2

*Asy3le .

yonw utefdxa 3 usaop (1) =ALID3LqO ul Mowj, pJoM 3y] -uorjeloaadde 10 DUSPLAR
se sty} 3dadde 03 Auessadau aq pinom 3L ‘yo-Appep “3eyy Hip i, ‘pajJewad Jaudes|
3yy 11 -J40LARYSQ Aup 3ulisp 40 Ipn|dadd jou ssop (4) sAL3defqo syp ;spuelsaspun
3y 3243 S3jeJa3Sucusp 3y uayM Bulop Jsudes| ayl SL Jeys (B) @s0yd nok 11 Suot
-3uajul [Puol3onJlsul 3y} *sumal adueioddad ut “azeotunwod (3) pue {p) {2} L

SAaMSUy 3531 20130044

99

.- - - - - - - .;




Appendix 16

THE KELLER PLAN®

L T - T P P T L T

In a 1967 address Professor Fred Keller, a distinguished investigator of basic
processes of learning, described to fellow educators a method of college teaching
which breaks radically with past practices. In the five years since Keller's
address, the method - sometimes known as “seif-paced superyised study” but often
called simply the Keller Plan - has been applied in numerpus college courses
around the country.

The work of a course taught by the Keller plan is divided into units. Ina E
simple case, 15 units may be delineated which reflect the i5 chapters of the k
course text. A student starting the first unit is given a printed study guide
that introduces the unit, describes jts objectives, recommends procedures for
studying to achieve these objectives, and includes sample questions. The stu-
dent works individually on the unit, and must demonstrate his mastery of the
material before moving on to the next unit in the sequence. -

Mastery is ordinarily demonstrated by perfect or near perfect performance on

a short-essay examination {Keller's preference for his introductory psychology
course). The student may take an examination on a given unit whenever he feels
ready, and fajlure to pass the test on the first try, the second, the third, or
even later, is not held against him. However, he is given the study guide for
the next unit only after he demonstrates mastery of the unit. Thus, studeants
move at their own pace through a course from start to finish. A student may
meet all course requirements in less than a semester, or he may not complete
the course within the semester.

Throughout much of the course, the classroom simply functions as a study hall,
where the student may read course material. Lectures and demonstrations are
given less frequently than in a conventional course {perhaps six lectures in
the course of a semester). In Keller's courses lectures and demonstrations
were vehicles for motivation; they were not compulsory and no examination was

based on them.

The staff for implementing the Keller Plan includes the instructor and under-
graduate proctors. The instructor selects and organizes all study materials
used in the course, and is responsible for the construction of examinations and
for the final evaluation of each student's progress. A proctor is an under-
graduate who has already completed the course and bheen chosen for his mastery
of the course content and orientation, for his maturity of judgement, for his
understanding of the special problems that confront students as beginners, and
for his willingness to assist. The proctor receives academic credit for a
sianificant learning experience. He provides students with study materials
{except for texthooks) for the unit they are attempting and passes upon the
successive mastery test as satisfactory or unsatisfactory. Course grades under
the Keller Plan are usually based on the number of uniis of reading and the lab-
oratory work successfully completed during the term and a final examination.

Keller {1968) summarizes those features of the plan that seem to distinguish
it most clearly from conventional teaching procedures.

*By Dr. Jdames A. Kulik of CRLT, from the Memo to the Faculty, April 1972.
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Appendix 17

“(1) The go-ai-your-own-pace feature, which permits a student to move through the
course at a speed comensurate with his ability and other demands on his time.

“(2) The unit-perfection requirement for advance, which lets the student go ahead
to new material only after demonstrating mastery of that which preceded.

"(3) The use of lectures and demonstrations as vehicles of motivation, rather than
sources of critical information.

"(4) The relzted stress upon the written work in teacher-student communication;
and finally:

*(5) The use of procfors, which permits repeated testing, immediaté scoring, al-
most unavoidable tutoring, and a marked enhancement of the personal-social
aspects of the educational process.”

From letters received by the editors of a newsletter devoted to the Keller Plan
(Sherman, 1971), it has been estimated that over 500 faculty members in a variety
of disciplines have taught {or are about to teach) Keller-based courses. Hot all
the courses include all five of the features described by Keller; modifications
have been introduced to fit a variety of local demands. A review (Kulik, 1972)
of early reports on application of Keller-based plans makes several points:

1. Students taking Keller courses report spending a good deal of time on their
studies. Several investigators report relatively high dropouts rates from Keller-
based courses, and the most frequent comment from students who withdraw is that
these courses are *too much work.”

2. Students finishing Keller-based courses usually are given high grades. Since
grades are assigned in & manner having 1ittle parallel in traditional courses,
grade-distributions do not necessarily indicate that students learn more, but
there are no reports of poorer learning under the Keller Plan.

3. In a number of comparisons, there are no significant differences on final-
examination performances of students in Keller and conventional classrooms and
in a few investigations, students studying under the Keller Plan do somewhat
better on final examinations. Interpretation of these results must take into
account dropout rates.

4. Most studies show thai students completing Keller courses are highly satisfied
with the learning method. In the University of Florida project, for instance,
all students reporied that they preferred the unit-performance format to typical
course formatse. Evidence showing strong student dissatisfaction with the Plan

has not yet been presented. Interpretation of these results also must take into
account dropout rates and grading practices.

5. There is some consensus among those who have used the Keller Plan that under-
graduate students serving &s proctors benefit especiaily from the method.

6. Several authors have noted the possible cost-savings to institutions using
the Keller Plan. The use of undergraduate assistants is one basis for the econony.
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Appendix

*
VERB LIST

SOME POSSIBLE VERBS FOR USE IN STATING COGHITIVE GUTCOHESf

Bloom's Taxonomy of Educational Objectives

Knowledge - to recall and recognize.

Comprehension -~ to translate from one form to another.

Application - to apply or use information in a new situation.
Analysis - to examine a complex .and break it down into its parts.
Synthesis - to put together information in a unigue or novel way to solve a problem.
Evaluation - to make a judgment about sométhing in 1ight of some criteria.

Knowledge Comprehension Application Analysis
define translate interpret distinguish
repeat restate apply analyze
record discuss employ differentiate
list describe use appraise
recall recognize demonstrate calculate
naine explain . dramatize experiment
relate express practice test
underline identify illustrate compare
locate operate contrast
report schedule criticize
review show diagram
tell sketch inspect
debate
inventory
guestion
relate
solve
examine
categorize

THREE XKINDS OF OBJECTIVES

18

Synthesis Evaluation
compose judge
plan appraise
propose evaluate
design rate
formulate compare
arrange value
assemble revise
collect score
construct select
create choose
set up assess
organize estimate
manage measure
prepare

Cognitive - to promote abilities in thought and understanding.
Attitudinal - to promote changes in attitude, feeling, or emotion.
Psychomotor - to promote improvement in physical or manipulative skills.

*R.B. & S.R. Johnson, Assuring Learning with Self Instructional Packages {Self

Instructional Packages, Inc., Philippines, 1973).

fComp1iments of Marybelle Savage.
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- PSI INSTRUCTIONAL TASKS

. If you are interested
in teaching a course us~
- ing the Personalized Sys-
. tem of Instruction, you
. need to give thought to
- at least three instruc-
" tional tasks: develop-
I ment of the course con~
. tent, devising a course
. policy, and formulating
a strategy for manmaging
~ the course.

. The development of your

llll Assredwtdanssdrnddndnisadandanii

course content may be
facilitated if you look
at vhat the other pecple
have done in your aca-
demic discipline or any
related content areas.
Both the ings of
the Rice Conference®™ and
the PSI Kewsletier? are
good sources of such in-
fonration

Most PSI courses use
scoe 1-o;r:m of vxritten star

writing sbudy
you will find a booklet
by Walbesser, et.al.3 of
some interest or perhaps
the article by Speeth &
Marquilles on Techniques
for Maintaining Student
¥otivation®.4

Of course, you could
hardly go wrong if you
follow the prescription,
prescribed by Dr. Keller
as follows:

"The first thing to &
is to break down your
couxse material into the
study units., Twenty to
thirty, in a three~hour
course, is my suggestion;
but therek getting to be
a lot of talk about the
mmber of units, and I
guess it depends on so
many things that I8 ket~
ter not stress that. It
should include; however,
three or four wnits of a
review, That is to awoid
undue fragmentation of

7 the course and to consor

idate what the student
has learned.

fteatigsnsssndddgdnsannd srdsmwmsanags’

UNIVERSITY OF NEERASKA-LINCOLN
In response to questions about PSI raised by our
film, "Personalized System of Instruction: An Altex-

nat.ive"

this guide has been campiled by Dr. Vernon

Wllhams, Teaching and Iearning Center; and Drs.
Robert G, Fuller and David W. Joseph, Department of

. Physics.,

Single copies of this guide are available for $.25
and 10 or more copies for $.10 each plus postage.

MM from Dr. James G.

Buterbaugh, Instructional

EKC Center, 421 Nebraska Hall, University of Ne-

o=ty Lincoln 68568,
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Seconily, add to each
m:!.tasnto; study -ques

dent throwgh the unit at
his own pace,testing him
as many times as needéd;
without penalty for fail-
ing, until each unit is
rastered to perfection.I
know t::wn isa word
that pe in quota-
tions,but we know rough-
1y vhat I mean.

Pourthly, throw in a
few lectures or Gemon~
term for seasoning. But
don't require your stu-
dents to attend them.
Their aim is to inspire,
not to be ramedial or o
inform, and if you over-
do the lecturing, you’re
taking the students awey
fram things that would
be more productive,

Fifthly, use well-pre-
pared and carefully gui-
ded student proctors to
¢grade the unit tests.
One procter to each ten
students is about the
right proportion. :

233 a. final examina-
tiocn, if you wish, when
the units have a].l been
campleted, It may make
your course smell better
to your colleagues, and
it may fortify the pro-
duct. Give an "A" to
everyone who conpletes
the course regquirements,
early or late--—-roughly
as you would awerd a
Ph.D. Be genercas with
your Incampletes, but it
is possible that you may
want to stir things uw a
bit if you see too much
procrastination taking

place. And, finally,
watch carefully, while

cooking.”




