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Preface 
 
 

Superstrings and Other Things: A Guide to Physics, Third Edition, is a conceptual and 
comprehensive survey of physics for the general reader as well as for students taking physics 
for the liberal arts or similar courses. The book presents physics conceptually, in most cases 
using no mathematics. 

This Numerical Guide is intended as a supplement to the conceptual treatment of physics in 
the book. Every chapter in this Guide presents a summary of all the concepts introduced in the 
book, followed by worked out numerical examples. Most chapters also contain a short section 
called Experiencing Physics, which presents a “thought experiment” for the student to solve. 

A comprehensive set of conceptual questions is included in each chapter. These questions are 
separated by sections that correspond to those in Superstrings. The chapter concludes with a 
collection of numerical problems based on the simple formulas introduced in the main text 
and summarized in the Chapter Summary of the Numerical Guide. Answers to all problems 
appear at the end of the manual. 
Instructors using this Numerical Guide in their courses for non-majors have a great deal of 
versatility. Those instructors emphasizing only the conceptual aspect of the book might only 
make use of the large collection of conceptual questions included in each chapter. Instructors 
interested in developing some numerical aspects of physics might use the worked-out 
examples and the problems presented at the end of each chapter. These problems range in 
difficulty from simple direct applications of the main equation to moderately challenging 
exercises. No problem requires anything more than simple algebra in its solution. 

I hope that the students using this Numerical Guide will find that it enhances their 
understanding of the concepts discussed in the book. Discussing the answers to the conceptual 
questions and working through some of the exercises will perhaps initiate some enjoyable 
discussions and provide a better appreciation for the world around us. 
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1  Physics: The Fundamental Science 
 
 
 

Chapter Summary 
• Scientific theories never become finished products. 

• A scientist formulates a theory based on existing knowledge. The theory is used to make 
predictions of the results of future experiments. If the predictions are wrong, the theory is 
incorrect. If the predictions are right, the scientists should then make further predictions to 
be tested and the theory gains strength. 

• The SI system, based on the metric system invented in France during the French Revolution, 
is the system of units used in science. 

• The fundamental quantities in mechanics are length, mass, and time. The corresponding 
fundamental units in the SI system are the meter, the kilogram and the second. 

• Since atoms are very small, their masses are given in atomic mass units, amu, rather than in 
kilograms. An atomic mass unit is 

1 amu = 1.6605402 ´ 10-27 kg. 

 

Example 1. 
The average distance from the earth to the sun is 150,000,000 km. Express this number in 
scientific notation. 

Answer:  Since this is a very large number, it is more convenient to write it in scientific 
notation. As we learned in this section, in scientific notation this number is written as a number 
between 1 and 10 followed by the appropriate power of 10. In this case, the number between 1 
and 10 would be 1.5. And since we would have to multiply 1.5 by 100,000,000 (which is 108) 
to get 150,000,000, our number is then written in scientific notation as 1.5 ´ 108 km. 
 

Example 2. 
What is the height of a “short” 6-foot basketball player in meters? (One foot is equivalent to 
0.3 meters)  

Answer:  Since one foot is equivalent to 0.3 meters, then 6 feet is equivalent to 6 ´ 0.3 m = 1.8 
m. 
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Questions 
What Is Physics? 
1. How do we distinguish science from 

other disciplines? 

The Scientific Method:  Learning from 
our Mistakes 

2. Is it possible to develop a scientific 
theory that could eventually be 
proven correct? 

3. Was it possible to decide whether the 
“particle democracy” or the quark 
theory was incorrect before any of the 
theories’ predictions were 
corroborated? 

4. How can scientists decide between 
competing scientific theories? 

5. If, for some particular reason, all the 
swans that you have seen in your life 
have been white, are you justified in 
saying that all swans are white? 

6. A theory makes several hundred 
predictions, all of them correct. Is the 
theory correct? 

7. If hundreds of predictions made by a 
certain theory are corroborated while 
one particular prediction, after many 
tests, fails, does the theory have to be 
abandoned? Explain. 

8. If a theory is disproved, does it mean 
that is was of no use to science? 

9. A theory makes several predictions 
that agree with experimental 
evidence. One single measurement, 
however, seems to contradict another 
prediction. Has the theory been 
invalidated? Explain. 

Sizes of Things: Measurement 
10. The meter was originally defined as 

1/10,000,000 of the length of Earth’s 
meridian between the Equator and the 
North Pole. What is the length of the 
circumference of the Earth’s meridian 
circle? 

 

Problems 
1. The accepted value for the speed of 

light is 299,792,458 m/s. Express 
this number in scientific notation. 

2. An airplane takes off with a speed 
of 200 km/h. What is this speed in 
miles per hour? (One mile is 
equivalent to 1.6 km) 

3. How many seconds are there in a 
year? 

4. How many years would it take to 
count up to 1 trillion if one could 
count one number every second? 
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2  The Description of Motion 
 
 
 

Chapter Summary 
• Average Speed is defined as the total distance traveled divided by the time taken to travel this 

distance. The units of speed are units of distance divided by units of time. In the SI system, 
the units are m/s. 

• Instantaneous speed is the speed that an object has at any given instant. 

• The velocity of an object gives the speed and the direction of the motion. 

• Motion at a constant velocity is called uniform motion. 
• Quantities that require a magnitude and a direction for their complete specification, like 

velocity, are called vector quantities. 
• Acceleration is the rate at which velocity changes. In symbols, average acceleration is 

 

 The SI units of acceleration are m/s/s or m/s2. 
• Motion with constant acceleration is called uniformly accelerated motion. 

• One important example of uniformly accelerated motion is the vertical motion of an object 
falling towards the ground due to the gravitational attraction of the earth. This gravitational 
attraction produces a constant acceleration g = 9.8 m/s2. 

 For an object falling from rest, the magnitude of the velocity after a time t is v = gt. The 
distance that the object falls from rest at a time t is d = gt2/2. 

• The motion of projectiles can be analyzed as two independent motions, one horizontal and the 
other one vertical. The horizontal motion is uniform while the vertical is uniformly accelerated 
and is the same as the motion of a freely falling object. 

 

Example 1. 
Express the speed of the runner in figure E2-1 in km/h.  

Answer:  Since the runner runs 100 meters in one minute, he would run 100 ´ 60 meters in 60 
minutes or 6,000 meters in 1 hour. The speed is then 6 km/h.  
 

    
a =

Dv
t
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Figure E2-1. Several positions of a runner running along a straight track. 

 

Example 2. 
A boy takes 15 min to ride his bicycle to his friend’s house, which is 2 km away. What is the 
average speed for this trip?  

Answer:  The average speed for this trip is the distance traveled to the friend’s house, which is 2 
km, divided by the time it took the boy to arrive there, which is 15 minutes or 1/4 of an hour: 

�̅� =
𝑑
𝑡 =

2	km
0.25	h 

 

Example 3. 
A student takes 2 hours to drive the 150 km distance to her home. Find the average speed at which 
the trip took place. 
Answer:  To compute the average speed, all we need is the total distance traveled and the time 
taken. Thus, whether the student stops for 10 minutes to buy a soft drink or is slowed down by 
traffic in a 5-km stretch of the road, should not concern us. We are not interested in the details of 
the trip, only in obtaining information about the trip in general. Therefore, the average speed is 
simply 

 
 

  v = d
t

= 150 km
2 h

= 75 km/h
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Example 4. 
A student leaves campus and walks east for 6 km. She then turns around and walks west for 2 km. 
What is the resultant of the two vectors representing these two trips? 

Answer:  We can represent these two trips by the two vectors in the following diagram: 

 

The resultant of these two vectors is the vector shown at the bottom of the diagram, of magnitude 
4 km. 
 

Example 5. 
What is the magnitude of the rectangular components of vector A in the diagram below? Each 
division equals 1 km. 

 

Answer:  The horizontal component has a magnitude of 5 km and the vertical component has a 
magnitude of 3 km. 

 

Example 6. 
A swimmer swims in a river at 6 km/h upstream. The speed of the water with respect to shore is 
2 km/h. What is the swimmer’s speed as measured from shore? 

 

Answer:  Velocities are vector quantities. The velocity of the swimmer with 
respect to shore and the velocity of the water are shown in the diagram. The 
resultant of these two vectors is the vector of magnitude 4 km/h, as shown in the 
diagram. The swimmer’s speed as measured from shore is 4 km/h upstream. 
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Example 7. 
It takes the driver of a late-model automobile 3.75 seconds to decelerate to a full stop when its 
brakes are fully applied. If the deceleration was 16 mi/h/s, what was the speed just before applying 
the brakes? 

 

Answer:  Since the final speed is zero, the change in speed is the speed just before applying the 
brakes. This speed is then: 

 
 

Example 8. 
A boy pitches a baseball horizontally and both the batter and the catcher miss it. If the ball takes 
exactly 0.43 seconds to hit the ground, determine the height above the ground from where the ball 
was thrown. Neglect air resistance. 

 

Answer: Since the horizontal and vertical components of the ball’s motion are independent, it 
does not matter how fast the ball is pitched. The ball will fall to the ground at the same time 
whether it is pitched horizontally at 90 miles an hour, 20 miles an hour or 0 miles an hour. At 0 
miles an hour, the ball simply falls vertically to the ground. We know how to calculate the distance 
traveled by a balling object if we know the time. This distance is 

 

or 90 cm. 
 
Experiencing Physics 1.  Imagine that you are performing the experiment with dry ice shown 
in figure 2-2 in the text (the “text” refers to Superstrings and Other Things-A Guide to Physics, 
3rd Edition) with exactly the same equipment and conditions, except that you now have a strobe 
that fires every 0.20 s. Imagine also that you could give the disk exactly the same push as in the 
experiment with the 0.10-second strobe used in the photograph. Would you get more or less 
images of the disk in your picture if you photograph the same section of the measuring stick? 
How many images do you actually get in this situation? What is the disk’s speed now?* 

 
* An experiment that you perform in your mind is called a “thought experiment,” and was invented by Galileo and 
used extensively by Einstein. The idea is that although some requirements for the experiment might be difficult to 
achieve due to lack of precision equipment (as is the case with giving the disk exactly the same push in both cases), 
in theory nothing should prevent us from perfoming the experiment if we had access to such equipment (a 
calibrated launcher for the disk, in this case). 

  v = a t = 16 mph
s 3.75s = 60 mph

m90.0)s43.0(m/s8.9
2
1

2
1 222 =´´= =gtd
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Experiencing Physics 2.  Imagine that you are flying a small drone. If your drone is flying 
north at 10 mph when a sudden 5 mph easterly wind blows, how should you steer the drone to 
continue on course?** 
Experiencing Physics 3.  A boy drops a baseball from shoulder height. The ball takes 0.43 s 
to reach the ground. How long would the same ball take to hit the flat ground if pitched 
horizontally from the same height? How long would it take for the ball to hit the ground if the 
boy pitches it much farther away? See figure E2-2. 

 
Figure E2-2 The ball takes the same time to fall to the ground, regardless of how fast it is pitched 
horizontally. 

 
 

Questions 
Understanding Motion 

1. Do you think it is possible for the 
universe to exist without motion? 

Uniform Motion 
2. If a runner covers 10 meters every 6 

seconds, how far would he travel in 24 
seconds if the runner keeps moving with 
uniform motion? 

3. If you drive one kilometer every minute, 
what is your speed in km/h? 

4. If you drive at 30 km/h, how long does it 
take you to travel 2 km? 

Average Speed 
5. Who is faster, a student who runs 1000 m 

in 8 minutes or his friend who runs 1 km 
in 480 seconds? 

 
**A vector diagram can help you answer this question. There is no need for numbers. 

6. If you drive at a constant speed, traveling 
15 km every 10 minutes, how far do you 
travel in 1 h? 

7. A woman driving along a straight road 
drives 500 meters in one minute. If she 
drives at a constant speed, how far does 
she travel in one hour? 

Instantaneous Speed 
8. Does the speedometer of an automobile 

measure speed or velocity? 

9. If the speed of an object is constant, is the 
object’s average speed the same as its 
instantaneous speed? 

10. You travel from point A to point B at a 
constant velocity of 30 mph. Then you 
travel from B to point C at a constant 
velocity of 40 mph. Is it possible for the 
average velocity for the entire trip from 
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A to C to be the average of the two 
velocities, that is, 35 mph? Explain. 

Vectors 

11. Classify the following quantities as 
scalar or vectors: length, velocity, the 
time of day, acceleration, displacement, 
area, volume. 

12. Can you think of a way to orient two 
vectors a and b so that their vector sum 
has a smaller magnitude than the 
magnitudes of either a or b? 

13. Vector A has a magnitude of 20 m and a 
direction 30º north of east. Vector B has 
a magnitude of 20 m and a direction 60º 
east of north. Are these vectors different? 

14. What is the resultant of the vectors in 
figure E2-3 if the magnitudes of a and b 
are 12 and 9 units respectively? 

 
Figure E2-3.  See question 14. 

15. What is the resultant of these two 
vectors, each of magnitude 10 units? 

 

 

Figure E2-4. See question 15. 

16. Vector B in figure E2-5 has a magnitude 
of 8 units and the magnitude of vector A 
is twice that of B. What is the resultant? 

 
Figure E2-5.  See question 16. 

17. Vector a has a magnitude of 10 units, and 
points up. Vector b points down and has 
a magnitude of 7 units. Give the resultant 
of these two vectors. 

18. A vector points to the right. A second 
vector has a magnitude equal to one-half 

the magnitude of the first vector and 
points to the left. Give the resultant of the 
two vectors. 

19. Is it possible to add three vectors and 
obtain a zero resultant? 

20. Is it possible for two vectors of the same 
magnitude to have a resultant also of the 
same magnitude? Explain with a vector 
diagram. 

21. Is it possible for two vectors of the same 
magnitude to have a zero resultant? 
Explain with a vector diagram. 

22. Is it possible for two vectors of different 
magnitudes to have a zero resultant? 
Explain with a vector diagram. 

23. Two vectors have the same magnitude. Is 
it possible for the vector sum to have a 
smaller magnitude than each of the two 
vectors? Explain with a vector diagram. 

24. Explain why the parallelogram method 
for adding vectors is equivalent to the 
“head-to-tail” method? 

Acceleration 

25. Is it possible for an object to have zero 
velocity and still have a non zero value 
of the acceleration? 

26. Can a body have non zero velocity and 
zero acceleration? 

27. Is it possible for an object to have a 
decreasing acceleration while increasing 
its speed? 

28. Michelle rides her bicycle at 25 km/h, 
while Lisa rides hers at 30 km/h. Both 
bicyclists are accelerating up a gentle 
hill. Is Michelle necesarilly accelerating 
at a faster rate than Lisa? 

29. A car travels at 40 m/s and a bicycle rider 
is traveling at 3 m/s. Is it possible for the 
car to have the same acceleration as the 
bicycle? 

a

b

A

B

A 

B 
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30. Convert the units in the average velocity 
of 20 m/s calculated by Laurie to miles 
per hour. 

31. Acceleration and velocity are both vector 
quantities. Must they always be in the 
same direction? Discuss and give 
examples. 

32. After defining acceleration, we stated 
that since velocity is a vector quantity, 
acceleration is also a vector quantity. 
Why is this so? 

Uniformly Accelerated Motion 

33. If the speedometer of your car indicates 
that you have been driving at a speed of 
70 km/h for the last 20 minutes, can you 
say that you have not been accelerating? 
Discuss different possibilities. 

34. If a driver accelerates from rest at a rate 
of 5 mi/h/s during 10 seconds, what is the 
speed at the end of the 10 seconds? 

35. If a driver accelerates from an initial 
speed of 20 mi/h at a rate of 7 mi/h/s 
during 10 seconds, what is the final 
speed? 

Falling Bodies 

36. What is the acceleration of a ball that you 
drop from a balcony? 

37. What is the acceleration of a ball that you 
throw straight down from a balcony? 

38. If you throw a ball upwards, what is the 
acceleration of the ball 

while it goes up, (b) at the top of its 
motion, and (c) falling down? 

39. If you throw a ball upwards, what is the 
speed of the ball at the top of its motion? 

40. Which ball arrives at the ground with the 
greatest speed, one that is thrown up, 
reaches a height of 5 m, and falls back 
down or one that is thrown straight down 
from a height of 5 m? 

The Motion of Projectiles 
41. You throw a rock horizontally from a 

bridge over a pond and the rock hits the 
water in 1 second. How long would have 
taken the rock to reach the water if you 
had instead dropped it form the bridge? 

42. A young child throws a rock horizontally 
from a bridge onto a pond. A college 
student also throws a rock horizontally 
from the same bridge with a greater 
speed. Neglecting air resistance, which 
rock hits the water first? 

43. A bullet is fired from a rifle held parallel 
to the ground in a wide, empty and flat 
field. How could you easily calculate the 
time it would take the bullet to hit the 
ground? 

44. A short baseball player can throw a ball 
horizontally with the same speed as a tall 
one. Which one can throw it farthest? 

45. If you throw a ball straight up while 
standing on a moving train, where is the 
ball going to fall, ahead, behind or on top 
of you? Neglect air resistance. 
[Remember that before you throw it, the 
ball has the same horizontal velocity, 
with respect to the ground, as that of the 
train.] 

 

Problems 
1. A 10-year-old’s best time of 51.67 

seconds for the 50 m breast stroke won 
him first place in his category at the 
swimming competition. Calculate the 
child’s average speed. 

2. Light propagates through 
space at a speed of 3.0 ´ 108 m/s. How 
long does it take light to traverse the 
distance from the sun to the earth, 
which is 1.49 ´ 1011 m 
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3. The sign in a European highway 
informs the motorist that the speed 
limit is 120 km/h. Is this speed higher 
than the U.S. speed limit of 65 mi/h? 
[Look up the equivalence between 
miles and kilometers in the Appendix] 

4. The light-year is a measure of distance. 
It is the distance traveled by light in 1 
year. Express 1 light-year in 
kilometers. [The speed of light is 3.0 
´ 108 m/s]5. If a long 
distance runner maintains a speed of 15 
km/h during the entire 10-km race, 
what is the runner’s time for this race? 
Can you express your answer in 
minutes? 

6. What is the average speed of an 
airplane that flies 2000 km in 4 hours? 

7. The Space Shuttle was moved from the 
assembly building to the launch pad 
perched vertically atop a transporter 
with a tank-like tread. It takes 7 hours 
to complete the snail’s pace 6-km trip. 
What is the average speed of the 
transporter? 

8. A student is going home for 
Thanksgiving. Her parents wish her to 
arrive before 6 PM on Wednesday but 
she has to attend a class until 12 noon. 
If her home is 288 km away, at what 
average speed does she need to drive to 
get home on time? 

9. If the student, in the situation of the 
previous problem, is delayed after class 
by a friend that talks to her for 20 
minutes, what average speed does she 
require now to get home by 6 PM? 

10. What are the horizontal and vertical 
components of the vector shown in Fig. 
E2-6. Each division equals 1 m. 

 
Figure E2-6. Problem 10. 

11. Determine the horizontal and vertical 
components of vectors A and B in figure 
E2-7. Each division equals 1 m. 

 
Figure E2-7. Problem 11. 

12. A woman swims in a river at 8.0 km/h 
upstream. If the speed of the water with 
respect to the shore is 5.0 km/h, how 
long does it take the woman to swim 
2.0 km with respect to the shore? [Hint: 
recall that velocity is a vector quantity.] 

13. When the light turns green at an 
intersection a truck starts accelerating 
and in 25 s is traveling at 36 km/h. Find 
the acceleration of the truck. 

14. A spaceship accelerates from rest at a 
constant rate of 0.001 m/s2 for three 
years. What is the speed of the 
spaceship at the end of the three years? 

15. A runner starts form rest and in 1 
second is running at a speed of 2 m/s. 
If the runner keeps increasing the speed 
at the same rate for 4 additional 
seconds, what is the speed at the end of 
the 5 seconds? 

16. To find the height of a building, a girl 
drops a rock from the top and starts a 
timer as she releases the rock. Her 
friend, standing on the ground below at 
the foot of the building, signals her to 
stop the timer when he sees the rock hit 

A

x (m)

y (m)

AB

x (m)

y (m)



2 The Description of Motion 11 

the ground next to him. If it took 3.0 
seconds for the rock to hit the ground, 
how tall is the building? 

17. A window washer drops a squeegee 
from a platform, 60 meters above the 
ground. How long does it take for the 
squeegee to hit the ground? 

18. A boy wants to drop a tennis ball from 
the small window of his attic room so 
that it hits the ground at the same time 
that his friend, who is roller skating 
below, passes by his house. The boy 
figures that his friend is skating at 5 

m/s and has determined that his 
window is 9 meters above the ground. 
How far from his house should his 
friend be when the boy drops the tennis 
ball? 

19. An archer shoots an arrow horizontally 
over a flat field at a speed of 30 m/s. If 
the arrow is fired from a height of 1.60 
m, how long does it take the arrow to 
hit the ground? At what distance from 
the archer does the arrow hit the 
ground? Neglect air resistance.

 



 



 

3  The Laws of Mechanics: Newton’s Laws of 
Motion 

 
 
 

Chapter Summary 

• Experimental science starts in the sixteenth century with Galileo. 

• In the Principia, probably the most important scientific treatise ever written, Isaac 
Newton states his three laws of motion. In contemporary language, the three laws are: 

First Law: Every object continues in its state of rest or of uniform motion unless 
compelled to change that state by an external force acting on it. 

Inertia is the resistance that all objects present to any attempt to change their state of 
motion. The inertia of an object is related to the object’s mass. 

Second Law: The acceleration of an object is directly proportional to the net force 
acting on it and inversely proportional to its mass: 

F = m a 

Third Law: When two objects interact, they exert forces on each other that are equal in 
magnitude and opposite in direction. 

• The weight of an object is the force with which the earth attracts it towards its center 
when the object is on or near the earth’s surface. From Newton’s second law, it can be 
expressed as 

w = m g. 

• The SI unit of force is the newton, defined as 

1 N = 1 kg ´ m/s2. 

Example 1. 
At the supermarket, you push a cart loaded with groceries along an aisle (figure E3-1). If 
the cart and groceries have a combined mass of 30 kg, what would be the force required to 
accelerate the cart from rest up to a speed of 2 m/s in one second (that is, an acceleration 
of 2/s/s or 2 m/s2). Assume that friction is too small to be considered in this calculation. 
 
Answer: 1 Since we are given the total mass of the cart and groceries and the value of the 
acceleration wanted, Newton’s second law gives us the net force required: 

F = m a = 30 kg ´ 2 m/s2 = 60 kg ´ m/s2 = 60 N. 
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Figure E3-1. Pushing with a force F allows the shopper to accelerate the cart. 

 

Example 2. 
A car pulling a 200-kg trailer exerts of force of 100 N on the trailer. At what rate is the 
trailer (and the car) accelerating? 

Answer: From Newton’s second law, the rate at which the trailer accelerates is equal to 
the force exerted by the car on the trailer divided by its mass: 

 

 

Example 3. 
What is the weight of one gallon of milk if its mass is 3.8 kg? 
 
Answer: From Newton’s second law, the w, is 

w = m g. 

Since the value of g is 9.8 m/s2, the weight is 

w = 3.8 kg ´ 9.8 m/s2 = 37 N. 

One gallon of skim milk has a weight of 37 N. 
 
Experiencing Physics.  Galileo’s thought experiment with the inclined plane would 
not work in reality because friction, regardless of how small, would eventually slow down 

2m/s5.0
200kg
100N

===
m
Fa
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the rolling body when the plane shown in Figure 3-4 in the text is in the horizontal position. 
How could you modify this experiment so that friction does not slow down the body? 

Questions 
The Ancient Idea of Motion 
1. We know that Aristotle was wrong in 

saying that heavier objects always fall 
toward the ground faster that lighter 
objects. However, we also know from 
experience that if we simultaneously 
drop a hardbound book and a letter 
envelope from the same height, the book 
will reach the ground faster than the 
envelope. Why does this seem to agree 
with Aristotle? 

The Birth of Modern Science 
2. In what sense can we say that Galileo is 

the father of modern science? 

3. Do you think that Galileo could have 
been able to conclude that all objects fall 
to the ground with the same acceleration 
by using only one single inclination of 
the plane? 

4. How did Galileo establish the modern 
scientific method? 

Galileo Formulates the Law of Inertia 
5. Since Galileo did not possess accurate 

timing devices, how do you think he was 
able to determine that different objects 
falling from the same height arrive at the 
ground with nearly the same speed? 

6. Galileo discovered that a body falling 
through the air is slowed down by an 
increasing air resistance that eventually 
equals the weight of the object. From 
there on, the forces acting on the object 
balance. Use this fact to set up an 
argument to disprove the Aristotelian 
idea that a force is needed to keep an 
object in motion. 

7. If, as some science historians believe, 

Galileo’s idea of a ball “rolling on 
forever” actually meant staying at the 
same height above the earth, what can we 
say about Galileo’s concept of inertia? 

Newton’s First Law: Law of Inertia 
8. What has more inertia, a train moving at 

160 km/h or the same train moving at 100 
km/h? 

9. Which has larger inertia, a pick-up truck 
or a sports car? 

10. Would it be easier to throw a soccer ball 
horizontally on the moon or on the earth? 
How about vertically? 

11. The bus you are traveling on suddenly 
stops, and you let go of a notebook and a 
pencil you had in your hands. Which 
object would keep moving with the larger 
speed? Why? 

12. A car is parked on a driveway. Can we 
say that there are no forces acting on it? 

13. According to Newton’s first law, an ice 
puck moving on very slick ice will not 
slow down. The small frictional force that 
acts on the puck, however, will 
eventually slow it down and, if the ice 
rink were long enough, bring it to a stop. 
Can you think of a situation that is even a 
better approximation to a frictionless 
environment? 

14. What is the net force acting on a parked 
car? What is the net force acting on a car 
moving at a constant 90 km/h on a 
straight road? 

15. A force of 10 newtons is pulling an object 
towards the left at the same time that a 
force of 10 newtons pushes the object to 
the right. If the object was moving at 2 
meters per second before the forces were 
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applied, what is the present state of 
motion of the object? 

16. An astronaut in deep space gives a slight 
push to a small box. What is the net force 
acting on the box after the astronaut 
releases it? How does the box move after 
it is released? 

17. If the astronaut of the previous question 
throws the box towards the upper part of 
the space vehicle, would the box fall 
back into the astronaut’s hands? Would 
there be an “up” or a “down” in space? 
Can things be thrown “up” in space? 

18. How can an astronaut on the 
International Space Station tell the 
difference between two identical and 
sealed boxes, one containing an 
instrument and the other one empty, 
without opening them? 

19. Is it possible for a shuttle astronaut in 
orbit to “weigh” herself, that is, to 
determine her mass? 

 

 
Figure E3-2.  A student riding her bicycle at 10 
mi/h. What is the net force on the bicycle? See 
question 20. [Photograph by the author]. 

20. A student is riding her bicycle at a 

constant speed of 10 miles per hour (Fig. 
E3-2). What is the net force acting on the 
bicycle? 

21. A bicyclist pedals uphill, maintaining a 
constant velocity. Is there a net force on 
the bicycle? 

22. A man drives downhill along a straight 
road at a constant speed of 60 km/h. What 
is the net force on the car? 

23. A student drops a softball from the 
window of his 10th-floor dorm room. As 
the ball accelerates from rest, friction 
with the air increases. What happens 
when this force of friction balances the 
weight of the ball? 

24. Would a plane taking off constitute an 
inertial frame of reference? 

25. Would a train moving with a constant 
velocity constitute an inertial frame of 
reference? 

26. A child is rollerskating at 5 km/h on a 
horizontal surface. Is there a frame of 
reference for which the child is at rest? 

Newton’s Second Law: Law of Force 
27. If a net force acts on an object, does the 

object’s state of motion always change 
(even if the force is very small)? Explain. 

28. If two forces are applied to an object, 
does the object necessarily accelerate? 
Discuss. 

29. If you push a very heavy crate and fail to 
move it, is this a violation of Newton’s 
second law? Explain. 

30. Consider an object of mass m out in 
space, far away from all other objects. 
Would the force required to set this object 
into motion be zero? 

31. Could you pitch a faster ball in outer 
space, where the ball has no weight? 

32. What is the force required to push a small 
2000-kg station wagon from rest to 5 
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km/h in 10 seconds? 
33. A person pushes a stalled car from rest 

to a speed of 5 km/h in 2 minutes. What 
speed would the same car reach if two 
other people of equal strength push for 
the same 2 minutes? 

34. A man is able to accelerate a stalled 
2000-kg car from rest to 5 km/h in 2 
minutes. How many people of similar 
strength are needed to achieve the same 
speed with a stalled 10,000-kg truck? 

35. A student is able to push a cart for 20 
seconds and accelerate it to 5 m/s, 
starting from rest. How long would it 
take the student to push a cart three times 
as heavy so that it reaches the same 
speed of 5 m/s, if he is able to push with 
the same force throughout? 

36. The drivers of a small car and a full-size 
sedan race each other when the light 
turns green at an intersection. If they 
approach the next intersection at the 
same speed, which car experienced the 
greatest force? Why?  

37. You push a box of mass m across the 
floor for 10 seconds with a force of 
magnitude F and move it for a distance 
of 5 meters, starting from rest. If you 
apply the same force of magnitude F for 
20 seconds to push another box of mass 
M (larger than m) throughout the same 
distance of 5 meters, which box has a 
larger acceleration? 

38. You might be able to lift a heavy object 
with a weak string, if you do it carefully. 
Explain why. 

39. A rope withstands a maximum tension of 
200 N. Could you use it to lift a 30-kg 
box? 

40. Could you use the rope in the previous 
question to lower the same 30-kg box? 

 

 
Newton’s Third Law: Law of Action and 
Reaction 
41. What force returns the basketball you are 

dribbling back at you? 

42. A child pulls a wagon with a certain 
force. What is the reaction to this force? 

43. Do the forces (action and reaction) in the 
previous question balance each other out? 
Is the net force on the wagon then zero? 
Explain. 

44. A paper clip hangs from a small magnet 
that a boy is playing with. The magnet 
exerts an attractive force of about one-
hundredth of a newton on the paper clip. 
What is the reaction to this force? 

45. The earth revolves around the sun due to 
the force of attraction that the sun exerts 
on the earth. Does the earth exert a force 
on the sun? Explain. 

46. The earth exerts a force on the moon 
which keeps it in orbit about the earth. 
The moon exerts an equal an opposite 
force on the earth. Why does the earth not 
revolve around the moon? 

47. If you push a shopping cart along the 
floor in a supermarket, is the force that it 
exerts on you smaller or greater than the 
force that you apply to it? Consider the 
action of the force of friction in this case. 

48. A 170-lb student and his 110-lb girlfriend 
are ice skating together. If they hold 
hands and pull each other closer, which 
one exerts the greater force? Which one 
experiences the greater acceleration? 

49. If you were standing in the middle of a 
frozen lake with perfectly slick ice, could 
you ever reach shore? Explain. 

50. What is the weight of a 10-kg mass? 
51. A man has a mass of 80 kg. What is the 

force with which the earth pulls on his 
body? What is the man’s weight? 
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52. What is the force exerted by a 40-kg boy 
on the earth? What is the direction of this 
force? 

53. The earth pulls on the moon with a force 
of 1.98 ´ 1022 N. What is the force with 
which the moon pulls on the earth? Do 
these forces cancel each other out? 

54. When you walk, what is the force that 
allows you to move forward? 

55. Your friend is riding her sled and wants 
you to give her a good push. You are 
tired, and tell her that according to 
Newton’s third law, whatever force you 
apply to the sled will be matched by an 
equal and opposite force on you. 
Therefore, since the forces balance, 
there is no sense in wasting time. What 
is the fallacy in this argument? 

56. Two equal and opposite forces act on a 
body. Are these two forces an action-
reaction pair? 

57. In Figure E3-3, the table pushes up with 
a force F to balance the weight of the 
book. Identify the reaction to this force. 

   
Figure E3-3. Question 57. 

 

Problems 
1. A tennis player hits a 60-g ball with a 

force of 10 N. Determine the 
acceleration of the tennis ball during 
the time of contact with the racket. 

2. (a) What is the weight of a 1.0-kg 
hardbound book? 

 (b) Calculate the weight of a 200-g jar 
of instant coffee. 

 (c) Compute your weight in newtons. 

3. (a) What acceleration would a 1500-kg 
car acquire if the engine supplies a 
force of 3,000 N? (b) What would the 
acceleration be when the car tows a 
200-kg trailer?4. Jason is 
pulling Matthew, who is sitting in his 
wagon, along a horizontal sidewalk. 
The mass of Matthew and his wagon is 
40 kg, and Jason is pulling with a force 
of 30 N. At what rate is Matthew 
accelerating? 

5. A 90-kg football player running at 9 
mph (4 m/s) collides head on with a 
defensive line-backer. The two players 
tumble together for 1 second before 
stopping. Calculate the average force 
that the line-backer exerted on the other 
player. 

 
6. A 2000-kg car decelerates at 2 m/s2. 

What is the force being applied by the 
brakes on the car? 

7. Two boys pull on a toy with a force of 
90 N each. If the boys pull in opposite 
directions, what is the net force on the 
toy? 

8. A woman pulls a crate with a force of 
100 N. What is the net force on the crate 



3 The Laws of Mechanics 19 

if the frictional force between the crate 
and the floor is 80 N? 

9. Two students push a stalled car with a 
force of 200 N each. If the total 
frictional force between the road and 
the tires and between the wheels and 
the axles is 50 N, what is the net force 
on the car? 

10. A 2000-kg car moving down a slope 
accelerates at 3 m/s2. With what force 
should the brakes slow down the car so 

that it moves with a constant velocity. 
11. (a) What would be the weight of a 50-

kg astronaut on Mars? The acceleration 
due to Mars gravity is about 2.7 times 
weaker than earth’s. (b) What would 
the astronaut’s weight be on the moon, 
if the moon’s acceleration due to 
gravity is one-sixth earth’s? 

12. Calculate the acceleration at which the 
earth “falls” towards you. The mass of 
the earth is 5.98 ´ 1024 kg. 

 



 



 

4  Energy 
 

 

 

Chapter Summary 
• Energy is an abstract concept that is best illustrated as the capacity to do work or the 

result of doing work. 

• When a constant force acts on an object along the direction of motion of the object, the 
work done on the object is equal to the force times the distance that the object moves, 
or 

Work = force ´ distance 

W = F ´ d 

 If the applied force is at right angles to the direction of motion of the object, no work 
is done. 

• The SI unit of energy is the joule (J): 

1 J = 1 N ´ 1 m. 
 As an illustration, lifting a baseball from the ground to your chest requires about 1 joule 

of energy. Another unit of energy used when dealing with atoms or electrons is the 
electron-Volt (eV). The transformation to joules is 

1 eV = 1.602 ´ 10-19 J. 

• Kinetic energy is the energy that an object has by virtue of its motion. It is equal to one-
half the product of the mass, m, and the square of the speed, v2: 

 

• Gravitational potential energy is the energy that a body possesses by virtue of its 
separation from the earth. For an object of mass m situated at a height h above the 
ground, the gravitational potential energy is 

 
• Elastic potential energy of a spring of force constant k stretched a distance x is 

• When the work done by an unbalanced force acting on a body depends only on the 
initial and final positions of the body, the force is said to be a conservative force. The 

Kinetic Energy = KE = 1
2

 m v 2 

PEgrav = m g h

PEelastic =
1
2 kx

2
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gravitational force is a conservative force. If the work done depends also on the path 
taken by the body, the force producing this motion is said to be nonconservative. 

 

Example 1. 
A horse exerts a 700-N force to pull a buggy 5.0 km. How much work does the horse do 
on the buggy? 
Answer. The horse pulls the buggy in the same direction as the displacement. Therefore, 
the work done is 

W = F d = (700 N)(5.0 ´ 103 m) = 3.5 ´ 106 J = 3.6 MJ. 

 

Example 2. 
If a woman pulls a wagon with a force of 28 N at an angle of 45º, which makes the 
component of the force along the direction of motion 20 N, how much work does the 
woman do if she pulls through a distance of 2.0 m? 
 

Answer.  Since only the component along the direction of motion contributes to the work, 
the work done on the wagon is 

W = F d = (20 N)(2.0 m) = 40 J 

Notice that the force with which the woman pulls the wagon, 28 N, did not enter into our 
calculation since it is not applied entirely along the direction of motion; only its x 
component, as we have said, does.  
 

Example 3. 
Michael is standing on a diving board, 5 meters above the surface of the water, wondering 
whether or not to take his dive from that height (Figure E4-1). Rather than waiting for him 
to decide, calculate his potential energy knowing that Michael “weighs” 70 kg. 

Answer:  Michael’s mass is m = 70 kg. The potential energy with respect to the surface of 
the water, at a height h = 5m, is 

PE = m g h 

= (70 kg)(9.8 m/s2)(5m) 

= 3,430 J 

This potential energy is converted to the kinetic energy that the diver has just before hitting 
the water. When the diver hits the water some of this energy is used in pushing the water 
molecules away as the body enters the water, in friction with the water as the diver moves 
underwater, and in producing the sound of the splash. 
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Figure E4-1.  A diver standing on a 5-m high diving board. Knowing the diver’s mass, we 
can calculate his potential energy. 

 

 

Example 4. 
How much work does the woman do to stretch an exercise spring by 60 cm if the spring 
constant is 500 N/m? 
Answer:  The work done in stretching the spring is equal to the elastic potential energy 
stored in the spring after it is stretched 

 

W = 90 J. 
 
Experiencing Physics.  The gravitational potential energy of a baseball increases as it 
is lifted away from the ground; that is, as the ball and the earth become more and more 
separated. Design an analogous system using magnets. 

W = PEelastic  = 1
2

 kx 2 = 1
2

 (500 N/m)(0.60 m)2 



 

Questions 
The Concept of Work 
1. Can you do work on an object and not 

move it? Explain. 

2. If you attempt to push a heavy dresser 
and fail to move it, you know you have 
expended some energy. However, 
according to our definition, you do not 
do work unless you are able to move the 
dresser. What happens to the energy 
used by your body in your failed attempt 
to move the dresser? 

3. In an attempt to appear in the Guinness 
Book of World Records, a man moved a 
Boeing 747 jet a distance of 3 inches on 
flat ground. Did the man perform any 
work? If the man had failed to move the 
aircraft, would he have done work? 

4. Why do we say that the man of figure 
E4-2 performs no work on the suitcase 
he is carrying? 

5. A man pulls on a crate with a force at an 
angle with the floor (figure E4-3). Is all 
of the force doing work? 

 
Figure E4-2. The force exerted on the 
suitcase is at right angles to the direction of 
motion. In this case, the person carrying the 
suitcase performs no work on it 

6. How could the man in figure E4-3 make 
all of his effort count?  

7. When you carry your backpack full of 
books around, from classroom to 
classroom, are you performing any work 
on the backpack? Explain. 

 

 
Figure E4-3. Is all the force with which the man 
is pulling doing work? See questions 5 and 6. 

 

8. If you stand in an airport holding a heavy 
suitcase, does gravity do work on you? 
Would gravity do work on you if you 
walk towards an airline counter? What if 
you go up on an elevator? An escalator? 
Would it do work on you if you go up a 
flight of stairs? 

 
Figure E4-4. Does gravity do work on you 
while you stand or go up on an escalator? See 
question 8. 

9. If you do work on an object as you move 
it along a level, frictionless surface, does 
the object accelerate? 
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10. An object is moving with a steadily 
increasing speed. Is work being done on 
the object? 

11. You apply a force to an object and the 
object does not move. Did you do work 
on the object? Why? 

12. A woman is pushing a stroller in a park 
at a constant velocity. Is work done on 
the stroller? Explain. 

13. If you push a 2,000-kg station wagon for 
500 m with a force of 200 N and a friend 
pushes a 900-kg compact car for 500 m 
with the same force of 200 N, in which 
case is the work done greater? 

14. A child does 250 J of work pulling a 
wagon on a leveled sidewalk. A second 
child does 200 J of work pulling his 
wagon on the same sidewalk. If the two 
children exert the same force, which 
wagon was moved farther? 

15. Two dogs pull on sleds of equal mass. 
One dog does 500 units of work moving 
one sled while the other dog does 700 
units of work moving the second sled. If 
the two dogs pull with the same force, 
which sled has been pulled the longer 
distance? 

16. Does the sun do work on the earth as the 
earth revolves around it? Assume that 
the earth moves in a circular orbit about 
the sun. 

The Concept of Energy 
17. An object can have mechanical energy 

by virtue of its motion or of its position 
relative to a reference level. Can an 
object have work?  

Energy of Motion 
18. A moving car has a constant kinetic 

energy throughout part of its trajectory. 
Is there a net force acting on the car for 
this trajectory? 

19. If a boy is playing on a swing, is his 
kinetic energy maximum when he is at 
the highest point or at the lowest point of 
his swing? 

20. If you are a passenger in a car traveling at 
70 mph, do you have kinetic energy? 

21. If you drop your keys, they acquire 
kinetic energy as they fall to the ground. 
Where is this kinetic energy maximum? 

22. You are driving at 70 mph on a straight 
stretch of a freeway when you notice a 
heavy truck tailgating you. Which has 
more kinetic energy, the truck or your 
car? 

23. Which has more kinetic energy, a jet 
airliner parked in a hangar or a small 
truck pulling a baggage trailer? 

24. In the collision illustrated in figure E4-5, 
what happens to the kinetic energy of the 
truck? 

 
Figure E4-5. A truck colliding with a car. What 
happens to the kinetic energy of the truck? See 
question 24. 

25. You are roller skating while carrying a 
box that weighs half as much as you and 
it is determined that the total kinetic 
energy in this situation is 3,000 J. If you 
drop the box, what is the initial kinetic 
energy of the box as it begins to fall? 

26. Which has the greater kinetic energy, a 
10-kg object moving at 1 km/h or a 1-kg 
object moving at 10 km/h? 

27. A boy and his dog are running together. 
If the boy has twice the mass of his dog 
and both run at the same speed, how do 
their kinetic energies compare? 
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28. If you throw a tennis ball and a baseball 
horizontally with the same speed, which 
one acquires a greater kinetic energy? 

29. If a girl and her mother riding bicycles 
move at the same speed, which one has 
a greater kinetic energy? 

Energy of Position 
30. Is the potential energy of the box in 

question 22 ever equal to zero? 
31. A baseball and a Ping-Pong ball are 

raised to the same height. Which one 
acquires more potential energy? 

32. Compare the gravitational potential 
energy of a golf ball that a child is about 
to drop from a second-floor balcony to 
that of a second golf ball that another 
child is holding out of a third floor 
balcony. 

33. An object is lifted to a height of 3 m, thus 
acquiring potential energy. The object is 
then lifted to a height of 6 m. Compare 
the object’s potential energy at the two 
positions. 

34. A handbag is placed on an airplane rack 
at a height of 2 m above the floor. A 
stewardess is carrying a similar bag at a 
height of 1 m. If the two bags have the 
same mass, which one has more 
potential energy? 

35. What has more potential energy, a 10-
kilogram object at a height of 1 meter or 
a 1-kilogram object at a height of 10 
meters? 

36. When an apple falls from a tree its 
potential energy is maximum before it 
begins to fall and zero just before it hits 
the ground. Where is the potential 
energy equal to one half its maximum 
value? Can you justify your answer? 

37. Can an object have negative potential 
energy? 

38. A basketball and a golf ball are raised to 
the same height. Do they have the same 
potential energy? 

39. Two stones are raised to different heights. 
If their potential energies are the same, 
are their masses necessarily different? 

40. If the two stones in the previous question 
are raised to different places above the 
ground and they have the same potential 
energy, are they necessarily at the same 
height? 

Elastic Potential Energy 
41. Two identical 100-g weights and hanged 

from two different springs. If one spring 
is stretched twice as much as the other 
when the weights are added, how do their 
spring constants compare? 

42. A woman stretches a spring in an exercise 
machine a certain distance x. If the same 
spring is stretched by a length 2x, how 
much more work in performed? 

The Work-energy Theorem 
43. You push a cart a distance of 10 m, 

applying a force of 100 N, while your 
roommate pushes a second cart a distance 
of 5 m, applying the same force of 100 N. 
If both of you started from rest, which 
cart is moving faster at the end? 

44. Does an unbalanced force acting on a 
body always change its kinetic energy? 

45. You suddenly drop a box of chocolates 
that you are carrying. Is the kinetic energy 
of the box transformed into another form 
of energy as the box falls to the ground? 
Neglect friction with the air. 

46. A ball rests on a smooth table.  If you give 
the ball a slight push it will roll off the 
table and fall to the ground below, thus 
acquiring kinetic energy as it increases its 
speed. This kinetic energy comes from 
the conversion of potential energy.  From 
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where does the potential energy come to 
begin with? 

47. Engineers move a 30-story building a 
couple of meters to give way for a new 
avenue. Does gravity do work on the 
building as it is raised a few centimeters 
off the ground on hydraulic jacks? Does 
it do work as the building is being moved 
horizontally? 

48. If you do the same work in throwing two 
stones of different masses in a horizontal 
direction, which stone acquires the 
greater speed? Why? 

49. A billiard ball rolls at a constant speed 
on a billiard table. If you push the ball in 
a direction that is perpendicular to the 
direction of motion of the ball, changing 
its course, would you change the ball’s 
kinetic energy? If the push is in the 
opposite direction to that of the motion, 
does the kinetic energy change? 

50. An 18-wheeler and a compact car are 
traveling at the same speed on a 
horizontal, straight section of a highway. 
Which vehicle has greater kinetic 
energy? 

51. If the drivers of the 18-wheeler and the 
compact car of the previous question, 
traveling at the same speed, apply the 
brakes simultaneously and manage to 
stop in the same distance, which 
breaking force was larger? 

52. If the 18-wheeler and the compact car of 
the previous question travel with the 
same kinetic energy and both drivers are 
able to stop their vehicles in the same 
distance, which breaking force was 
larger? 

Conservative and Nonconservative 
Forces 
53. We stated in the text that the work done 

by or against the gravitational force does 
not depend on the path taken between 

the initial and final points.  If we want to 
move a book that is lying on the floor up 
to your desk, do we perform the same 
amount of work if we just lift it straight 
up or if we pick it up, go up to the second 
floor, come back down and sit at our desk 
and finally place the book on the table? 
Discuss. 

54. If we want to move a heavy piece of 
furniture from one corner of a room to the 
opposite corner, do we perform the same 
work if we push the furniture diagonally 
across or along the walls? Explain. 

 

Problems 
1. A proton comes out of a research 

accelerator at a university’s nuclear 
physics laboratory with a kinetic energy 
of 10 MeV. Calculate this energy in 
joules. Notice in your result how some 
units are more appropriate than others 
for a given measurement. 

2. Determine the work done in pushing a 
1000-kg car on a level road with a force 
of 200 N for a distance of 600 m. 

3. You push a large box of books across a 
waxed floor with a force of 200 N for a 
distance of 7.5 m. Determine the work 
done by you. 

4. A bellboy carries a 15-kg suitcase up to 
a second-floor room. If the bellboy does 
450 J of work against gravity in moving 
the suitcase, determine the height of the 
second floor. 

5. If the bellboy of the previous problem 
“weighs” 70 kg, what is the total work 
done by him against gravity in 
displacing himself and the suitcase up 
to the second floor? 

6. The average kinetic energy of a 
nitrogen molecule at room temperature 
is 3.88 ´ 10-2 eV. Determine the 
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average speed of a nitrogen molecule 
at this temperature. A nitrogen 
molecule is composed of two nitrogen 
atoms bound to each other, each with 
a mass of 2.34 ´ 10-26 kg. 

7. A 2000-kg car moving at 90 km/h (25 
m/s) is brought to a stop. What is the 
work done by the brakes in stopping 
the car? 

8. A 900-kg compact car slows down 
from 85 km/h (24 m/s) to 40 km/h (11 
m/s) as it exits an interstate highway. 
Calculate the work done by the brakes 
in slowing down the car. 

9. A girl on a bicycle and a boy on a 
skateboard have the same kinetic 
energy (figure E4-6). If the girl and 
the bicycle together have a mass 
equal to 4 times the mass of the boy 
and his skateboard, and the bicycle’s 
speedometer reads 10 mph, what is 
the speed of the boy on the 
skateboard? 

 

 
Figure E4-6. A girl on a bicycle and a boy on a 
skateboard with the same kinetic energy. See 
problem 9. 

 



 

5  Conservation of Energy and Momentum 

 
 
 

Chapter Summary 
• The principle of conservation of mechanical energy says that the sum of the kinetic 

energy and the potential energy of an isolated system is always equal to the total energy 
of the system. This total energy is always constant for an isolated system. In symbols 
this is written as 

E = KE + PE = constant 

 If we consider all forms of energy in a system, we have a more general principle of 
conservation of energy, which can be stated as follows: 

Energy is neither created nor destroyed; it only changes from one kind to another. 

• Efficiency is defined as the ratio of the work produced divided by the input energy: 

 

 Efficiency can be expressed in percentage when it is multiplied by 100. 

• Power is the rate at which work is done or energy is spent 

 

 where F is the applied force and v is the speed at which the body moves. The SI unit of 
power is the watt, W, which is equal to one joule per second. Another unit of power is 
the horsepower, hp: 

1 hp = 746 J. 

 From the definition of power, a new unit of energy has been obtained, the kilowatt-
hour, which is equivalent to 3.6 ´ 106 J: 

1 kwh = 3.6 ´ 106 J 

• Momentum of an object, a vector quantity, is the product of its mass times its velocity: 

p = m v 

e =
W OUT
E IN

   P =
W
t

= Fv
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• Impulse of a force is the product of that force and the time interval during which that 
force acts. Impulse is equal to the change in momentum of the body during that time 
interval: 

I = F t = ∆p 

• If no net external force acts on a system of bodies, the total momentum of this system 
is conserved. This is the principle of conservation of momentum. 

• A collision that conserves kinetic energy is called an elastic collision. If kinetic energy 
is not conserved, the collision is said to be inelastic. 

 

Example 1. 

A boy drops a 200-g golf ball from a balcony, at a height of 6 m, onto the playground 
below. What speed does the ball reach just before hitting the ground? 
 

Answer:  At the top, just as the ball is released, the instant before it begins to fall, potential 
energy of the ball is maximum and the kinetic energy is zero. The total energy is simply 
the value of the potential energy; that is, E = mgh = 0.2 kg ´ 9.8 m/s2 ´ 6 m = 12 J. Just 
before hitting the ground, the total energy (which we found to be 12 J) is just the value of 
the kinetic energy; that is, 

 
which gives us: 

 
 

Example 2. 

An 80-kg ballplayer is running towards first base at 6 m/s. The ballplayer skids to a stop in 
a distance of 120 cm (figure E5-1). What is the average frictional force stopping the player? 

 
Figure E5-1. A ballplayer arriving at first base. 

 

Answer:  The kinetic energy that the player has allows him to do work against the force of 
friction. This work appears as thermal energy dissipated. Since the player finally stops, all 

  E = 1
2 mv2 = 12 J

   v = 2E
m = 2 ´ 12 J

0.2kg = 11 m/s
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of the kinetic energy is transformed into work, W; that is, KE = W. We can calculate the 
kinetic energy of the player just before he begins to slide: 

 

And this is equal to the work that the player does against friction, or W = 1,440 J. But this 
work is 

W = F ´ d. 

The average frictional force is then, 

 
 

Example 3. 

Almost ready to go home over the break, a student picks up her suitcase from the ground 
and places it on the luggage rack on her car top. She forgets to tie it up and, as luck would 
have it, the suitcase falls to the ground as she drives away. If it required 150 joules of work 
to place it on the rack, what was the potential energy when the suitcase was still on the 
rack? What is the value of the kinetic energy just before the suitcase hits the ground? 
 

Answer:  The amount of work done on the suitcase to lift it up to the rack is equal to the 
potential energy of the suitcase before is falls. That is, PE = 150 J. 

 Now, since the suitcase is not moving when it is sitting on the rack, its kinetic energy 
is zero. Assuming that the suitcase slips without friction as soon as the car begins to move, 
the total energy is E = 150 J + 0 = 150 J. At the bottom of its motion, an instant before it 
hits the ground, the potential energy of the suitcase is zero, since the separation from the 
ground is zero. Just before hitting the ground, then, the suitcase has only kinetic energy 
and the total energy there is E = 0 + KEgnd  = 150 J, which tells us that the kinetic energy is 
150 J. 
 

Example 4. 

An automobile engine has an efficiency of 0.25. How many joules of energy are required 
to produce one joule of output work with this engine? 
 

Answer:  The efficiency for this engine is 

 

The energy required to produce 1 J of useful work with this engine is 

 

   KE = 1
2 m v2 = 1

2 80 kg ´ 62 = 1,440J

  F = W
d = 1440 J

1.20 m = 1,200N

e =
W OUT

E IN
= 0.25

E IN=
W OUT

e
= 1 J
0.25
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or 

Ein = 4 J. 

For every 4 J of input energy, 3 J are lost in the process of producing 1 J of useful work! 
 

Example 5. 

On June 12, 1979 a 26-year-old California biologist flew the second human-powered 
aircraft, the Gossamer Albatross, across the English Channel. The pilot was able to 
maintain a power output of .30 hp for the two hours, 49 minutes of the duration of the 
flight. The total distance was 22.5 miles (36 km). However, head winds and course changes 
lengthened the flight to the equivalent of about 35 miles (56 km) through still air. What 
was the average force exerted by the pilot as he pedaled Gossamer Albatross across the 
channel? 
 

Answer :  Our expression for power in terms of distance and time is 

 

from where we can obtain an expression for the average force F 

 

or 

 

This is equivalent to lifting a gallon of milk for two hours and 49 minutes. 

 

Example 6. 

A baseball, with a mass of 200 grams, is pitched at 25 m/s (some 60 mi/h). Determine the 
momentum of the ball. 

   P = W
t

= F d
t

   F = P t
d

F = (.30 hp)(746 W/hp)(169 min)(60 s/min)
56000 m

= 41 N
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Figure E5-2. A 200-g baseball pitched at 25 m/s.  

Answer:  Momentum is p = m v. Thus the momentum of the baseball is 

p = (.200 kg)(25 m/s) = 5.0 kg m/s. 
 

Example 7. 

If the baseball of the previous example is in contact with the catcher’s mitt for .05 seconds 
before coming to rest (figure E5-3), find the magnitude of the average force exerted by the 
catcher on the ball. 

 

 

 

 
 
 
Figure E5-3. The baseball is in contact with the 
catcher’s mitt for 0.05 s. 

 

Answer:  The momentum changes from 5.0 kg m/s, as calculated in the previous example, 
to zero, since the ball is stopped. The magnitude of this change is then ∆p = 5.0 kg m/s 

 Since the impulse of the ball is I = F t = Dp = 5.0 kg m/s, the magnitude of the average 
force exerted on the ball when it is in contact with the mitt for 0.05 s is 

 
 

Example 8 

As an exercise, let’s assume that a billiard ball is rolling without friction in a direction that 
is perpendicular to one of the cushions. Assuming further that as the ball collides with the 

   F = Dp
t

= 5.0 kg m/s
.05s

= 100 N
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cushion it doesn’t lose any energy and bounces back with the same speed it had before 
colliding with the cushion, calculate the change in momentum of the ball (figure E5-4). 
Take 12 cm/s as the ball’s initial speed and .15 kg as its mass. 

 
Figure E5-4. (a) Vector vo, representing the velocity of the ball before the collision, points 

to the right. (b) v, the velocity of the ball after the collision, points to the left. 
 

Answer: The velocity after the ball collides with the cushion, v, has a magnitude of 12 
cm/s and and has a given direction, represented by the arrow of figure E5-4. The velocity 
before the collision, vo, has the same magnitude but opposite direction, as shown in the 
figure. If the direction of v is to the right (along the positive x-axis), then the direction of 
vo should be to the left (along the negative x-axis). Thus, we may write: 

 v = 0.12 m/s  and vo = -0.12 m/s 

and the change in momentum is 
∆p = mv - mvo = 0.15 kg [0.12 m/s -(-0.12 m/s)] 

= 0.15 . 0.24 m/s = 0.036 kg m/s 

 

Example 9. 

A 30-kg boy running at 4 m/s jumps on a stationary skateboard which has a mass of 10 kg. 
What is the boy’s speed on the skateboard? 
 

Answer:  In this “collision” the total momentum must be conserved. Since the skateboard 
is stationary, the total momentum before the boy jumps on the skateboard is just his own 
momentum. This momentum must equal the total momentum after the boy jumps. That is, 

pBEFORE = pAFTER 

30 kg ´ 4 m/s = (30 kg + 10 kg) ´ v 

which gives us a speed v = 3 m/s. 
 
Experiencing Physics 1.  The girl on the swing oscillates back and forth, exchanging 
her potential energy into kinetic and vice versa. Consider the similar situation of a child 
hanging from a large spring which is attached to a tree branch. Analyze this system 
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composed of child and spring from the point of view of the interchange of potential and 
kinetic energies. 
Experiencing Physics 2.  Consider the ideal situation of a boy lifting a ball from the 
ground and placing it on a table nearby. The work done by the boy on the ball is converted 
into energy. The ball then rolls of the table and falls to the ground. Compare the kinetic 
energy of the ball just before hitting the ground with the potential energy just before rolling 
off the table. 

 

Questions 
Transformation of energy 
1. At what point in the trajectory of a 

falling walnut is its kinetic energy equal 
to its potential energy? 

2. As we saw in chapter three, in the 
absence of air friction, all objects, 
regardless of their masses, hit the ground 
with the same speed if they are dropped 
from the same height. But two objects of 
different masses located at the same 
distance above the ground would have 
different potential energies. Can you 
explain why they can arrive at the 
ground with the same speed? 

3. Can an object have only kinetic energy? 
Can an object have only potential 
energy? Explain. 

The Principle of Conservation of Energy 
4. A ball has been placed on a table, where 

its potential energy is 10 J. If the ball 
rolls off the table and falls, what is its 
kinetic energy just before it hits the 
ground? 

5. A boy drops a stone from a bridge onto 
a pond. If the kinetic energy of the stone 
just before it hits the water is 8 J, what is 
the potential energy of the stone at the 
instant the boy drops it? 

6. If you drop a basketball from a height of 
1 meter (figure E5-5), it doesn’t bounce 

back to the same height of 1 meter. This 
means that the energy after the ball 
bounces is less than what it was before. 
Could you still consider the ball an 
isolated system and say that, after the ball 
bounces back, the new smaller value of 
the energy should be conserved? 

 
Figure E5-5. See question 6. 

7. What happens to the energy that is lost in 
the bouncing basketball of question 6? 

8. What is the initial kinetic energy of the 
plastic “bullets” shot by a spring-loaded 
toy gun that has an elastic potential 
energy of 2 J? 

9. Some of the gravitational potential 
energy of a falling ball is lost due to 
friction with the air. Mechanical energy is 
not conserved in this case. Does this 
situation violate the principle of 
conservation of energy? Explain. 
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10. What is the value of the kinetic energy 
of a boy in a swing at the point of 
maximum height? Ignore friction. 

11. Referring to the previous question, 
identify the point where the potential 
energy is maximum. Identify also the 
point where the kinetic energy is 
maximum. Ignore friction here also. 

12. A swing does not reach the same height 
at every swing because of friction with 
the air and at the point of support. What 
happens to the total mechanical energy 
in this case? 

13. If the potential energy and kinetic energy of 
a child on a frictionless swing are 150 J and 
50 J respectively, what is the value of the 
potential energy at the maximum height of 
the swing? What is the kinetic energy at that 
point? 

14. If the total mechanical energy of an 
object is conserved, what happens to the 
potential energy of the object when the 
kinetic energy is reduced to one-third of 
its maximum value? 

15. Is it possible for the object of the 
previous question to ever have a kinetic 
energy of zero? Explain. 

16. Can the kinetic energy of a moving 
object whose total mechanical energy is 
conserved remain constant? Explain. 

17. What happens to the potential energy of 
an object whose kinetic energy remains 
constant? (The object’s total mechanical 
energy is conserved). 

18. If you toss your keys vertically up and 
catch them as they come back down, is 
the speed with which they arrive at your 
hand the same as the initial speed with 
which they left your hand? Why? 

19. A person throws a ball vertically up from 
a balcony and lets it fall to the ground 
below. Is the speed with which the ball 
arrives at the ground greater than the 

speed with which it was thrown? Explain. 
20. For the ball in the previous question, 

where is the kinetic energy maximum? 
The potential energy? 

21. Give two points where the kinetic energy 
of the ball in the previous question has the 
same value. 

22. An in-line skater skids to a stop in 1 m. A 
second skater stops in 1.2 m. Were they 
necessarily moving at the same speed? 
What happens to the kinetic energies that 
they had? 

23. Compare the speed of a pendulum half 
way coming down and half way going up 
in its swing. 

24. A wooden block is dropped from a certain 
height onto a spring. What happens to the 
initial potential energy of the block? 

25. Why can we state that if mechanical 
energy is not conserved in situations 
involving friction, the more general 
principle of conservation of energy is not 
violated? 

26. If the potential energy of the child at the 
top of the slide is 180 J and her kinetic 
energy at the bottom is 150 J, what is the 
thermal energy dissipated due to friction? 

Efficiency 
27. Which engine has a higher efficiency, a 

well lubricated engine or a poorly 
lubricated one? 

28. No real machine can ever have an 
efficiency equal to one. Can this ratio 
ever be greater than one? Explain. 

29. If you could build a machine that were 
100% efficient, could you keep it 
operating indefinitely with just the initial 
input of energy by recycling the output 
energy and using it as input? Explain. 
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Power 
30. You need to move a chair from the 

basement up to the ground floor. Would 
you do more or less work if you take one 
minute instead of two to bring up the 
chair? In which case would power be 
larger? 

31. The watt is the SI unit of power. A 
kilowatt is, as we know, 1000 watts. 
What is the kilowatt-hour a unit of? 

32. If one device generates twice the power 
of another, does it do twice as much 
work? Explain. 

Impulse and Momentum 

33. If you are driving uphill at a speed of 30 
km/h and release the gas pedal, the car 
will coast for a while before stopping. 
What keeps it going? 

34. Is the momentum of an object falling 
towards the ground conserved? 

35. Can a small family car have the same 
momentum as a large bus? 

36. A delivery man in a motor scooter heads 
north at 35 km/h. He then turns and 
travels in a northeastern direction at the 
same 35 km/h. Did his momentum 
change? 

37. A bicyclist traveling at 45 km/h 
increases her speed to 50 km/h. A second 
bicyclist of equal mass starts from rest 
and increases his speed to 5 km/h. Which 
bicyclist had the greatest change in 
momentum? 

38. Two bicyclists have the same mass and 
are riding identical bicycles. One 
bicyclist increases his speed from 30 
km/h to 38 km/h in 5 s, while the second 
starts from rest and reaches a speed of 8 
km/h in 5 s. Compare the forces exerted 
by each bicyclist. 

39. What has the greater momentum, an 
eighteen-wheeler traveling at 60 km/h or 
a van traveling at 100 km/h? 

40. A boy pushes his wagon with a constant 
force of 100 N for 25 s. His friend pushes 
her wagon with a constant force of 80 N 
for 30 s. Which wagon undergoes the 
greatest change in momentum? 

41. Two billiard balls are moving with the 
same speed along different directions on 
a table. Do they have the same 
momentum? 

42. Two objects have the same momentum. 
Do they necessarily have the same 
velocity? 

43. If two tennis balls of identical mass have 
the same momentum, do they have the 
same velocity? 

44. Can two objects of different masses have 
the same momentum and the same 
velocity? 

45. Which has a larger momentum, a 20-kg 
object moving at a speed of 5 km/h or a 
25-kg object moving at 4 km/h? Which 
has the greater kinetic energy? 

46. A student pushes a shopping cart for 1 
minute with a constant force of 300 N. A 
friend pushes a second shopping cart for 
40 s with a force of 450 N. Compare the 
change in momentum of the two carts. 

47. Which would cause the greatest change in 
momentum, a stopping force of 2500 N 
acting for 8 s or a stopping force of 3000 
N acting for 7 s? 

48. A 2-kg cart rolls on a “perfectly smooth” 
horizontal surface with the same speed as 
a 1-kg cart. How do the kinetic energies 
of the two carts compare? 

49. A friend asks you to catch a fairly heavy 
box that he wants to drop from the 
window of his dorm room. How can you 
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minimize the force needed to catch the 
box? 

50. If you want to hit a golf ball farther, 
would you want the club to be in contact 
with the ball for a shorter or longer time? 
Why? 

51. Why does an automobile air bag help 
avoid injuries in crashes? 

Conservation of Momentum 
52. A marble rolling on a smooth floor 

collides with an identical marble at rest. 
Describe the motion of the two marbles 
after the collision. 

53. A 400-g steel ball rolling on a smooth 
table at 5 cm/s collides head on with 
500-g steel ball rolling in the opposite 
direction at 4 cm/s. Describe the motion 
of each ball after the collision. 

54. The moon revolves around the earth 
once every 27.32 days in an almost 
perfect circular orbit. Is the momentum 
of the moon constant? 

55. A billiard ball collides with another 
billiard ball which is at rest on the table. 
Describe their motion after the collision. 

56. Two identical carts with well-greased 
wheels and “perfectly elastic” spring 
bumpers rest on a smooth table. If we 
push one of the carts so that it collides 
head on with the other stationary cart, is 
the momentum of the first cart conserved 
after the collision? Is the momentum of 
the second cart conserved? How about 
the total momentum of the two carts? 
Can you describe the state of motion of 
the two carts after the collision? 

57. You are standing on very slick ice. 
Without digging your skates in the ice, 
can you throw a heavy rock horizontally 
across the ice while you remain 
stationary? 

Elastic and Inelastic Collisions 
58. Two golf balls have the same kinetic 

energies. Can they have different 
momenta? 

59. A heavy truck collides with a small 
passenger car. The two cars remain 
tangled together after the collision and 
slide some distance. Is this an elastic or 
inelastic collision? 

60. Two “perfectly elastic” spheres of equal 
mass moving with equal speeds and in 
opposite direction collide head on. 
Compare their velocities after the 
collision. 

61. If the mass of the cannon is 500 times the 
mass of the cannonball, how much faster 
does the cannonball move, compared to 
the recoil velocity of the cannon? 

62. How does neglecting the loss in mass due 
to the ejected gases make the expression 
for the conservation of momentum only 
approximate? 

63. In the apparatus of Fig. E5-6, the last ball 
on the right does not quite rise up to the 
same level from where the first ball was 
released. What happens to the difference 
in energy? 

 
Figure E5.6. See questions 63, 64 and 65 

. 

64. Could the apparatus of Fig. E5-6 work 
with bowling balls instead of steel balls? 
What about billiard balls? 

65. What would happen if you were to raise 
two balls in the apparatus depicted in Fig. 
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E5-6, and then release them? Would this 
be an elastic or inelastic collision? 

66. If you find yourself standing alone in the 
middle of a frozen lake with “perfectly 
slick” ice, could you get off the ice? 

67. The propelling rockets of an untethered 
astronaut working on a space station 
malfunction. How can the astronaut 
propel himself to return to the station? 

68. The sum of kinetic energies of two balls 
moving toward each other equals the 
sum of their kinetic energies after they 
collide. Is this an elastic or an inelastic 
collision? 

69. In an elastic collision of two objects, is 
the kinetic energy of each object the 
same before and after? Explain. 

Cannons and Rockets 

70. What does a rocket push against when 
firing its engines in outer space? 

71. Using the principle of conservation of 
momentum, explain what happens when 
you inflate a balloon and then let it loose. 

72. A toy cannon fires two types of 
cannonballs, a heavier one made out of 
hard plastic and a much lighter one made 
out of rubber. Which one produces the 
greatest recoil velocity? 

73. Would you minimize the recoil of a toy 
gun if you wanted to increase the 
velocity of the bullets? Explain. 

74. Can the recoil velocity of a cannon be 
greater that the velocity of the 
cannonball? Explain. 

Problems 
1. Show that for the swing in figure E5-7 

the kinetic energy at the lowest point L 
is equal to the potential energy at the 
highest point H. 

 
Figure E5-7. A boy on a swing sways from a 
maximum height H to a lowest height L. The 
potential energy at H is equal to the kinetic 
energy at L. (See Problem 1). 

 
2. A bowler does 50 J of work in lifting a 

bowling ball to waist height. If the ball 
slips from the bowler’s hand while 
standing ready to bowl, what is the 
kinetic energy of the ball just before it 
hits the floor?3. An airline 
passenger performs 150 J of work in 
lifting a suitcase up to a luggage rack in 
an airplane. If the suitcase falls from the 
rack and at some point in its trajectory 
its potential energy is 50 J, what is the 
kinetic energy of the suitcase at this 
same point? 

4. If a woman dives from a 6-m high 
diving board and her potential energy at 
that height is 3500 J, (a) determine the 
potential energy when she is 3 m above 
the surface of the water, and (b) 
calculate also the kinetic energy at this 
height. 

5. Calculate the kinetic energy of the diver 
in problem 4 just before she hits the 
water. Compute also the potential 
energy just before she hits the water. 
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6. A worker cleaning windows on a 
platform drops a squeegee from a height 
of 30 m (figure E5-8). If the squeegee 
arrives at the ground with a kinetic 
energy of 74 J, calculate its potential 
energy (a) before it was dropped and (b) 
at a height of 15 m. 

 
Figure E5-8. See problem 6. 

 
7. An apple falls from a tree and arrives 

at the ground with a kinetic energy of 
12 J. If the apple had a kinetic energy 
of 4 J at a height of 2 m, calculate the 
height of the branch from which it fell. 

8. Where is the kinetic energy of the 
apple in problem 7 equal to 6 J? 
Calculate also the potential energy at a 
height of 1 m for the same apple. 

9. A driver on a highway slows down 
from 55 to 45 mph to take an exit. If 
the kinetic energy of the car at 55 mph 
is 312 ´ 103 J and the kinetic energy at 
45 mph is 32 ´ 103 J, what is the 
energy dissipated as heat due to the 
friction in the brakes of the car? Is 
mechanical energy conserved here? 

10. A potted plant falls from a 9-m window 
sill. If its kinetic energy just before 
hitting the ground is 360 J, what is its 
potential energy just after starting to 
fall (at a height of 9 m)? What is its 
potential energy when it is 3 m above 
the ground? 

11. A 20-kg boy is sitting on a swing. 
While the boy holds tight to the ropes, 
his friend pulls him back so that the 
ropes make a 90º angle with the 
vertical. What is the increase in the 
boy’s potential energy? The ropes are 
2.0 m long each. 

12. Neglecting friction, what is the speed of 
the boy at the bottom of the swing in the 
previous problem? In a real situation, 
taking friction into account, would the 
speed be more or less? 

13. A 60-kg bicyclist riding at 13 mph (2.2 
m/s) suddenly applies the brakes, 
locking the tires and skidding for 2.0 m 
before stopping. What is the force of 
friction on the tires? 

14. At a water amusement park, a 60-kg 
diver jumps from a height of 30 m into 
a small pool. Neglecting air resistance, 
determine the final speed of the diver 
just before hitting the water. If you 
were to consider air resistance into the 
problem, would your answer change 
much? 

15. The most powerful X-ray machine, the 
Saturn at Sandia National Laboratories, 
blasts out 14 trillion watts in 40 
billionths of a second—more than 30 
times the amount of energy in all the 
electricity consumed in the United 
States during that interval of time. What 
is the energy output of this machine? 

16. A student heading for home packs up 
her car with a 15-kg suitcase, 4.0 
kilograms of laundry, a 12-kg box of 
books no longer needed, and a 6.0-kg 
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briefcase. If it takes her 2 minutes to 
lift all these items from the ground into 
her station wagon, a distance of 60 cm, 
determine the average power at which 
the student did work. 

17. Calculate the amount of useful work 
produced for every joule of input 
energy with an automobile engine 
whose efficiency is 0.25. 

18. A coal-fueled electric power plant 
produces 1 J of electrical energy for 
every 2.5 J of thermal energy input. 
What is the efficiency of this power 
plant? 

19. If a nuclear power plant has an 
efficiency of 32%, how many joules of 
thermal energy are required to produce 
1 J of electrical energy with this plant? 

20. Burning one kilogram of domestic 
heating oil provides 45,208,000 J of 
heat energy. A home oil furnace is 
65% efficient in converting the 
chemical energy of the oil into heat for 
the home. How many joules of heat 
can be delivered for home 
consumption from burning one 
kilogram of heating oil? 

21. In a fossil-fuel electric plant, water 
vaporized by the heat generated from 
burning coal moves a turbine, which in 
turn rotates a generator to produce 
electricity. If one kilogram of coal 
yields 6.00 million joules of thermal 
energy, calculate the electrical energy 
produced in this power plant by 
burning 1000 kg of coal. The overall 
efficiency of the power plant is 41%. 

22. An average size sirloin steak provides 
about 3 million joules of energy. How 
many 10-kg boxes of books can you 
load into your car after eating a steak 
assuming that 1% of the energy 
provided by the food you eat is 

available to perform work. Loading 
each box requires 50 J of energy. 

23. A woman can operate a water pump at 
the average rate of 600 J per minute. 
Assuming 100% efficiency, how many 
liters of water can she pump in 5 
minutes from a 6-m well? A liter of 
water has a mass of 1 kg. 

24. How much does it cost to leave a 100-
W light bulb on for an entire year if the 
power company charges 3.7 cents per 
kilowatt-hour? 

25. A 60-kg woman on a 100-kg scooter 
accelerates from 18 to 36 km/h (5 to 10 
m/s) on a level road. Determine the 
change in momentum of the woman 
and the scooter together. 

26. If the woman of the previous problem 
accelerates from 18 to 36 km/h (5 to 10 
m/s) in 20 seconds, determine the 
average net force producing this 
acceleration. [Hint: recall that impulse 
equals the change in momentum] 

27. A 35-g ball hits a wall with a speed of 
10 m/s and bounces off with a speed of 
8 m/s. What is the impulse acting on the 
ball? 

28. A 25-g rifle bullet is shot with an 
average force of 7,500 N. If it takes 
2.50 milliseconds for the bullet to travel 
the length of the barrel, what is the 
muzzle speed? 

29. A 30-kg girl slides towards a stationary 
sled on a nearly frictionless frozen pond 
at a speed of 1 m/s. When she is close 
enough, she jumps on the 5.0-kg sled 
and slides in the same direction. With 
what speed is the sled moving? 

30. Two youngsters of mass 45 and 50-kg 
respectively are sitting in a small 
rowboat of mass 10 kg, at rest in the 
middle of a lake. If the first youngster 
dives off with a horizontal velocity of 2 
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m/s (figure E5-9), with what velocity 
does the rowboat move? 

31. A 20,000-kg spaceship moving at a 
constant speed of one million km/h 
with respect to a large battle station 
fires a 1,000-kg projectile forward 
with a speed of 10,000 m/s with 
respect to the spaceship. What is the 
new speed of the spaceship with 
respect to the battle station? 

32. A 60-kg astronaut out on a satellite 
repair mission 2.5 km away from the 
space station discovers that her 
maneuvering rockets are not 
operational. If she figures that she has 
air in her tanks for 45 minutes, with 
what velocity must she throw her 10-kg 
maneuvering rocket pack to make it in 
time to the space station? 

 
Figure E5-9. A youngster dives off a small boat with a horizontal velocity of 2 m/s. What is the 
velocity of the rowboat? See problem 30. 
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6  Rotation and the Universal Law of Gravitation 
 

 

 

Chapter Summary 

• Angular velocity is the rate at which the angular displacement, q, changes with respect to time: 

• The ability to rotate an object depends on the applied torque, which is defined as the product 
of the applied force times the lever arm: 

t = r F 

 The level arm, r, is the perpendicular distance from the center of rotation to the point of 
application of the force. 

• The moment of inertia, I, of a body measures its resistance to change in its state of rotation. 
The moment of inertia could change if the orientation with respect to the axis of rotation 
changes. 

• The angular momentum, L, of a body is a measure of the rotation of an object. It is the tendency 
of a rotating object to keep rotating because of its inertia. Angular momentum can be expressed 
as 

L = I w 

 The angular momentum of a body is conserved if the net external torque acting on the object 
is zero. This is the law of conservation of angular momentum. 

• An object moving with a constant speed v in a circular path of radius r has an acceleration 
directed toward the center of the circle called centripetal acceleration, which has a magnitude 

 

• The ancient Greeks had a good knowledge of motion in the heavens. Pythagoras in the sixth 
century B.C., introduced the idea that the earth was spherical and held that the earth was at the 
center of the universe.  This view was expanded into a more complete theory by Aristotle, who 
thought that the earth was immovable and fixed at the center of the rotating heavens. 

• Ptolemy in the first century A.D. placed the earth in the middle of the rotating heavens. Ptolemy 
had the planets moving in small circles call epicycles which in turn would rotate around the 
earth, following circular orbits called deferents. The combination of the motion of both these 
circles produced a cycloid pattern of the planet’s motion which explained the observed motion 
of the planets in the sky. Each epicycle moved with at a uniform rate not around the center of 
the large circle or deferent but around another point in space called the equant. 

  
ac =

v 2

r
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• Copernicus, in the XV century realized that everything could be much simpler if the sun were 
at the center of the universe rather than the earth. In his model the Earth and the five known 
planets, Mercury, Venus, Mars, Jupiter and Saturn, would move around the sun with uniform 
circular motion. 

• Kepler, in the early 1600s, discovered the three laws of planetary motion that bear his name: 
I. LAW OF ORBITS:  Each planet moves around the sun in an elliptical orbit, with the 
sun at one focus. 
II. LAW OF AREAS:  A planet moves around the sun at a rate such that the line from 
the sun to the planet sweeps out equal areas in equal intervals of time. 
III. HARMONIC LAW OR LAW OF PERIODS:  The squares of the periods of any two 
planets are proportional to the cubes of their average distances from the sun. In symbols: 

𝑇!"

𝑇""
=
𝑟!#

𝑟"#
 

• Newton’s law of Universal Gravitation says that any two objects of mass M and m, separated 
by a distance r, anywhere in the universe, will attract each other with a force given by 

 

 The universal constant G has a value of 6.67´10-11 N.m2/kg2. 
 

Example 1 

A child at the edge of a merry-go-round turns a quarter of a revolution. Express the child’s angular 
displacement in degrees. 

Answer:  One complete revolution is 360º. A quarter of a revolution would then be one-fourth of 
360º or 90º. 
 

Example 2 

To spin the merry-go-round your little brother is riding in the playground, you push it for a couple 
of turns until it makes one rotation every two seconds. Your brother then moves in toward the 
center and the merry-go-round makes two turns every second. What was the change in the moment 
of inertia of the merry-go-round-child system?  
Answer: Initially, the merry-go-round makes one rotation every two seconds or half a rotation in 
one second. After the child moves in toward the center, the merry-go-round makes two turns every 
second. Thus, the angular velocity is increased by a factor of 4. Although friction is not negligible 
for this kind of situation, we are going to assume that it is to simplify the problem. 
 

 With this assumption made, the external torque is zero and the angular momentum must be 
conserved. Thus, the angular momentum with the child in the initial position must equal the 
angular momentum after the child moves in toward the center: Since the angular velocity has 
increased by a factor of 4, the moment of inertia of the system must have decreased by the same 
factor. 

F = G Mm
r2
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 Therefore, when the child moves in toward the center, the final moment of inertia is reduced 
to one-fourth the value of the initial moment of inertia of the system. 

 
Figure E6-1.  A spinning merry-go-round. 

 

Example 3 

If the centripetal force keeping the car turning on a banked curve of 40-m radius is equal to 5000 
N, at what speed is the car taking the curve? Assume the car has a mass of 2000 kg. 
 

Answer: The centripetal force is 

 

Therefore, the speed of the turning car is 

 

which gives us a value of 10 m/s or 36 km/h. 
 

Example 4 

The mass of the Syncom 2 satellite is 39 kg. Calculate the centripetal force that keeps the satellite 
in circular orbit around the earth. 

Answer: From Newton’s second law, the centripetal force is Fc = mac. We calculated the 
centripetal acceleration to be ac = 0.22 m/s2; thus, 

Fc = m v 2
r

v = Fc r
m

 = (5000 N)´ (40 m)
2000 kg
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Fc = 39 kg ´ 0.22 m/s = 8.6 N 

Later in the chapter, we will see how this centripetal force is due to the gravitational attraction of 
the earth on the satellite. 
 

Example 5 
The synchronous satellite Syncom 2 has an orbit radius of 42,092 km. Using the fact that the 
average distance to the moon is 384,000 km, calculate the period of the moon.  

Answer:  Since Syncom 2 is a synchronous satellite, its period is 1 day. Therefore, we have 

 rs =  42,092 km rm = 384,000 km 

 Ts =  1 day Tm = ? 

Kepler’s third law is 

 

Therefore, the period of the moon, squared, is 

 

Thus, after taking the square root, we obtain for the period of the moon a value of 27.6 days, which 
is close to the actual value of 27.32 days. The small discrepancy comes from the fact that the orbits 
are not circular but elliptical and the values for the radii of these orbits that we used are average 
values. 
 

Example 6 

Calculate the centripetal acceleration at which the moon “falls” toward the earth. 

Answer:  Although we have just seen how Newton might have calculated this acceleration, we 
would like to do it in more detail here. The centripetal acceleration is ac = v2/r, where v is the linear 
speed of the moon as it travels around its orbit, and r is the radius of the orbit, which we are going 
to assume to be perfectly circular. Since it takes the moon 27.32 days to complete an orbit around 
the earth (its period), and the length of the orbit is 2pr, then the speed, which is  equal to the 
distance traveled divided by the time taken, is v = 2pr/T. 

 The radius of the orbit of the moon is just the mean distance from the earth to the moon, which 
is 3.84 ´ 108m (see Appendix).  The period of the moon in seconds is 27.32 days ´ 24 h/day ´ 
3600 s/h = 2.36 ´ 106s. Therefore, the speed is v = 2π ´ 3.84 ´ 108 m/2.36´106 s = 1022 m/s. The 
centripetal acceleration is 

 

Tm2

Ts2
 = rm

3

rs3

   
Tm

2 = Ts
2 ´

rm
3

rs
3

= (1 day)2 ´ 384,0003

420923
= 760 day 2

   
ac = v2

r =
1022 m / s 2

3.84´ 108 m
= 2.71mm /s2
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The result is very close to the value obtained using Newton’s  universal law of gravitation. The 
value obtained here differs from the one obtained by Newton of 2.74 mm/s2, because we have used 
a recent value for the mean earth-moon distance. 
 

Example 7 

Using the known value for the radius of the earth, which is 6,380 km, calculate the mass of the 
earth.  

Answer:  Newton’s universal law of gravitation applies to all bodies in the universe, regardless of 
their distance. A body of mass m on the surface of the earth experiences a force of attraction toward 
the earth; this force is what we call the weight, mg, of the object. The distance between the earth 
and a body on its surface is the distance between the center of the earth and the center of the object. 
To prove that this was true, Newton invented calculus. Because any object on the surface of the 
earth has negligible dimensions when compared to the earth itself, we take the distance to be 
simply the radius of the earth. If we call ME the mass of the earth and RE its radius, the gravitational 
force is 

 

dividing this expression by the mass of the object we obtain 

 

Thus, the mass of the earth is 

 

Notice that in addition to the value of the radius of the earth and that of the acceleration due to 
gravity, the only thing that we need to know to determine the mass of the earth is the constant G. 
When Cavendish determined G, both the radius of the earth and g were known. For this reason, it 
is sometimes said that Cavendish “weighed” the earth. 
 

Example 8 

When the space shuttle was flying, it typically orbited the earth at altitudes of about 230 to 320 
km. Assuming an altitude of 300 km, calculate the time it took the shuttle to circle the earth. 
 

Answer The time to complete one revolution around the earth is the period, T, equal to the length 
of the orbit divided by the linear speed. The first step is then to compute the orbital speed of the 
shuttle at that altitude. 
 The centripetal force that kept the shuttle in orbit is furnished by the gravitational force of 
attraction of the earth. If m is the mass of the shuttle and ME the mass of the earth, then 

F = G ME m
RE
2

 = mg

G ME

RE
2
 = g 

   
ME =

g RE
2

G =
9.8m/s2 ´ 6.38x106m

2

6.67x10-11N m2/kg2 = 5.98´ 1024 kg
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In this expression r is the radius of the orbit, which is equal to the radius of the earth plus the 
altitude, as we can see in Figure 6-25; that is, r = 6378 ´ 103 m + 300 ´ 103 m = 6678 ´ 103 m. 
Simplifying the above expression, we get 

𝑣" = 𝐺
𝑀$

𝑟 =
(6.67 × 10%!!Nm"/kg") × (5.98 × 10"&	kg

6678 × 10#	m  

The orbital speed of the shuttle is then v = 7730 m/s.  
 We can calculate now the time the shuttle took to orbit the earth:  

  

which gives a value of 5428 s or 1.5 h. 
 

Experiencing Physics.  We have learned that the rotational inertia or moment of inertia of a 
body depends on the way the object rotates around an axis. Which axis of rotation passing through 
the geometrical center of a book would result in the greatest value of the moment of inertia for that 
book? 

Questions 
Rotational Motion 
1. Is the motion of a merry-go-round an 

example of pure rotation? What about 
the motion of a child riding the merry-
go-round? 

2. A small train in an amusement park has 
a circular track. What is the angle 
through which the train travels after one 
revolution? After two revolutions? 

3. The parents of a very young child are 
afraid that the child might get scared the 
first time he rides the merry-go-round at 
the amusement park. What should they 
do if they want to start him slowly? 

4. A dust particle falls on a spinning 
compact disc. Is the speed of the dust 
particle constant? The velocity? Is the 
angular velocity of the CD constant? Is 
the angular velocity of the dust particle 
the same as that of the CD? 

5. Describe the motion of an ice cube after 
it is placed on a slick disk that is rotating 
with uniform circular motion. 

6. A small piece of dry mud stuck to a 
spinning frisbee comes loose. Neglecting 
the action of gravity, describe its path. 

7. A point at the edge of compact disc of 
radius 6 cm moves at 2 m/s. At what 
speed would move a point 3 cm from the 
center? 

Torque and Angular Momentum 
8. Where should you hold a hammer to 

remove a rusty nail stuck in an old board? 

9. Which has a greater moment of inertia, a 
ring or a disc of the same diameter and 
mass? 

10. What could you do if one of the lug nuts 
in your car is too tight for easy removal 
with the wheel wrench? 

11. If you are trying to remove a screw with 
a medium size screwdriver without much 

mv 2
r

 = G mME

r2

   
T = 2 pr

v
=

2 p 6678 x 103m
7730 m/s
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luck could you use an adjustable wrench 
to help you in the process? 

12. How can a small force produce a large 
torque? 

13. Can a large force applied to an object 
produce no torque? 

14. Do you apply a torque when you throw 
a frisbee? 

15. Is a torque required to keep the earth 
rotating around its axis? 

16. Would you switch to a large-diameter 
gear or a small-diameter gear if you 
wanted to go fast on your bicycle? 

17. Can an object that is not rotating have 
moment of inertia? Explain. 

18. Is the moment of inertia of an object a 
fixed quantity, like its mass, or does it 
depend on how it rotates? 

19. Does the moment of inertia of an object 
depend on how fast it rotates? Explain. 

20. Why does the moment of inertia of a 
spinning ice skater decrease when she 
draws in her arms closer to her body? 

21. Would the increase in angular velocity 
be larger if the spinning ice skater were 
holding small weights in her arms as she 
draws them in? 

22. If you were asked to start the ice skater 
spinning, would it require more effort 
when she has her arms extended or close 
to her body? 

23. When ice skaters spin, they usually lift 
one skate off the ice and spin on the toe 
of the other skate. Why does this 
technique make it easier to spin fast? 

24. Explain how adopting a tucked-in 
position allows a high diver to flip 
rapidly. 

25. Astrophysicists tell us that in about five 
billion years the sun will begin to expand 

until it becomes a red giant with a size of 
about 100 times its present size. Since the 
sun is rotating, what will happen to its 
angular velocity in its red giant stage? 

26. About which axis would the moment of 
inertia of a pencil be largest? 

27. Are the moments of inertia about all axes 
perpendicular to each face of a cube the 
same? What about any arbitrary axis? 

28. Can you think of an object whose 
moment of inertia does not change by 
changing its orientation with respect to an 
axis of rotation? 

29. Two astronauts working in the assembly 
of the space station are holding the ends 
of a 10 m rod (Figure E6-26). Due to the 
initial motion of the astronauts before 
holding the rod, they are set into rotation 
about the center of the rod. If they now 
pull themselves closer to each other, what 
happens to their angular velocity? Is 
angular momentum conserved in this 
situation? 

 
Figure E6-2. Two astronauts holding the ends of a 
rod, rotate about the center of the rod. What happens 
to the angular velocity if they pull themselves closer 
to the end of the rod? See question 29. 
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Centripetal Acceleration 
30. Why is the velocity vector of a body in 

uniform circular motion tangential to the 
circle? 

31. If you double the angular velocity of a 
ball in uniform circular motion, does the 
centripetal acceleration increase, 
decrease or stay the same? 

32. If the period of revolution of the ball that 
you are whirling around in a circle is 
increased, how does the centripetal 
acceleration change? 

33. If you twirl a ball on a one meter-long 
string so that it makes one revolution per 
second and then do it again with a two-
meter long string at the same angular 
velocity, how do the centripetal 
accelerations compare in each case? 

34. If you swing a ball attached to a string, 
why does the pull on the hand increase 
when the length of the string holding the 
ball is lengthened? 

35. In what direction does the mud fly off of 
a bicycle tire as you ride over a wet 
muddy road? 

36. How can a cylindrical or doughnut-
shaped space station simulate gravity? 

37. If a curve in a highway is designed to be 
taken at high speed, should the banking 
angle be larger or smaller than that for a 
slow-speed curve? 

38. A curve is banked at an angle that would 
allow a car to safely take the curve at 60 
km/h. If the pavement is covered with 
ice, should you be careful and reduce the 
speed as you approach the curve or 
should you take it at 60 km/h? 

39. Are curves in race tracks or highways 
banked according the speed at which the 
curve is to be taken or is the tilt fixed? 

40. Does the banking angle of a road depend 
on whether small cars or big trucks use 
the road? 

Satellites 
41. A spy satellite is placed at an altitude of 

300 km. Is the centripetal acceleration of 
this satellite different from the centripetal 
acceleration of a geosynchronous 
satellite? 

42. Does the centripetal acceleration of a 
geosynchronous satellite depend on its 
mass? 

43. Do all geosynchronous satellites have the 
same period of revolution around the 
earth? 

44. What is the period of revolution of a 
geosynchronous satellite? 

Origins of Our View of the Universe 
45. It seems as if Aristarchus of Samos had it 

all right way back, over 200 years BC. 
Why was his correct view of the then 
known universe with the sun at the center 
not accepted? 

46. Is parallax what explains why the moon 
seems to accompany us when we walk or 
drive? 

47. Two black, featureless rods are placed 
directly in front of you and you are asked 
to tell, without moving from where you 
are sitting or standing whether they are at 
the same distance from you (Figure E6-
3). How could you use parallax to do it? 
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Figure E6-3. Can you tell if the rods are at the same 
distance? See question 47. 

 
Kepler’s Laws of Planetary Motion 
48. Jupiter is about five times farther away 

from the sun than the earth. Is Jupiter’s 
year longer or shorter? 

49. If you know the period and average 
altitude of a nonsynchronous satellite, 
could you determine the distance to the 
moon? 

50. Pluto has an orbit that is very eccentric; 
that is, more elongated than the rest of 
the planets. At what point in its orbit is 
Pluto moving with the fastest speed? 

51. Satellites that are placed in low orbits 
encounter drag from the upper 
atmosphere. Explain why this drag 
makes the speed of the satellite increase 
rather than decrease, as one would think. 

52. Knowing the distance from the earth to 
the sun and, of course, its orbital period, 
is it possible to calculate the distance 
from the sun to any planet by knowing 
only the planet’s orbital period (which 
can be obtained from direct 
observation)? 

Newton’s Law of Universal Gravitation 
53. Why would having correct data for the 

size of the earth allow Newton to perform 
a better calculation of the centripetal 
acceleration of the moon? 

54. Astronauts in orbit are weightless. Is that 
because the gravitational force does not 
act on the astronaut when in orbit? 

55. With what force does your body attract 
the earth? 

56. The International Space Station is in orbit 
around the earth. Why doesn’t the earth 
orbit around the International Space 
Station? Or does it? Explain. 

57. Why do we say that the astronauts aboard 
the International Space Station are in 
“free fall”? 

58. Are all geosynchronous satellites placed 
at the same height above the earth? 

59. Should a synchronous satellite around 
another planet be placed at the same 
distance from the center of the planet as a 
geosynchronous satellite is placed from 
the center of the earth? 

60. Is the acceleration due to gravity at the 
top of the mountain different from the 
value at sea level? 

61. If you double the distance between two 
masses, how does the gravitational force 
of attraction between them change? 

62. If you double the masses of two nearby 
objects and also double their distances, 
how does the gravitational force change? 

63. The gravitational force decreases with the 
square of the distance. Does the 
gravitational force of attraction of the 
earth ever become zero? 

64. If the gravitational force is universal, it 
must act between you and a friend 
standing nearby. Why do you not fall 
over each other? 
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65. Why does the moon not collide with the 
earth? 

66. Newton knew that the distance between 
the earth and the moon was about 60 
times the radius of the earth. His 
gravitational law says that the force 
varies with the distance as 1/r2. Why did 
he conclude that the acceleration due to 
the gravitational attraction should be 
1/602 the acceleration due to gravity on 
the surface of the earth? 

67. The radius of the moon is about 3.7 
times smaller that the radius of the earth. 
The moon also has a mass which is about 
81 times smaller than the mass of the 
earth. Would you weigh more, less or the 
same on the moon? What would be your 
mass on the moon? 

68. What would you weigh if you were 
standing on a planet which has 4 times 
the mass of the earth and twice its 
diameter? 

69. An astronaut on the International Space 
Station is given two apparently identical 
spheres made, however, of different 
materials. How can she determine which 
sphere has the larger mass? 

70. Does the earth, being much more 
massive, exert a larger force on you than 
the force that your body exerts on the 
earth? 

71. Do you think that there is a point 
between the earth and the moon where 
the gravitational attractions of both 
bodies cancel? Where do you think this 
point is located, closer to the earth, 
closer to the moon or halfway between 
the earth and the moon? 

72. If the moon exerts a gravitational force 
of attraction on the earth, why doesn’t 
the earth revolve around the moon? 

Spacecraft and Orbital Motion 
73. The gravitational force is proportional to 

the mass. Why do a 5-kg mass and 10-kg 
mass fall to the ground with the same 
acceleration? 

 
Problems 
Note: Refer to the Appendix for 
astronomical data needed in the solution of 
some problems. 
1. A runner training for a competition 

completes 10 turns of a circular track. 
What is the angular displacement? 

2. A bicyclist has made a third of a turn 
along a circular track. What is the angular 
displacement? 

3. What is the angle rotated by a flywheel 
spinning at 600 rpm in an interval of 10 
s? 

4. Calculate the linear speed of the earth as 
it rotates around the sun. 

5. What is the speed at which a person 
standing on the ground at the equator 
moves due to the earth’s rotation? 

6. If the moment of inertia of the merry-go-
round-child system in Figure 6-2 in the 
text is reduced to 50% of the value of the 
initial moment of inertia when the child 
moves in toward the center, what is the 
new angular velocity? 

7. Stars with masses larger than about one 
and a half the mass of the sun eventually 
collapse and form neutron stars. These 
stars shrink and become so dense that all 
the atoms collapse and the electrons and 
protons combine to form neutrons. 
Suppose that a star twice as large as the 
sun rotating at the rate of one revolution 
every 30 days collapses into a neutron 
star. If the moment of inertia of the new 
neutron star is 10-10 that of the original 
star, what is the new rate of rotation? 
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8. A 2000-kg racing car turns on a banked 
curve of 50-m radius at 100 km/h (28 
m/s). What is the centripetal force acting 
on the car? What is the source for this 
force? 

9. A bicycle rider takes 25 seconds to 
complete a turn on a circular track of 40-
m radius. With what speed is the rider 
moving and what is the centripetal 
acceleration? What is the origin of the 
force producing this acceleration? 

10. A doughnut-shaped space station has a 
diameter of 196 m and spins on its axis 
to simulate gravity. How fast should this 
space station rotate be so that the 
centripetal acceleration equals g? How 
long would it take for the space station 
to complete one turn? 

11. A car is going around a curve of 10-m 
radius at 30 km/h (8.3 m/s). With what 
force does a 40-kg boy press against the 
door? 

12. Alouette 1, a satellite launched jointly by 
NASA and the Canadian Defense 
Research Board, weighs 145.3 kg and 
orbits the earth at an average altitude of 
1014 km. Determine the speed of the 
satellite and the force keeping it in orbit 
if its period is 105.4 min. 

13. The satellite Alouette 1 has an orbit 
radius of 7394 km and a period of 105.4 
minutes. If the average distance to the 
moon is 384,000 km, calculate the 
period of the moon. 

14. Mars orbits the sun at an average 
distance from the sun of 2.28 ´ 108 km. 
How long is a Martian year? 

15. Calculate the gravitational force of 
attraction between the earth and the sun.  

16. To get an estimate of the magnitude of the 
gravitational force, assume that Newton’s 
law of gravitation can be applied to two 
70-kg persons standing 1.0 m apart. 
Compare this with the attraction of the 
earth on each person.  

17. What is the weight of a 60-kg astronaut 
on the moon? Compare it with the 
astronaut’s weight on the earth. 

18. Calculate the acceleration due to gravity 
on Mars. Mars has a mass of 6.42 ´ 10 kg 
and a radius of 3400 km. 

19. What would be the magnitude of the 
acceleration due to gravity on the surface 
of the earth if the earth’s radius were 
doubled but the mass remained the same? 

20. Calculate the weight of a 70-kg person on 
the surface of a planet with four times the 
mass of the earth and twice its radius. 
Compare with the person’s weight on the 
earth. 

21. A 60-kg astronaut is standing on the 
equator of a nearly spherical asteroid. If 
the mass of the asteroid is 1.6 ´ 1018 kg 
and its radius is 50 km, determine the 
weight of the astronaut. 

22. Determine the speed at which an object 
must be horizontally thrown so that the 
curvature of its path matches the earth’s 
curvature and the object is placed in 
circular orbit around the earth.
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7   Atoms:  Building Blocks of the Universe 
 
 
 

Chapter Summary 
• The atomic idea was originated by Democritus over 2000 years ago. His idea was not accepted 

by most ancient philosophers and it was not until the nineteenth century that John Dalton 
revived it. 

• Dalton’s atomic theory said that: (1) matter is composed of atoms, which are indivisible; (2) 
atoms of a given element are identical, and (3) atoms rearrange themselves to form molecules. 

• In the eighteenth century, Benjamin Franklin distinguished between the two known types of 
electricity by identifying one kind as having positive charge and the other as having negative 
charge. Sir J.J Thomson discovered the actual carrier of electricity, the electron. 

• J.J. Thomson also introduced the first model of the atom, the plum pudding model, where the 
negatively charged electrons were embedded in a positively charged “pudding.” 

• Ernest Rutherford identified two different types of radiation which he called alpha rays 
(helium atoms with the electrons removed) and beta rays (electrons). A third type, gamma rays 
(electromagnetic radiation), was identified a year later. 

• In an experiment using alpha particles as projectiles on a sheet of gold foil, Rutherford 
discovered that Thomson’s model was incorrect and introduced his nuclear model of the atom, 
with the positive charge concentrated in a tiny nucleus and the negatively charged electrons 
orbiting around it. 

• A wave is a mechanism for the transmission of energy. Mechanical waves transmit energy but 
the medium itself does not travel. Light, on the other hand, is a wave that does not require a 
medium to propagate. 

• Two or more wave motions can interfere with each other. Waves can interfere constructively 
or destructively, depending on whether they reinforce each other or cancel each other out. 
Interference is a characteristic phenomenon of waves. 

• Max Planck introduced the idea of quanta, bundles or packets of energy, to explain the 
behavior of the radiation emitted by a hot body. Albert Einstein generalized this revolutionary 
concept and stated that light behaves both as a wave and as a bundle of quanta of energy or 
photons. 

• To explain why the electrons did not collapse into the nucleus in Rutherford’s model of the 
atom, Niels Bohr introduced the idea of stationary orbits. These were the only allowed orbits 
for the electron in an atom. In these orbits, the total energy of the electron was constant. 
Transitions between orbits were accompanied by the emission or absorption of quanta of 
energy or photons. The allowed orbits or energy levels were designated with the letter n, called 
the principal quantum number. 
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• The allowed values of the angular momentum of an electron in an atom is 

 
 where h is Planck’s constant and is equal to 6.63 ´ 10-34 J . s. 

• Atoms can combine in two ways. When the atoms combine in such a way as to share some of 
their electrons, in a covalent bond, the new structure thus formed is called a molecule. If the 
atoms retain their identities while they attract each other due to the electrical attraction of their 
respective ions (ionic bond), the atoms are said to form a compound. 

 

Example 1 
What is the value of the angular momentum of an electron in the n = 2 orbit of the hydrogen atom? 

Answer 1: For n = 2, the angular momentum is twice the lowest value, or 

 

Example 2 
In the Bohr model of the atom, the electron in the hydrogen atom orbits its proton nucleus at a 
distance of 0.53 ´ 10-10 m with a speed of 2.20 ´ 106 m/s. Determine the centripetal acceleration 
of the electron in this model. 

Answer 2: The centripetal acceleration of the electron is 

 

which gives us the incredible value of 9.13 ´ 1022 m/s2 for the acceleration of the electron as it 
moves around the proton. As we shall see in chapter 22, in the modern interpretation of quantum 
mechanics the electron is not described as a particle whirling around the proton but rather as a 
stationary pattern of probability in which nothing is being accelerated. 
 
Experiencing Physics.  Rutherford’s clever idea allowed him to discover the nucleus of the 
atom even though atoms are too small to be seen. Imagine that you are playing an old-fashioned 
computer game in which a projectile is fired at a hidden target. Explain how you could determine 
the shape and approximate size of the invisible target by studying the paths of the projectiles after 
they bounce off the target. 
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Questions 
The Atomic Hypothesis 
1. Could you describe some of the 

concepts implicit in Feynman’s atomic 
hypothesis? 

Early Concept of the Atom 

2. Is the modern idea that all matter 
consists of atoms actually “modern”? 

3. What is the nature of the glow that was 
produced in the early laboratory CRTs 
of the nineteenth century? Is this the 
same phenomenon that produces the 
image on the TV sets or computer 
monitors of the recent past? 

First Models of the Atom 

4. What was the prevailing view of the 
atom before 1909, when Ernest 
Rutherford proposed his experiment to 
“look” into the atom? Can you 
describe it? 

5. How can physicists discover the 
structure of the atom if they cannot 
even see it? 

6. You are playing a computer game 
where there is a hidden target of 
unknown shape that you throw 
projectiles at. The projectiles can be 
observed before hitting the target and 
after they have hit it. How can you 
determine the shape of the target 
without seeing it? 

7. Why did Rutherford’s experiments 
change the concept of the atom? 

8. How did Rutherford’s model of the 
atom explain the behavior of the alpha 
particles as they hit a gold foil? 

9. Why did Rutherford conclude that the 
atom had a tiny nucleus containing 
more than 99.9% of the mass of the 
atom? 

10. Do Rutherford’s experiments imply a 
model of the atom where the electrons 
move in circular orbits around the 
nucleus? Would a static model, with the 
electrons stationed at some distance 
from the nucleus, be consistent with 
Rutherford’s results? 

11. Could you explain, on the basis of the 
principle of conservation of energy, 
why the Rutherford’s atom with 
orbiting electrons is unstable? 

Waves and Quanta 

12. If a crest and a trough from two water 
waves meet at the same point, they 
experience destructive interference. 
Does this mean that there is always 
complete cancellation of the 
disturbance at this point? Discuss the 
conditions that would be necessary for 
this to happen. 

13. A scientist studying a certain 
experimental problem concludes that 
the emanation detected from the 
experiment shows interference. What 
can the scientist conclude from this 
evidence? 

14. What is the difference between the 
quanta or photons that make up a weak 
beam of red light and the photons that 
make up a stronger beam of the same 
red light? 

The Bohr Model of the Atom 
15. How did Niels Bohr’s idea that the 

atom can exist only in certain discrete 
energy levels explain the problem of 
the collapse of the electron into the 
nucleus? 

16. Can an electron in one of the stationary 
orbits in an atom absorb energy and 
remain in the same orbit? Explain. 
 

17. An electron is in the ground state of an 
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atom. Can it emit energy? 
18. Does the value of the angular 

momentum of an electron increase or 
decrease for higher orbits, that is for 
energy levels of higher value of n? 
Explain. 

Molecules 

19. Can we simply state that atoms 
combine to form molecules? Explain. 

20. What is the main difference between a 
molecule and a compound? 

21. Ammonia is a pungent gas, named 
after the Ammonians (who 
worshipped the Egyptian god Amun). 
Ammonia is a molecule, composed of 
three atoms of hydrogen and one atom 
of nitrogen. Is the bonding among 
these atoms covalent or ionic? 

22. Can we still consider the three atoms 
of hydrogen and the atom of nitrogen 
in a molecule of ammonia to be 
independent entities? Explain. 

23. Magnesium fluoride consists of the 
ionic bonding of two fluorine ions and 
one magnesium ion. Is magnesium 
fluoride a molecule or a compound? 

24. Are the atoms of magnesium and 
fluorine in magnesium fluoride still 
independent atoms or do they lose 
their identities? Explain. 

 

Problems 
1. Calculate the lowest value of the 

angular momentum of an electron in the 
hydrogen atom. 

2. What is the value of the angular 
momentum of an electron in the n = 4 
energy level of the hydrogen atom? 

3. The value of the energy of an electron 
in the n = 3 energy level of the 
hydrogen atom is -1.51 eV while in the 
lowest level (ground state), the energy 
is -13.58 eV. What is the energy of the 
photon emitted by an electron jumping 
from the n =3 level to the ground state? 

4. What is the energy of the photon 
absorbed by an electron in a hydrogen 
atom as it jumps from the ground state 
to the n = 3 energy level? (Refer to 
problem 3.) 

5. An electron absorbs a 10.19 eV-photon 
when jumping from the ground state to 
the second energy level. What is the 
magnitude of the value of the energy of 
the electron in this level? (Refer to 
problem 3. 

6. Calculate the time it takes an electron in 
the hydrogen atom to complete an orbit. 
(See Example 2). 

7. What is the centripetal force acting on 
the electron in the hydrogen atom in the 
Bohr model? The radius of the 
electron’s orbit in the hydrogen atom is 
0.53 ´ 10-10 m and its speed is 
2.20 ´ 106 m/s.
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Chapter Summary 
• The nucleus is composed of protons and neutrons, which are collectively known as nucleons. 
• The number of protons in a nucleus is equal to its atomic number Z. The total number of 

nucleons is called the mass number A. The number of neutrons is given by the neutron number 
N. Thus 

A = Z + N 

• Different types of nuclei are called nuclides. A nuclide is described with the following 
notation 

 

• The atomic mass number, amu, is defined as one-twelfth the mass of 126C, 

1 amu = 1.660566 x 10-27 kg. 

• The total energy of the nucleus is less than the total energy of its separated nucleons. This 
energy difference is called binding energy. 

• The energy equivalent of 1 amu is 931.5 MeV. 

• Scattering experiments similar to the one that allowed Rutherford to discover the nucleus 
provide information about the size of nuclei. It is known that the volume of the nucleus is 
proportional to the mass number A. This result means that the nucleons are packed more or 
less the same way in all nuclei. 

• Nucleons can move in the nucleus in certain specific orbits which are determined by four 
quantum numbers. The first quantum number, n, which can only take integer values, 
determines the energy of the nucleon. The second quantum number, the angular momentum 
quantum number, specifies the shape of the orbit; higher values indicating more circular orbits 
and lower values, more elliptical ones. The other two quantum numbers determine the 
direction of the orbit and its orientation in space. 

• The energies of the allowed orbits are distributed in groups or shells. 
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Example 1 
Calculate the mass defect between the 42He atom and its component particles. The mass of the 
neutral 42He atom is 4.00260 amu. 

Answer: 1. If we compare the mass of the neutral 42He atom, 4.00260 amu, with the mass of its 
constituents, 2 protons each with mass 1.007276 amu, two neutrons of mass 1.008665 amu, and 
two electrons of mass 5.486 ´ 10-4amu, we obtain for the separated particles (using the symbols 
p, n, and e to represent protons, neutrons, and electrons, respectively):  

2 m(p) = 2 ´ 1.007276 amu 

 = 2.014552 amu 

  2 m (n) = 2 ´ 1.008665 amu 

 = 2.017330 amu 

2 m (e) = 2 ´ 5.486 x 10-4amu 

 = 0.001097 amu 

Thus, 

total mass of separated particles = 4.032979 amu. 

which is 0.030379 amu larger than the mass of the neutral 42He atom. This is the mass defect. 
 

Example 2 

The mass defect between the 42He atom and its component particles is 0.030379 amu. Calculate 
the binding energy the 42He nucleus. 

Answer 2. The mass defect goes into the binding energy of the nucleus according to Einstein’s 
formula E = mc2. Since we have already used the formula to calculate the transformation of a 
mass of 1 amu into an energy of 931.5 MeV, we can use this result to calculate the binding energy 
of the 42He nucleus: 

 

This is the energy that keeps the 42He nucleus together. 

 

E  =  0.030379 amu  ́   931.5 MeV
amu  = 28.3 MeV 



 

Questions 
Raw Material:  Protons and Neutrons 
1. Protons and electrons have equal and 

opposite electric charge. Since the atoms 
are electrically neutral, they have equal 
numbers of electrons and protons. Why 
was the neutron needed? 

Composition of the Nucleus 
2.  Using the notation introduced in this 

section, describe the nucleus of Lithium 
with 3 protons and 4 neutrons. 

3. What is the difference between the 
isotopes 126C and 146C? 

4. Why is the atomic mass unit so close to 
the masses of one proton or one neutron? 

5. Two nuclei have the same atomic 
number. Must they be isotopes of the 
same element? 

6. Two nuclei have the same mass number 
40. Do these nuclei have to be isotopes 
of the same element? 

7. A nucleus has an atomic mass number A 
of 42 and an atomic number Z of 20. 
How many neutrons does it have? 

8. Give the number of neutrons in the 
following nuclei: 

 (a)  23592U (b)  21084Po 

 (c)  21083Bi (d)   9236Kr 

 (e)  178O 

9. The symbol 2713Al tells us that the 
nucleus of Aluminum has mass number 
27 and atomic number 13. Why don’t we 
have to specify the neutron number? 

10.  5626Fe and 5625Mn have the same mass 
number. Why are they different 
elements? 

11. Why do we say that the number of 
protons in a nucleus determines the 

element? 
12. Give a complete description of the 

following nuclei: 

 (a)  126X (b) 4xHe 

 (c)  168X (d) 4020X 

 (e)  2xH 

13. Determine the atomic number of the 
following nuclei: 

 (a)  7Li (b)  22Na 

 (c)  60Co (d)  235U 

 (e) 208Pb 

14. Give the name of the elements with the 
following atomic numbers (look up a 
periodic table). 

 (a)  Z = 38 (b)  Z = 26 

 (c)  Z = 5 (d)  Z = 9 

 (e) Z = 84 
15. Write the complete description of the 

nuclei with the following mass and 
atomic number: 

(a) A = 24, Z = 12 
(b) A = 4, Z = 2 

(c) A = 16, Z = 8 

(d)  A = 14, Z = 7 

(e)  A = 128, Z = 53 
16. Determine the number of neutrons in 

the following nuclei: 

 (a)  2713Al (b)  73Li 

 (c)  13856Ba (d)  14156Ba 

 (e)  23892U 

The Glue That Keeps the Nucleus 
Together 

17. Compare the nuclear force between two 
protons to the nuclear force between 
one proton and one neutron. 
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18. The mass of the Li-7 nucleus is 7.016005 
amu but its constituent particles have a 
total mass of 7.058134 amu. What is the 
binding energy of Li-7? 

19. What is the main reason for formulating 
the existence of the nuclear force? 

20. What is the evidence that supports the 
statement that at very short distances, the 
nuclear attraction between two protons 
is stronger than their electrical 
repulsion? 

21. If two protons are located at a distance 
of 1 millimeter from each other, do they 
feel the nuclear force? What happens to 
the protons in this situation? 

22. Two protons are located at a distance of 
1 ´ 10-15 m. Do they feel the nuclear 
force? Do they feel the electrical 
repulsion? 

23. What happens if two neutrons are 
located at a distance of 1 millimeter from 
one another? 

24. The distance between a proton and a 
neutron is 1 millimeter. Do they feel the 
nuclear force at this separation? What 
about the electrical force? 

25. The nucleus of an atom is composed of 
neutrons and protons. Neutrons have no 
electric charge and protons have positive 
electric charge. As we know, like 
charges repel each other. Why doesn’t 
the nucleus fly apart due to the electrical 
repulsion of the protons? 

26. Is the nuclear force between two protons 
the same as that between a proton and a 
neutron? Between two neutrons? 

27. Neutrons have no electric charge and 
protons have positive electric charge. 
Since like charges repel each other, why 
doesn’t the nucleus fly apart? 

28. The total mass of a neutron and a proton 
is greater than the mass of a deuteron, the 

nucleus formed with these two 
particles. What happens to the 
difference in mass? 

29. Do you need to do work to assemble a 
helium-4 nucleus? Would you have to 
do work to pull the 4 nucleons of a He-
4 nucleus apart? 

30. Which nucleus is more tightly bound, 
57Fe or 208Pb? Explain why. 

Size and Shape of the Nucleus 
31. What is the number of nucleons in a 

nucleus that has three times the volume 
of another nucleus with 20 nucleons? 

32. What is the number of nucleons in a 
nucleus with ten times the volume of a 
second nucleus which has 16 nucleons? 

33. The nucleus of an isotope of calcium 
has 40 nucleons. How much larger 
would the volume of the nucleus of 
Bromine be, if this nucleus has 80 
nucleons? 

34. The most common isotope of oxygen 
has a mass number of 16. Determine the 
volume of helium-4 in relation to 
oxygen-16. 

Nuclear Energy Levels 

35. Which nucleon has more energy, one 
with a quantum number n equal to 1 or 
one with n equal to 5? 

 

Problems 
1. Calculate the mass of the hydrogen 

atom in amu and in kg. 

2. If all the mass of one electron were to 
be converted into energy, how much 
energy would be obtained? Give your 
answer in keV. 

3. Calculate the binding energy of the Li-
7 nucleus. The mass of lithium-7 is 
7.016005 amu. 
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4. The deuteron is the nucleus of 
deuterium, which is an isotope of 
hydrogen with a mass of 2.014102 amu 
and mass number of 2. Calculate the 
binding energy of the deuteron. 

5. Determine the binding energy of the 
isotope of hydrogen tritium, 3H. The 

mass of tritium is 3.016049 amu. 
6. The binding energy of tritium is 8.48 

MeV. Calculate the binding energy per 
nucleon for tritium. 

7. Find the binding energy per nucleon of 
3He if its mass is 3.016029 amu 
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9    Fluids 
 
 
 

Chapter Summary 
• The forces that bind the atoms together in a solid are strong enough for the solid to maintain 

its shape. If the atoms arrange themselves in a pattern that is repeated through the substance, 
the solid is called a crystal. Solids that do not form these patterns are amorphous. 

• In fluids, the binding forces are weaker, so that the atoms or molecules do not occupy fixed 
positions and move at random. Liquids and gases are fluids. 

• Density of a substance is its mass per unit volume, 

 

• Pressure is defined as the force per unit area, or 

 

 The SI unit of pressure is the newton per square meter (N/m2), which is also called the 
pascal (Pa). 

• The atmospheric pressure at sea level is 101.3 kPa or 1 atm. 
• The pressure in a liquid increases with depth. The pressure at a depth h in a liquid is 

P = rgh 

 If we also consider the atmospheric pressure, the total pressure at a depth h is 

PT = Pa + rgh 

• Pascal’s principle says that the pressure applied to a liquid is transmitted undiminished to 
all points of the liquid and to the walls of the container. 

• Archimedes’ Principle says: An object partially or completely submerged in a fluid is 
buoyed up by a force equal to the weight of the fluid displaced by the object. 

• The surface of a liquid can be thought of as a stretched elastic membrane. The 
intermolecular forces that act on the molecules on the surface of the liquid act to make the 
surface of the liquid as small as possible. This property of liquids is what we call surface 
tension. These forces are also responsible for the rising of the liquid in very thin tubes, a 
phenomenon known as capillarity. 

• For a liquid flowing through a pipe with different cross-sectional areas, the velocity of the 
fluid is larger when the area is smaller. This is a result of the incompressibility of liquids. 

r = m
V

P = F
A
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• When a fluid flows horizontally so that we can ignore the effects of gravity, an increase in 
the velocity of a fluid produces a decrease in the pressure. This effect can be used to 
understand the lift on an airplane. 

 

Example 1 
What is the volume of a gold crown that weighs 20 kg? 

Answer: In Table 9-1of the text we find the value for the density of gold to be 19300 kg/m3. 
With this value we can calculate the volume of the gold crown to be 

 
 
Example 2 

Calculate the pressure exerted on the ground by a 65-kg person wearing regular shoes, if the 
area of each shoe that is in contact with the ground is 150 cm2. Calculate also the pressure that 
the same person, wearing snowshoes, exerts on the snow if the area of each snowshoe is 930 
cm2. 

Answer: The total area in contact with the ground is A = 2 ´ 150 cm2 = 300 cm2, or 3.00 ´ 10-
2 m2 (there are 10,000 cm2 in 1 m2). The pressure on the ground by the person wearing regular 
shoes is 

 

which yields a pressure of 2.1 ´ 104 Pa. Let’s calculate now the pressure with snowshoes. The 
total area is now 1860 cm2 or 0.186 m2, (since, as we saw above, 1 m2 = 10000 cm2). The total 
pressure on the snow is P = mg/A = (65 kg ´ 9.8 m/s2)/(0.168 m2) = 3.4 ´ 103 Pa. This pressure 
is about 6 times smaller than with regular shoes.  

 

Example 3 

Calculate the pressure exerted by the water filling a 10.34 m long vertical pipe of 1 m2 cross 
section. 

Answer: This pressure is equal to the weight mg of the column of water divided by the area A 
of 1 m2. Although we do not know the mass m, we can calculate it because we know the volume 
and density = mass/volume, or mass = volume ´ density. Because it is a pipe of 1 m2 base and 
10.34 m height, the volume is 10.34 m3. Since the density of water is 1000 kg/ m3, the mass is 
10.34 m3 ´ 1000 kg/m3 = 10.34 ´ 103 kg. The weight is then mg = (10.34 ´ 103 kg)(9.8 m/s2) 
= 101.3 ´ 103 N and the pressure at the bottom of the pipe,  

p = mg /A = 101.3 ´ 103 N/m2 or 101.3 kPa 

V = m
r

 = 20 kg
19300 kg/m3

 = 1.0  ́10-3 m3

P = F
A

 = mg
A

 = 65 kg  ́9.8 m/ s2

3.00  ́10-2 m2
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which is equal the pressure of the atmosphere. 
 

Example 4 

A scuba diver is swimming in a lake at a depth of 20.0 m. What is the total pressure on his 
body? 
Answer: The pressure due to the water at this depth is 

P = rgh = (1000 kg/m3 )(9.8 m/s2)(20.0 m) = 196 kPa 

The total pressure is equal to the pressure of the water plus the pressure of the atmosphere acting 
on the surface of the water: 

PT = Pa + 196 kPa = 101.3 kPa + 196 kPa = 297 kPa. 

 

Example 5 
What is the buoyant force exerted on a crown that has been submerged in water if the crown 
has volume of 2.0 ´ 10-3 m3? 

 
Figure E9-1. (a) The king weighs his crown in air and (b) when submerged in water. 
 

Answer: Archimedes’ principle tells us that the buoyant force exerted on the crown is equal the 
weight of the liquid displaced when the crown is submerged. This weight is equal to mw g. The 
mass of water displaced, mw, is equal to its volume, vw, times the density of water, mw = vw r. 
But the volume of water displaced when we submerge the crown is equal to the volume of the 
crown, which we know is 2.0 ´ 10-3 m3 (we also know the density of water, 1000 kg/m3). Thus, 
the mass of water displaced is mw = (2.0 ´ 10-3 m3) ´ (1000 kg/m3) = 2.0 kg and the buoyant 
force is B = mw g = 2.0 kg ´ 9.8 m/s2 = 19.6 N.  
 

Example 6 
The perimeter of a razor blade is 12 cm and its weight is 0.56 g. Show that it will not sink if 
carefully placed horizontally on the surface of the water. 

Answer: The surface tension of water at room temperature is 0.0728 N/m. Since the perimeter 
of the razor blade is 12 cm or 0.12 m, the surface of the water can support a weight of 

(0.0728 N/m)(0.12 m) = 0.0087 N 
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This is the weight of an object of mass 0.0087 N/9.8m/s2 = 0.00089 kg or 0.89 g. Since the razor 
blade has a mass of 0.56 g, it can float on water. 
 

Example 7 

Since the pressure drop in the main arteries of the body due to resistance to the flow of blood is 
very small, we can assume that variations in the blood pressure on a standing person are due to 
height. Calculate the pressure difference between the heart and the foot in an average adult. 

Answer: Assuming that the difference in heights between the foot and the heart in an average 
adult is 1.30 m, we can calculate this pressure difference to be 

Pfoot - Pheart = r g h  

In table 9-1 in the text, we listed the value for the density of human blood to be 1060 kg/m3. 
Thus, 

Pfoot - Pheart = (1060 kg/m3)(9.8 m/s2)(1.30 m) = 13.5 kPa 

or 10.1 mm Hg.  
 
Experiencing Physics. A king wishes to know if a crown he has commissioned is made 
entirely with gold. Knowing of Archimedes’ experiment, the king weighs the crown in air and 
when submerged in water to determine the buoyant force (figure E9-1). If the king finds that 
the volume of water displaced by the crown is larger than the volume of a gold bullion that has 
the same mass as the crown, is the crown 100% gold?

 

Questions 
States of Matter 

1. Explain why fluids don’t maintain their 
shape. 

Density 
2. Two substances have the same volume. 

If one substance has twice the mass of 
the other, which one has a greater 
density?  

3. You have two containers holding 
different liquids both weighing the 
same. If one liquid has twice the 
volume of the other, how do their 
densities compare? 

4. A red ball and a blue ball have the same 
diameter. The mass of the red ball is 

twice the mass of the blue ball. Compare 
the densities of the two balls. 

5. A small gold ball and a small copper ball 
are placed in a container with mercury. 
Describe what happens to each ball. 
(Ignore any possible chemical reactions 
between the metals and mercury) 

Pressure 
6. Since their weights don’t change, why 

does crawling help rescue personnel 
avoid falling through thin ice? 

7. Does it make any difference whether the 
area of the top of the balance you stand 
on to weigh yourself is large or small? 
Explain. 
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8. Why do chairs with narrow legs 
damage a vinyl floor more than chairs 
with wide legs or wide casters? 

Atmospheric Pressure 
9. It is often difficult to squeeze out the 

frozen juice from a can. However, if 
you punch a hole in the closed end of 
the can with a bottle opener, the frozen 
juice slides out easily. Why? 

10. Why should you punch two holes on the 
lid of a can of motor oil when you are 
ready to add oil to the engine of your 
car? 

11. What happens to the volume of a 
helium-filled balloon as it rises in the 
atmosphere? 

12. Is it possible to build a barometer with 
an open tube? 

13. Explain why a mercury barometer 
requires a column of mercury that is 
13.6 times shorter than what the length 
of the column of water would be if you 
were to construct a water barometer. 

14. Could you use a barometer to measure 
altitude? 

15. If you pull a filled straw from a drink 
while keeping your finger over the top 
end, the liquid will not spill out of the 
straw. Explain why not. 

16. Could you siphon gasoline out from the 
tank of a car using an 11-m long hose 
held almost horizontally and slightly 
below the level of the gasoline in the 
tank? 

17. Would Superman be able to drink water 
directly from a well using a 12-m long 
straw? 

18. The atmospheric pressure on Venus is 
90 times larger than the atmospheric 
pressure on earth. How long should the 

tube holding the mercury column in a 
barometer be to be usable on Venus? 

19. There is a device on the market for 
providing drinking water to pets (dogs 
and cats) which consists of a container 
shaped so that it can accommodate two 
inverted 2-liter plastic bottles of the type 
used by soda companies (figure E9-2). By 
filling both bottles with water, up to 4 
liters of water can be provided to the pet. 
Explain why the water doesn’t spill out of 
the bottles. 

 
 Figure E9-2.  A device for providing drinking 

water to pets. See question 20. 
 

20. Would the device of figure E9-2 work on 
the moon? 

Pressure in a Liquid 

21. Dams are usually constructed so that the 
bottom part is wider than the top. Why? 

22. Does Pascal’s principle work in a gas? 

23. A hydraulic lift acts as a force magnifier. 
Does this violate the principle of 
conservation of energy? 

24. The pressure on a scuba diver swimming 
in sea water 10 m below the surface is 202 
kPa. What would be the pressure on a 
shark swimming in the same waters at the 
same depth? 

25. Explain why “water seeks its own level.” 



9  Fluids 

 

70 

 

26. You place a fish bowl without the fish 
on a balance and then place the fish in 
the water. Does the balance reading 
change if the fish does not touch the 
bottom while you take the reading? 

Buoyancy 
27. Is it easier to float in sea water than in 

fresh water? (See Table 9-1 in the text). 

28. Why does a helium-filled balloon rise 
in the air? 

29. Can a helium-filled balloon rise all the 
way up into space? 

30. A sphere floats in mercury. Would it 
float in water? Give your reason. 

31. A small toy floats in fresh water. Would 
it necessarily float in sea water? 
Explain. 

32. A person lying on an inflatable mattress 
in the middle of a pool decides to take a 
swim and jumps in the water. Does the 
water level rise or stay the same? 

33. A popular question in puzzle and game 
books asks what happens to the water in 
a glass filled to the brim when an ice 
cube floating in the water melts. Give 
your answer using Archimedes’ 
principle. 

34. There is a famous problem in physics, 
asked by scientists like George Gamov 
and J. Robert Oppenheimer (who, by 
the way, initially answered it 
incorrectly), about throwing a rock in 
the water from a boat floating in a 
swimming pool. What happens to the 
level of the water in the pool after the 
rock is thrown into the water? 

35. Is the buoyant force on a submerged 
submarine different at different depths? 

36. Two paper weights of the same volume, 
one made of brass and the other of 
glass, are immersed in water. Is the 

buoyant force on the paper weights 
different? 

Surface Tension and Capillarity 

37. Is there any difference between a steel 
ship floating because of buoyancy and a 
steel razor blade floating because of 
surface tension? 

38. When it rains, water beads up on a well-
waxed automobile. Explain why. 

39. Would it be possible, in principle, to 
design shoes with bottoms large enough 
so that a person could literally walk on 
water, held by surface tension? 

40. A dry brush has its bristles slightly 
spread-out but if you dip it in paint or 
water, the bristles stick together. Explain 
why.  

 
 Figure E9-3.  Why do the streams remain 

together? Question 41. 
 

41. If you drill two or three holes near each 
other in the side of a can, all at the same 
distance from the bottom, and then fill the 
can with water, the streams will converge 
after you run your finger through the 
holes (figure E9-3). Explain why. 

42. Sand at the beach is wet above the water 
line. Explain how this can happen. 

Fluids in Motion 
43. Why does a stream of water from a faucet 

become narrower as it falls? 
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44. Should you open up or close down the 
nozzle in your garden hose to have the 
water reach farther? 

45. If the nozzle of your garden hose is 
missing, what could you do to shoot the 
water farther? 

46. Water flows through a pipe with 
variable cross-sectional area. Where is 
the velocity of the water largest? 
Smallest? 

47. Explain why the canvas top of a 
convertible bulges up at high speeds. 

48. If a fast-moving truck passes you on a 
4-lane highway, why is your car drawn 
towards the truck? 

49. Does it make sense to warn people not 
to get too close to a fast-moving 
subway train to avoid being sucked in? 

50. Ships that pass too close together on 
parallel courses might collide. Can you 
explain why? 

51. Department stores sometimes would set 
up a display using a vacuum cleaner 
with the air flowing backwards and the 
end of the hose at an angle. In front of 
the air jet they balance a beach ball 
(figure E9-4). Using Bernoulli’s 
principle, explain how this is possible. 

 
 Figure E9-4.  A beach ball can be balanced in 

an air jet held at an angle. Question 51. 
 

The Human Cardiovascular System 

52. Does blood run faster through the 
arteries or through the capillaries in 
your body? 

53. Why should the blood pressure not be 
measured in a noisy room? 

54. After the cuff of the sphygmomanometer 
is inflated and blood begins to flow 
during the systolic part of the cycle, does 
blood run through the partially closed 
artery faster or slower than normal? 
Explain. 

55. Is it possible to accurately measure the 
blood pressure of a person who is lying 
down by wrapping the 
sphygmomanometer around one leg? 

56. Should your blood pressure be lower 
when you are lying down? 

57. Physicians and nurses usually measure 
blood pressure with the patient sitting 
down. Would the blood pressure be 
different if they were to measure it while 
the patient was standing up? 

 

 
Problems 

1. A family room has a 9.0m ´ 7.0 m floor 
and a 2.7 m-high ceiling. What is the 
mass of the air in that room? 

2. What is the mass of a gold crown that has 
a volume of 700 cm3? 

3. A helium-filled balloon has a volume of 
4,000 cm3 (at sea level atmospheric 
pressure and at 0º C). Determine the mass 
of helium in the balloon. 

4. A 15-g ice cube is allowed to melt in an 
otherwise empty glass. What is the 
volume of the ice cube? Determine also 
the volume of the water after the ice melts 
completely. Why are the answers 
different? 

5. An average elephant has a mass of 5,500 
kg. If each foot has a diameter of 0.25 m, 
determine the pressure exerted on the 
floor by an elephant standing on its four 
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legs. Compare this result with the 
pressure exerted by a 70-kg person 
sitting in a chair if each leg has an area 
of 1.0 cm2. Assume that the person is 
not touching the floor. 

6. A softbound textbook of mass 0.8 kg 
and dimensions 4 cm ´ 15 cm ´ 23 cm 
stands on a shelf. What is the pressure 
exerted by the book on the shelf? If the 
same book now lies flat on a table, 
calculate the pressure that the book 
exerts on the table. Explain why the 
same object can exerts different 
pressures. 

7. A glass of water is inverted into a bowl 
of water. If the level of the water in the 
glass is 7.0 cm above the level of the 
water in the bowl, calculate the pressure 
that the water in the glass exerts. 
Compare this pressure with the 
atmospheric pressure. 

8. What is the pressure due to the water at 
the bottom of a lake 10.34 m deep? 
Compare this with the atmospheric 
pressure at sea level. 

9. At what depth in a lake is the total 
pressure equal to twice the atmospheric 
pressure? 

10. At what depth in the ocean is the 
pressure due to the water equal to the 
atmospheric pressure? 

11. Calculate the total pressure at the 
bottom of a 2.50-m deep swimming 
pool. 

12. What is the force that the water exerts 
on the bottom of a 10 m ´ 10 m ´ 3 m 
swimming pool if the water in the pool 
is 2.90 m deep. Calculate also the 
pressure due to the water on the bottom. 

13. The hydraulic lift used to raise a 2000-kg 
car in a repair shop (Fig. 9-9 in the text) 
has a large piston with a diameter of 50 
cm. If the small piston has a diameter of 
2.5 cm, what is the force required to lift 
the car? 

14. Calculate the buoyant force on a silver 
coin that fell into a bowl of water. The 
coin has a volume of 10.8 cm3. 

15. What is the buoyant force on a 10-kg 
brick of density 2800 kg/m3 lying at the 
bottom of a pool? 

16. A sewing needle has a mass of 0.1265 g. 
The needle is carefully placed on the 
surface of the water in a bowl. The total 
length of the boundaries of the needle that 
are in contact with the water is 4.0 cm. 
Calculate the maximum weight of the 
same dimensions that the water is able to 
support by surface tension, and show that 
it is greater than the weight of the needle. 

17. If the sewing needle of the previous 
problem were placed on the surface of 
soapy water, would it sink? 

18. If we place the sewing needle of the 
previous two problems in Benzene, 
would the needle sink? 

19. A clip is carefully placed on the surface 
of the water in a glass. If the clip has a 
length of 8.0 cm and a mass of 0.5091 g, 
would it stay afloat due to surface 
tension? 

20. A 175-cm tall man has a blood pressure 
of 120/80 mm Hg. If this man’s heart 
when standing is 125 cm above the 
ground, what is the blood pressure at the 
level of his feet? 
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Chapter Summary 
• Heat, as James Joule was able to establish with his mechanical equivalent of heat experiment, 

is a form of energy. 

• The relations between temperature on the Celsius, Fahrenheit, and Kelvin scales are 

   T = TC + 273.15 

• Temperature is the measure of the average random kinetic energy per molecule. Thermal 
energy is the total random energy of the molecules in a substance. Heat is the thermal energy 
transferred from a warm object to a cooler object because of a temperature difference. The 
SI unit of heat is the joule; another unit of heat, defined during the times of the caloric theory, 
is the calorie, cal, which is the amount of heat required to raise the temperature of 1 gram of 
water by 1ºC. The relation between calories and joules is 

1 cal = 4.186 J 

• The heat capacity, C, of a substance is the heat required to increase the temperature of a mass 
m of the substance an amount DT. The specific heat capacity, c, or heat capacity per unit 
mass, is the heat required to raise the temperature of a unit mass of a substance by one 
degree. If Q is the amount of heat required; m, the mass of the substance; and DT, the change 
in temperature, the specific heat capacity is 

 

 The units of specific heat in the SI system are J/kg ºC, but kcal/kg ºC are more commonly 
used. 

• The heat absorbed or released by one kilogram of a substance during a phase transition is 
called the latent heat, L. If the transition is from solid to liquid or vice versa, this latent heat 
is called latent heat of fusion, Lf. If the transition involves the liquid and gas phases of a 
substance, it is called the latent heat of vaporization, Lv. For water, 

 Lf = 80 kcal/kg = 335 kJ/kg Lv = 540 kcal/kg = 2,259 kJ/kg 

 The heat required to melt a solid of mass m is Q = mLf; the heat required to vaporize a liquid 
of mass m is Q = mLv. 
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• Humidity is a measure of the amount of water present in the air at any given time. Absolute 
humidity (AH) is the total mass of water vapor present in the air per unit volume, generally 
given in g/m3. Humidity at saturation, HS, is the mass per unit volume of water vapor 
required to saturate the air. Relative humidity, RH, is the ratio of the absolute humidity to the 
humidity at saturation:  

 

 The temperature at which the air saturates is called the dew point. 
• Some thermometers depend on thermal expansion. The change in length due to this thermal 

expansion when a change in temperature DT has occurred is 

DL = a Lo DT 

 where a is the coefficient of linear expansion and Lo, the initial length. 
 

Example 1 

What is the normal body temperature in the Celsius and Kelvin scales? 

Answer: As it is stated in the text, the normal body temperature in the Fahrenheit scale is 98.6º 
F. The transformation between Fahrenheit degrees and Celsius degrees is 

 

 
In the Kelvin scale, the normal body temperature is 

TK = TC + 273 = 37.0 = 273 = 310 K 
 

Example 2 

After eating a 250-Calorie bowl of ice cream, a student feels guilty and decides to burn these 
Calories by lifting barbells in her room. If the barbells have a mass of 10 kg each and the student 
lifts them 50 cm each time, how many times must she lift them to burn 250 Calories, assuming 
that the body is 8% efficient with this exercise? 
Answer: Let’s calculate first the energy required to lift the two barbells. The energy is equal to 
the potential energy that the barbells have at the top of the motion, which is 

PE = m g h = 20 kg ´ 9.8 m/s2 ´ 0.50 m = 98 J 

where m is the mass of the two barbells and h, the height at which they are lifted. Thus, each 
time she lifts the barbells, she needs to do 98 J of work. Converting this energy to calories, we 
have PE = 98 J ´ 1 cal/4.186 J = 23 cal. The problem states that the student needs to burn 250 
Cal = 250 kcal. These calories are the amount of energy that enters the body. Since we are told 

R H = A HHS

)32(
9
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 98.6 - 32  = 5
9

 (66.6) = 37.0º C
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that the body has an efficiency of 8% = 0.08, then the work that the body must perform is W = 
0.08 ´ 250 kcal = 20 kcal = 20,000 cal. Since each time the student lifts the barbells she burns 
23 cal, she needs to lift them (20,000 cal)/(23 cal/time) = 870 times to get rid of the Calories 
gained by eating the ice cream bowl!  
 

Example 3 

How much heat is required to heat 250 mL of water (mass = 250 g) for a cup of instant coffee to 
a temperature of 100 ºC if the water is taken from the tap at 20 ºC? If the water is heated in an 
80-g aluminum pot, how much heat is needed to also heat the pot from 20 ºC to 100ºC? 
Answer: From the expression for specific heat we can obtain the amount of heat needed to heat 
the water from 20º C to 100º C: 

Q = m c DT = (0.250 kg)(1.0 kcal/kg ºC)(100 ºC - 20 ºC) = 20 kcal 

The heat needed to heat the pot from 20 ºC to 100 ºC is also obtained with this expression. The 
specific heat of aluminum, from table 10-1 in the text, is 0.21 kcal/kg ºC. Thus 

Q = m c DT = (0.080 kg)(0.21 kcal/kg ºC)(100 ºC - 20 ºC) = 1.3 kcal 

Therefore, only 1.3 kcal are needed to increase the pot’s temperature from 20ºC to 100ºC, 
whereas the water requires 20 kcal for the same temperature increase. 
 

Example 4 

A 10-g ice cube at 0ºC is left in a glass to melt. How much heat is supplied to the ice cube by the 
surroundings to melt the ice cube completely? 
Answer:  The heat supplied by the surroundings to melt the ice is given by 

Q = mLv = 0.010 kg ´ 80 kcal/kg = 0.80 kcal 
 

Example 5 

If 10 g of water are heated on a stove until all the water is converted into steam, what is the total 
amount of heat supplied by the stove? 

Answer. We need to divide the calculation in two parts. First, we need to calculate the heat 
required to heat the water from 20 to 100ºC, which is the boiling point of water. Then we can 
calculate the heat required to boil or vaporize the water. 

 The heat required to heat up the water from 20 to 100ºC is given by 

Q1 = m c DT = (0.010 kg)(1.0 kcal/kg ºC)(100ºC - 20ºC) = 0.80 kcal 

The heat required to boil the water, or heat of vaporization, is 

Q2 = m Lv = 0.010 kg ´ 540 kcal/kg = 5.4 kcal 



10  Heat and Temperature 

 

76 

 

Notice that the largest amount of heat is the heat of vaporization. This, as we learned in the 
discussion above, is due to the fact that in the solid and liquid states, the molecules of water are 
more or less at the same distances from each other. The only difference is that is the solid state 
the molecules are held in more or less fixed positions to form the crystal structure and in the 
liquid these strong bonds are broken and the water molecules move at random. In the gaseous 
state, however, the water molecules are separated by large distances and it requires work to 
separate them. 

 The total amount of heat supplied by the stove is then 0.80 kcal + 5.4 kcal = 6.2 kcal. 
 

Example 6 

At noon on a nice spring day the temperature reaches 20ºC and the relative humidity is 50%. If 
the absolute humidity is the same during the evening, determine the dew point. 
Answer:  The dew point is the temperature at which the air begins to saturate; that is, when the 
relative humidity is 100%. Since the absolute humidity remains the same throughout the day, we 
can determine its value at noon, when the temperature is 20ºC. At this temperature, the humidity 
at saturation, from table 10-2 in the text, is 

HS = 17.12 g/m2 

and the absolute humidity, from the expression above, is 

AH = RH ´ HS = 0.50 ´ 17.12 g/m2 = 8.56 g/m2 

When the relative humidity is 100% = 1, the absolute humidity and the humidity at saturation 
are equal, since AH = RH ´ HS = 1 ´ HS = HS. Thus, the dew point would be the temperature at 
which the humidity at saturation is 8.56 g/m2. In Table 10-2 in the text, we see that at a 
temperature of 8ºC, the humidity at saturation is 8.21 g/m2, slightly smaller than the value we 
obtained. Thus, we can say that the dew point is approximately 8ºC. 
 

Example 7 
Calculate the change in length of the steel beam mentioned in the discussion above when the 
temperature changes from -10ºC during a cold winter night to 35ºC during a hot summer day. At 
-10ºC the beam has a length of 9.996 m. 

Answer:  The change in length due to a change in temperature is given by 

DL = a Lo DT 

The length when the temperature is -10ºC is Lo = 9.996 m; the thermal expansion coefficient for 
steel, from table 10-2 in the text, is 12 ´ 10-6 (1/ºC); and the change in temperature is 

DT = [35ºC - (-10ºC)] = 45ºC 

Thus, the change in length between these two extreme temperatures is 

DL = 12 ´ 10-6 (1/ºC) ´ 9.996 m ´ 45ºC = 6 ´ 10-3 m = 5.4 mm 
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Experiencing Physics.  Devise a new temperature scale. 
Experiencing Physics.  Use a physical property of matter that changes with temperature and 
device a new thermometer. 

Questions 
Heat as a Form of Energy 

1. If you set a billiard ball rolling on a 
smooth horizontal surface, the ball 
eventually stops. What happens to the 
kinetic energy of the ball? 

2. In Joule’s experiment to measure the 
mechanical equivalent of heat (figure 10-
3 in the text), why does the water get 
warmer? 

Measuring Temperature 

3. Galileo’s thermometer lacked accuracy 
because it did not take into account 
changes in the atmospheric pressure. 
How do these changes affect the reading 
of a thermometer? 

4. Early thermometers, developed by 
Galileo’s disciples, were based on the 
expansion and contraction of alcohol. 
Why was it not possible to measure 
temperatures below the freezing point of 
water or above the boiling point of water 
with these thermometers? 

5. What would happen to the colored water 
in the glass tube of Galileo’s thermometer 
if the atmospheric pressure rises? 

6. Is it possible to invent another 
temperature scale and build a useful 
thermometer with it? How would we go 
about it? 

7. The temperature at the interior of some 
stars is estimated to be about 
15,000,000ºK. What is this temperature 
in degrees Celsius? When the 
temperatures are this high and not known 

with a high degree of accuracy, does it 
matter which of these two scales we use? 

Temperature and Heat 
8. What is the difference between 

temperature and heat? 

9. What is the difference between heat and 
thermal energy? 

10. Should you place an outdoors 
thermometer where direct sunlight can 
reach it? 

11. If you stir a liquid at room temperature, 
does the temperature of the liquid 
change? Explain. 

12. Can we speak of the temperature of a 
single molecule? 

13. If two different liquids are at the same 
temperature, are their average kinetic 
energies per molecule the same? 

14. Two substances are at the same 
temperature. Do they necessarily have the 
same thermal energy? If you fill a glass 
container with water from a swimming 
pool, is the thermal energy in the pool 
greater than the thermal energy in the 
container? Compare also the 
temperatures of the water in the container 
and in the pool. 

15. Two containers hold the same amount of 
water and are at the same temperature. 
Are their thermal energies the same? 

16. Suppose that you are sitting by a non-
heated swimming pool on a beautiful 
spring day drinking a cup of piping hot 
cocoa (figure E10-1). Which has the 
greatest amount of thermal energy, the 
cup of hot cocoa or the water in the pool?
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Figure E10-1.  Which has the greatest amount of thermal energy, the hot cocoa or the 
water in the pool? See question 16. 

 
17. Two 1-liter bottles are filled to the brim 

with water. It is determined that their 
thermal energies are the same. Are they 
at the same temperature? 

18. Is it possible for two substances that are 
at different temperatures to have the 
same thermal energy? 

19. How many joules are there in a “1-
Calorie” soft drink? 

Heat Capacity 
20. Which requires more energy, heating 10 

g of copper from 20ºC to 30 ºC or 
heating 10 g of steel from 20ºC to 30 ºC? 

21. When you take a baked apple pie from 
the oven, why does the filling take 
longer than the crust to cool? 

22. Why is wet sand on the beach cooler 
than dry sand during a hot sunny day? 

23. Which process requires more energy, 
heating 1 liter of water from 0ºC to 
100ºC or heating the same 1 liter of 
water from 32ºF to 212ºF? 

24. Would it require more energy to heat 10 
liters of water 10ºC, from 22ºC to 32ºC, 
or to heat the same 10 liters of water 10ºF, 
from 70ºF to 80ºF? 

25. Would you need more energy to warm up 
1 kg of water by 5ºC or 1 kg of ice by 
5ºC? (Assume the ice is at a temperature 
lower –5 ºC so that it does not melt). 

26. Regions that are near large bodies of 
water usually have more moderate 
climates. This is related to the high 
specific heat of water. Can you explain 
how? 

Heat of Fusion and Heat of Vaporization 
27. If you place a thermometer in a mixture 

of ice and water, what should the reading 
be? 

28. If you place 1 kg of ice at 0ºC and 1 kg of 
water at 100ºC on the same stove, which 
one takes longer to change state? 

29. If you hold 1 g of ice at 0º C in your hand 
until it melts completely, how much heat 
did your hand lose to the ice? 
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30. If you immerse a thermometer in boiling 
water, what should the reading be? Does 
this temperature change while the water 
is boiling? 

31. A bowl with a mixture of ice and water 
is left on the kitchen counter. Does the 
temperature of the mix change while the 
ice is melting? 

32. In an ice-skating rink, should the ice be 
kept at temperatures well below the 
freezing point of water or close to it? 

33. Why are ice skates so narrow? It would 
seem that a wider skate would make it 
easier to stand. 

34. In warmer areas, farmers sometimes 
spray water on plants to protect them 
from freezing when they suspect that the 
temperature might fall slightly below the 
freezing point of water. Explain how this 
works. 

Evaporation and Boiling 
35. If you want to boil water fast, should you 

increase or decrease the pressure of the 
steam? 

36. If you leave a glass of water overnight 
on the dining table, why does the 
temperature of the water drop? 

37. Explain why blowing air over the 
surface of hot soup cools it (figure E10-
2).  

38. On a very hot day, you feel cooler after 
you come out of the water if you take a 
bath with lukewarm water instead of 
with cold water. Why? 

39. On cold winter days, why do you feel 
colder after you step out of a hot shower 
than just before you stepped in? 

40. Explain how panting helps dogs cool off 
when they are hot. 

41. On winter days, if you are outside taking 
pictures with a 35-mm camera, water 

usually condenses on the lens and the 
metal body of the camera as soon as you 
take it inside a warm building. Explain 
why. (It is a good idea to leave the lens 
cap off to let the water evaporate.) 

 
Figure E10-2  The woman blows air over the hot 
soup to cool it. Question 37. 

 

42. If you leave ice cubes in the freezer for 
several days, they get smaller. Explain 
why this happens. 

43. If you are interested in saving energy, 
should you boil water in a pot with a lid 
or without a lid? 

44. Why is it much worse to get burned by 
steam at 100ºC than by water at 100ºC? 

45. Is it possible to boil water at room 
temperature?  How would we go  about  
it? Would this boiling water be hot to the 
touch? 

46. Why does a pressure cooker cook foods 
faster than a regular pot? 

Humidity 

47. Why is the air inside your home usually 
very dry in the winter? 

48. When is the absolute temperature higher, 
on a day when the temperature is 12 ºC 
and the relative humidity 100% or on a 
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day with 50% relative humidity and 20 
ºC? 

49. On a hot, humid day, when you first turn 
on the air conditioner in your car, water 
sometimes condenses on the windshield. 
Can you explain why? 

50. If you want to cool yourself during a hot 
day, would it be better to take a cold bath 
or to rub your body with a damp towel 
that you immersed in the same cold 
water? 

51. On a hot muggy day with no wind, when 
the relative humidity is near 100%, 
would clothes hung on a clothesline dry? 

Thermal Expansion 

52. Which material expands more with an 
increase in temperature, copper or steel? 

53. When a glass bottle with an aluminum 
screw-on cap becomes too tight for you 
to open it, a good advice is to run hot 
water around the cap. Why should this 
work, since both the cap and neck of the 
bottle expand when in contact with the 
hot water? 

54. What is the source of the cracking noises 
that are heard in some houses at night? 

55. A metal plate with a round hole in the 
middle is heated. Will the hole become 
larger or smaller? Why? 

56. An iron ring has an inner diameter equal 
to the diameter of an iron sphere. If you 
heat the ring, could you pass the sphere 
through the ring? 

If you heat a split washer (figure E10-3), 
what happens to the gap?  

57. From the values for the coefficients of 
thermal expansion for regular glass and 
Pyrex glass in Table 10-3 in the text, 
explain why Pyrex glass is much more 
“heat resistant.” 

 
Figure E10-3.  What happens to the gap when a 
split washer is heated? 

 

58. Where would a bridge need a larger 
expansion joint, in Florida or in 
Minnesota? 

59. The Alaska pipeline was built in a zig-zag 
pattern. Could you explain why? 

The Unusual Expansion of Water 

60. In regions where subfreezing 
temperatures are common in the winter, 
pipes are buried deep in the ground to 
keep them from freezing. Why is this 
very important? 

61. What could happen to the engine of your 
car during a winter night with subfreezing 
temperatures if you neglect to add 
antifreeze? 

62. A glass of water filled to the brim has an 
ice cube floating in it (figure E10-4). 
Would the water overflow when the ice 
melts? Recall Archimedes’ principle. 

 
Figure E10-4. Does the water overflow when 
the ice melts? Question 63. 
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Problems 
1. A child has the flu and his temperature 

is 103.5ºF. What is this temperature in 
degrees Celsius? 

2. The temperature during a nice spring 
afternoon is 70ºF. Express this 
temperature in the Celsius scale.  

3. At what temperature do both the 
Celsius and Fahrenheit scales give the 
same reading? 

4. Because of its nearness to the Sun, the 
planet Mercury has a surface 
temperature of 700K on its sunlit side. 
Calculate this temperature in the 
Celsius and Fahrenheit scales. 

5. Express the melting and boiling points 
of water in degrees Kelvin. 

6. What is the absolute zero temperature 
in the Fahrenheit scale? 

7. A worker takes 3500 Cal of energy in 
the form of food on a regular day. His 
work involves loading a truck by 
lifting twenty 10-kg crates once every 
hour from the ground up to the truck 
bed, which is 1.0 m from the ground. 
If he works 8 hours per day, how much 
energy does the worker expend doing 
this job? What fraction of his daily 
intake of calories is used in this job? 
Assume that his body converts energy 
into useful work for this activity with 
an efficiency of 10%. 

8. Engineers use a unit of heat called the 
Btu, for British Thermal Unit. One Btu 
is the amount of heat required to raise 
the temperature of one pound of water 
1ºF. How many calories equal 1 Btu? 

9. A student on a diet and exercise 
program is lifting 40-kg weights while 
lying on her back. She lifts the weights 
upwards a distance of 50 cm each time 
for three sets of 20 repetitions (a total 

of 60 times). If her body has a 15% 
efficiency while doing this exercise, 
how many Calories did she burn? 

10. How much heat is required to heat 500 
mL of water to make 2 cups of coffee 
from 20ºC to 100ºC? 

11. A 0.5-kg glass pitcher containing 3.0 L 
of water at 20ºC is placed in a 
refrigerator until the temperature of the 
water (and pitcher) drops to 5ºC. How 
much heat was removed by the 
refrigerator? 

12. During a study break, a student wants 
to heat up water for a cup of coffee. Due 
to repairs in her dorm, the water has 
been cut off for a few hours and she 
decides to melt some ice and later heat 
it up to 100ºC. How much energy does 
she need to heat up enough water for a 
250 ml cup? 

13. Your coffee was served too hot and 
rather than calling the waiter you 
decide to add some ice from your 
companion’s soft drink to cool it off. If 
you estimate that the temperature of the 
coffee was 95ºC (you think it is close to 
the boiling point of water) and you want 
to cool it to 40ºC, how much ice must 
you add? Your cup contains 250 mL of 
coffee. 

14. If you add 25 g of ice at 0º C to 100 g 
of water at 20ºC, does the ice melt 
completely? 

15. Some friends traveling together take 
along an ice chest with four 2-L soft 
drink bottles. If the bottles were at room 
temperature (20ºC) when they were 
placed in the chest, what is the 
minimum number of 7-g ice cubes (at 
0ºC) that you must add to the ice chest 
to chill the soft drinks to 5 ºC? Assume 
that the density and specific heat of the 
soft drinks is about the same as those of 
water. 
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16. A lead bullet strikes a steel target and 
melts completely. If the temperature of 
the bullet before striking the target was 
27ºC, what was the bullet’s speed? 
Lead melts at 327ºC and its heat of 
fusion is 5.85 kcal/kg. Assume no 
change in thermal energy of the steel 
target. 

17. On a spring day the relative humidity 
is 60% and the temperature is 24ºC. 
What is the actual amount of water 
vapor in the air? 

18. One afternoon in early June in Paris, 
the temperature is 28ºC with a relative 
humidity of 50%. If the absolute 
humidity stays the same through the 
evening, at what temperature does dew 
begin to form? 

19. One cold winter day, the temperature 
is -8ºC and the relative humidity is 
20%. Inside a house, the temperature 
is 20ºC but the absolute humidity is the 
same as outside. What is the relative 
humidity inside? 

20. The temperature was 24ºC on a spring 
day and the dew point has been 
measured by cooling a metal object 
until moisture formed on its surface, 
which occurred at a temperature of 
12ºC. What was the relative humidity 
that day? 

21. Steel rails 20.000 m long are being laid 
on a day when the temperature is 10ºC. 
If the temperature is expected to rise to 
35ºC during the summer, how much 
space should be left between the rails? 
What will the spacing be when the 
temperature drops to —10ºC in the 
winter? 

22. The main span of the Golden Gate 
bridge is about 1300 m long and is 
made of steel. By how much will the 
span expand if the temperature varies 
from -12ºC to 38ºC? 

23. A metal rod is heated from 20ºC to 
150ºC and its length increases from 
2.000 m to 2.005 m. Identify the metal.
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11    The Laws of Thermodynamics 
 
 
 

Chapter Summary 
• An ideal gas is any gas in which the cohesive forces between molecules are negligible and 

the collisions between molecules are perfectly elastic. Collisions between the molecules of an 
ideal gas conserve both momentum and kinetic energy. 

• If an ideal gas is kept at constant temperature, the pressure is inversely proportional to its 
volume; that is, the product of the pressure and the volume is a constant 

PV = constant [at constant temperature] 

 This is Boyle’s law. The constant is the same for all gases. 
• If the pressure of an ideal gas is kept constant, a change in volume is proportional to the 

change in absolute temperature 

V = constant ´ T [at constant P] 

 This is Gay-Lussac’s law, also known as Charles’ law. 
• Combining Boyle’s law and Gay-Lussac’s law into one single expression, we obtain what is 

known as the ideal gas law 

P V = constant ´ T 

• The zeroth law of thermodynamics states that 
 if two objects are each in thermal equilibrium with a third object (the thermometer), they 

are in thermal equilibrium with each other. 

• The internal energy U of a system is the sum of all forms of energy, thermal energy and 
potential energy. Thermal energy is the sum of all the random kinetic energies of the atoms 
and molecules in a substance and potential energy is the energy stored in the molecules, 
atoms, and nuclei of a substance. 

• The first law of thermodynamics is a restatement of the principle of conservation of energy 
and says that 
 In an isolated system, the total internal energy of a system remains constant, although it 

can change from one kind to another. 

• If a system interacts with its surroundings, the change in internal energy is 

DU = Q - W 
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 where Q is the heat transferred in or out of the system and W is the work done by the system. 
• An isobaric process is one that occurs at constant pressure. In this case, the work done is 

W = P DV 

• Clausius stated the second law of thermodynamics as follows: 

Heat does not pass spontaneously from cold to hot. 
• Entropy is a measure of the disorder of a system. In terms of entropy, the second law can be 

stated as follows: 

 The entropy of the universe never decreases; all natural changes take place in the direction 
of increasing entropy.  

• If a system absorbs an amount of heat Q at an absolute temperature T, the change in entropy 
is 

 

 The units of entropy are joules per kelvin, J/K. 

• The third law of thermodynamics can be stated as follows: 

 It is impossible to reach the absolute zero temperature in a process with a finite number 
of steps. 

• Hubble’s law states that the velocities of recession of galaxies, v, is related to their distances 
d from earth by this simple expression 

v = Hd, 
where H is Hubble’s constant, equal to 20.60 to 22.7 km/s/million light-years. 

 

Example 1 

A worker pumps 50 L of air with a compressor into a 10-L tank. What is the final absolute pressure 
of the air in the tank if the temperature does not change during this process? 
Answer:  If we assume that the tank was filled with air at 1 atm, the initial volume of air is 50 L 
+ 10 L = 60 L, which will be squeezed into a final volume of 10 L. Since the temperature remains 
constant throughout the process, we can use Boyle’s law to calculate the final pressure. Boyle’s 
law says that in this process, the product of the pressure and the volume of a gas remain constant. 
Therefore, 

(1 atm)(60 L) = (P)(10 L) 

and the final pressure is, 

 

D S = QT

  P = (1 atm)(60 L)
10 L

= 6 atm
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This is the absolute pressure of the air. Since the air outside is at a pressure of 1 atm, the air in the 
tank is at a gauge pressure of 5 atm above the air outside. This gauge pressure is the pressure that 
a gauge in the tank would read. Before the 50 L of air were pumped, the tank was filled with air 
at the same pressure as the air outside and the gauge showed a pressure of zero. Gauge pressure 
is the pressure above the atmospheric pressure.  
 

Example 2 

When ice melts, entropy increases because the highly organized crystal structure breaks down 
into a random distribution of molecules moving in all directions. Determine the increase in 
entropy of one 7.0-g ice cube at 0ºC as it melts into water at 0ºC. 
Answer:  The change in entropy is the ratio of the heat gained by the ice over the absolute 
temperature at which this change takes place. The heat gained by the ice as it melts is obtained 
from the heat of fusion of ice: 

 

The absolute temperature at which the ice melts is 273K. The increase in entropy of the ice is, 
then, 

 
 

Questions 
The Ideal Gas Law 
1. Does an ideal gas exist in nature? If your 

answer is yes, give an example. If no, 
explain why we use the term. 

2. Why did Boyle need to maintain the gas 
at a constant temperature when 
investigating the relationship between 
pressure and volume of a gas? 

3. A gas is kept at constant temperature in a 
container with a frictionless piston. If the 
pressure of the gas is reduced from 3 atm 
to 1.5 atm, what happens to the volume? 

4. A certain amount of helium is kept at the 
same temperature in a container while 
the pressure is increased five times by 
means of a frictionless piston. How does 
the volume change? 

5. A gas, kept in a container with a 
frictionless piston, is allowed to expand 
to five times its initial volume. How does 
the pressure change if the temperature is 
kept constant throughout? 

6. What happens to the pressure in the tires 
when a car is driven some distance? Is 
there a change in the volume of each tire? 

7. Why should you inflate the tires of your 
automobile to a slightly higher pressure 
than recommended in your owners’ 
manual if the car has been driven for 
several miles? 

8. Is the pressure of the air inside an inflated 
balloon greater than equal to or lower 
than the atmospheric pressure? 

9. You might have noticed that the bottom 
part of a bicycle pump gets hot as you 
pump air into a tire. Use the gas laws to 
explain why. 

   Q = m Lf = (7.0 ´ 10– 3kg)(335´ 10 3 J/kg) = 2340 J

   DS = Q
T

= 2340 J
273 K

= 8.6J/K
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10. Why does the air rushing out of a tire feel 
cool? 

11. If a gas is allowed to expand, does its 
temperature increase or decrease? 

The Zeroth Law of Thermodynamics 
12. Is it possible for two objects to be in 

thermal equilibrium with each other if 
they are not in contact? 

13. When you measure your temperature 
with a clinical thermometer, is the 
thermometer in thermal equilibrium with 
your body a couple of minutes after you 
place it in your mouth? 

The First Law of Thermodynamics 

14. Does the first law of thermodynamics 
forbid a process in which the molecules 
near the surface of a table on which a ball 
is resting all move upward at one 
particular instant, giving a kick to the ball 
and send it flying? 

15. The internal energy of a system is 
increased by 800 J while it absorbs 100 J 
of heat. What is the work done on the 
system? 

16. By how much does the internal energy of 
a system change if it absorbs 450 J of 
heat and an external agent does 500 J of 
work on the system? 

17. How much work must be done on a 
system if its internal energy is increased 
by 500 J while absorbing 1500 J of heat? 

18. If we do 100 J of work on a system, can 
the internal energy of the system increase 
by 110 J? By 100 J? By 90 J? Explain. 

19. Is it possible to perform 200 J of work on 
a system so that the internal energy of the 
system increases by 150 J while 
absorbing 80 J of heat? Explain.  

The Second Law 

20. Which has more entropy, seven grams of 
water or one 7-g ice cube? 

21. You enter your room and turn the lights 
on. Has entropy increased? 

22. Does the entropy of the filament of a 
light bulb increase or decrease when the 
light is turned on? Explain. 

23. In the winter, when a pond freezes, the 
water molecules in the crystal structure 
of ice are more organized than the water 
molecules of the liquid water before the 
pond freezes. Does this violate the 
second law of thermodynamics? 

24. Does entropy change if you drop a ball 
on the floor? Explain. 

25. A refrigerator removes heat from warm 
objects and releases it to the 
environment. Is this in violation of the 
second law? 

26. Could you cool your kitchen by leaving 
your refrigerator door open? 

27. Explain what happens to the pressure, 
energy and entropy of the gas when you 
open the valve of a container with 
propane gas. 

28. An adult dog is much more complex and 
organized than the single cell from which 
it developed. Is there a violation of the 
second law in the growing complexity 
and organization of all living things? 

29. The two chambers of a container with a 
partition are filled with oxygen at 2 atm. 
Does the entropy of the oxygen gas 
increase if the partition is removed? 
Explain. 

30. The left chamber of a container with a 
partition is filled with oxygen. The right 
side is filled with helium at the same 
pressure. If the partition is removed, does 
the entropy of the system increase, 
decrease or stay the same? Explain. 
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The Third Law of Thermodynamics 
31. Is it possible that with better techniques, 

scientists will be able to reach a 
temperature of 0 K? Explain. 

Entropy and the Origin of the Universe 
32. What is the velocity of recession of a 

galaxy located at a distance of 100 
million light-years from us if Hubble’s 
constant is taken to be 20 km/s per 
million light-years? 

33. What is the distance (in light-years) to a 
galaxy in the constellation Ursa Major if 
we take Hubble’s constant to be 20 
million km/s per million light-years? 

34. If a star explodes into a supernova, is the 
entropy larger before or after the 
explosion? 

Entropy and the Arrow of Time 

35. If you make a movie of a rubber ball 
bouncing, you can easily tell if the movie 
is run backward. Why does this not 
contradict the statement that the laws of 
mechanics do not depend on the direction 
of time? 

36. If you have ten molecules in a container, 
the entropy will increase by a measurable 
amount after a certain time. If you have 
one million molecules, the increase in 
entropy after the same length of time will 
be negligible. Explain why. 

37. If you put a pinhole in a helium-filled 
balloon, the helium gas diffuses into the 
air. Explain how this process might 
explain the direction of the arrow of time. 

 

Problems 
1. A gas in a container kept at the same 

temperature (as in figure 11-1a in the 
text) is compressed so that its volume 
is reduced to one fourth its initial 

volume. If the initial pressure was 3 
atm, what is the new pressure? 

2. 50 L of a gas held in an isolated 
container are kept at a constant 
pressure, as in figure 11-1b in the text. 
If the absolute temperature is doubled, 
what is the final volume occupied by 
the gas? 

3. 200 mL of a gas are held in an isolated 
container at a constant pressure and at 
a temperature of -50ºC. If the volume 
of the gas is increased by 10%, what is 
the new temperature? 

4. A 10-L oxygen tank develops a leak 
and the oxygen is slowly transferred 
into a 20-L tank that had previously 
been evacuated. Right before it was 
transferred, the gas was at a gauge 
pressure of 60 psi. Assuming that the 
temperature does not change, 
determine the gauge pressure of the 
oxygen in the new tank. 

5. A tank is filled with a gas at 10ºC and 
at 30 psi. The gas is transferred to a 
tank 10 times larger. Determine the 
new pressure if the temperature of the 
gas is now -10ºC. 

6. An empty 1-gallon gasoline container 
is closed tight and left in the shade 
where the temperature is 25ºC. Later in 
the day, the sun rays reach the can and 
warm it up to 50ºC. If the original 
pressure of the air in the container was 
1.0 atm, determine the final pressure. 

7. A system increases its internal energy 
by 300 J while absorbing 2.0 kcal of 
heat. Determine the work done by this 
system. 

8. A 7.0-g ice cube at 0ºC melts 
completely. What is the change in the 
internal energy of this system if the 
water resulting from the melting of the 
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ice is kept at 0ºC? Assume that there is 
no change in volume 

9. Determine the change in internal 
energy of 1.0 L of water (mass = 1 kg) 
that is heated from 25ºC to 90ºC. 

10. 5.0 L of water (mass = 5.0 kg) out of 
the tap at 20ºC are heated to 100ºC and 
then boiled completely. What is the 
change in the internal energy? 

11. A 15-g ice cube at 0ºC is left in a glass 
and melts completely. What is the 
increase in entropy due to the melting 
of the ice? 

12. What is the change in entropy that 
takes place when one liter of water 
boils at 100ºC? 

13. Calculate the change in entropy when 
one liter of steam condenses to water at 
100ºC. [Note: 1 L of steam has a mass 
of 0.6 kg]. 

14. An ice tray is filled with 84 mL of 
water (mass = 84 g) at 0ºC and placed 
in the freezer. What is the entropy 
change when this water freezes? 

15. Aluminum melts at 660ºC. Determine 
the entropy change when 5.0 kg of 

aluminum melt if its heat of fusion is 
10,543 kJ/kg. 

16. The heat of fusion of ethanol is 105 
kJ/kg; its heat of vaporization is 854 
kJ/kg; its melting point, -114ºC; and its 
boiling point, 78ºC. Determine the 
change in entropy when 1.5 kg of 
ethanol at -114ºC change from liquid to 
solid. Determine also the increase in 
entropy that takes place when the same 
amount of ethanol evaporates. 

17. What is the approximate change in 
entropy of 2 liters of water that are 
warmed form 22ºC to 24ºC. Since the 
temperature change is small, assume 
that it is nearly constant and use the 
average of the two temperatures in 
your calculation of entropy. 

18. A scuba diver diving at a depth of 100 
m in fresh water releases an air bubble. 
If the volume of the bubble is 4.2 cm3 
when it is released, to what volume 
does the bubble expand when it reaches 
the surface? Assume that the 
temperature of the water is uniform 
throughout. 
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Chapter Summary 
• The two kinds of electric charge are called positive charge and negative charge. Charges of 

the same sign repel each other and charges of different signs attract each other. 

• The force exerted by one charged object on another varies inversely as the square of the 
distance separating the objects and is proportional to the product of the magnitude of the 
charges. The force is along the line joining the charges and is attractive if the charges have 
opposite signs and repulsive if they have the same sign. This statement is known as Coulomb’s 
law. If we call q1 and q2 the magnitudes of the two charges and  r, the distance between their 
centers, we can state Coulomb’s law in a single equation: 

 

 The value of Coulomb’s constant is 

k = 9 ´ 109 N . m2/C2 

 The most fundamental unit of charge is the charge of one electron or one proton. The 
fundamental charge, e, has a value 

e = 1.6 ´ 10-19 C. 

• The concept of field is used to specify a quantity for all points in a particular region of space. 
The electric field describes the property of the space around an electrically charged object. A 
charged body distorts the space around it in such a way that any other charged body placed in 
this space feels a force that is given by Coulomb’s law. 

• The electric field strength E is the Coulomb force felt by a test charge qo that is placed in the 
field divided by the magnitude of this test charge qo, 

𝐄 =
𝐅
𝑞'

 

 The direction of the electric field vector is the direction of the force on a positive test charge. 
• The electric charge occurs always in multiples of an elementary unit which is the magnitude 

of the charge of the electron, e, equal to 1.6 x 10-19C. 

• The electric force is a conservative force. This means that the work done in moving a charge 
between two points is independent of the path taken. 

  
F = k

q1 q2

r2
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• Electric potential difference, V, between two points is the change in the electric potential 
energy of a charge qo carried from one point to the other divided by the magnitude of that 
charge; that is, 

 

 The SI unit of potential difference is the volt, V. From the definition, 1 volt is 

 

• A capacitor is a device for the storage of electrical energy which consists of two oppositely 
charged metal plates separated by an insulator. 

 

Example 1 
Two small metal balls hanging from threads so that they initially touch each other are placed in 
contact with the same charged glass rod (figure E12-1). The balls each acquire a charge of 50 nC 
and begin to move away from each other. What is the force between them when they are 2.0 cm 
apart? Assume that there is no friction with the support where the threads are attached so that the 
threads remain essentially parallel. How many electrons were transferred from the glass rod to 
each ball? 
 

 
Figure E12-1.  Two small metal spheres charged with a glass rod are pulled apart by the electric 
force of repulsion between them. 

 

Answer: From Coulomb’s law, the magnitude of the force is 

 

V =
D PE
q o

1 V = 1 J1 C

aa

2.0 cm

F  = k q1 q2

r2
 = 9 ́  109 N . m2/C2  50 ́  10-9 C  ́  50 ́  10-9 C

(0.02 m)2
 = 2.3 µN



12  Electricity 
 

 

91 

 

Since the magnitude of the charge of the electron is 1.6 ´ 10-19C and 50 ´ 10-9C of charge were 
transferred when the rod was in contact with each ball, the number N of electrons transferred was 

 

or 310 million electrons. 
 

Example 2 
Calculate the strength of the electric field at a distance of 5.0 cm from a small sphere holding a 
charge of 2.0 nC. 

Answer: The magnitude of the electric field strength is   where F is the Coulomb force at a 

distance r, given by .  The magnitude of the electric field is then 

 

All points on the spherical shell of radius 5.0 cm have this value of the electric field. 
 

Example 3 
If a drop of mass 4.7 ´ 10-11 kg in Millikan’s oil drop experiment remains balanced by an electric 
field of 7.0 ´ 104 N/C, what is the charge on the drop? How many electrons had the drop picked 
up? 

Answer:  Since the weight of the oil drop is balanced by the electric force acting on the charged 
drop, qE = mg. The charge q on the drop is then 

 
Since the charge of one electron is 1.6 ´ 10-19 C, the drop has picked up 

 
 

Example 4 
How much work must be done to move a charge of 2 C across the terminals of a 9-V battery? 

Answer:  The amount of work required is equal to the change in potential energy, which in turn 
is equal to the product q V. Thus, the work that needs to be done on the 2 C charge is 

W = q V = 2 C ´ 9 V = 18 J. 
 

N = 50 ́  10-9 C

1.6 ́  10-16 C
 = 310 ́  106 

E = F
qo

F = k q qo

r2

   E = k q
r2

= 9 ´ 109N.m2/C2 ´
2.0 ´10-9C
(0.050 m)2

= 360 N/C

   q = m g
E =

4.7 ´ 10-11kg ´ 9.8 m/s2

7 ´ 104N/C
= 6.6 ´10-15C

  Number of electrons = 6.6´ 10-15C
1.6 ´ 10-19C/electron

= 41000 electrons
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Experiencing Physics 1.  As a modification of du Fay’s experiment, suppose that, after 
rubbing an amber rod with wool, you bring the rod near (but not touching) a gold leaf. Is the gold 
leaf attracted to or repelled from the rod? Describe also the behavior of the gold leaf when the rod 
is brought near it after letting it briefly touch the leaf.2.  Suppose that you have three identical 
spheres, only one of which is charged. If you bring the uncharged spheres into contact with the 
charged one while touching each other, what would be the charge on each sphere once they are 
separated again?3.  Consider a charged particle located at some point P in space. If we move a 
neutral particle from another point Q, 10 cm away from P, to a point R, 20 cm from P, do we 
perform any work? 

Questions 
Electric Charge 
1. Explain why a glass rod attracts a 

gold leaf before it touches it but repels 
it after the leaf touches the rod. 

2. Why do we say that Franklin was 
wrong when he called positive the 
“type” of electricity acquired by the 
glass rod rubbed with silk? 

3. A glass rod that has been rubbed with 
silk is placed near a small, uncharged 
metallic sphere. Is the sphere 
attracted or repelled by the rod? 
Explain. 

4. If a glass rod acquires charge after is 
rubbed with silk, does the silk acquire 
any electricity? 

5. Two small, aluminum spheres are 
attached to the same point by light 
threads (figure E12-2). The spheres 
are positively charged and move 
away from each other. An amber rod 
is brought near the two spheres and it 
is observed that the separation 
between them decreases. Is the rod 
charged and if so, what kind of charge 
does it have? Explain. 

 
Figure E12-2. Two small spheres repel 
each other. See questions 5 and 6. 

6. Two small spheres, hanging from a 
common point, like the ones in figure 
E12-2, repel each other. It is not 
known, however, if both spheres are 
charged or only one of them is. How 
would you tell? 

7. You are told that a sewing needle is 
electrically charged. How can you 
determine if the charge is positive or 
negative? 

8. After you rub a balloon on your hair, 
it will stick to a wall. Explain why. 

9. Two small metal spheres are charged 
by an amber rod that has been rubbed 
with wool. Do the spheres attract or 
repel each other when place close 
together? 

10. If two objects attract or repel each 
other electrically, do both need to be 
charged? 

11. When you bring a charged glass rod 
near an uncharged gold leaf, the leaf 
is attracted to the rod. If you briefly 
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let the rod touch the leaf, why is the 
leaf repelled by the rod now? 

12. A glass rod that has been rubbed with 
silk touches an uncharged gold leaf. 
What happens if an amber rod that has 
been rubbed with wool is placed near 
the gold leaf? 

13. Without a way to measure electric 
charges, how was it possible for 
Coulomb to charge one of the spheres 
of his torsion balance with a charge 
equal to one-eighth the amount of 
charge that he placed on the other 
sphere? 

14. What is the cause of “static cling” in 
laundry? 

15. When you walk across a carpeted 
room on a dry day, your body 
becomes electrically charged. How 
can you determine the sign of the 
charge that you acquired? 

16. It is sometimes difficult to wipe the 
dust off of some plastic items by 
rubbing them with a piece of cloth. 
Can you explain why? 

17. Why is it that you hair tends to stand 
on end when you comb it on a dry, 
cold day?  

18. Would a recently wiped compact disc 
attract more dust than one that has not 
been cleaned for a long time? 

Coulomb’s Law 
19. How far apart should you place two 

charges so that the electrical force 
between them becomes zero? 

20. Compare the electric force between 
two protons located 10 fm apart with 
that of two electrons located 10 fm 
apart, and with that of a proton and an 
electron also separated by 10 fm. 

21. It is determined that two electrons 
repel each other with a certain force. 
At a later time the force between the 
two electrons is measured to be a 
fourth of the previous value. Compare 
the distance between the electrons in 
both cases. 

The Electric Field 

22. Is it possible for two electric field 
lines to cross? Can a single electric 
field line loop around and 
cross itself? Explain. 

23. A positively-charged metal 
sphere is placed near a 
positively-charged metal 
plate. What is the direction 
of the force that the plate 
exerts on the sphere? What 
is the direction of the 
electric field of the plate? 

24. The electric field between two 
parallel and oppositely charged plates 
is constant. Does this mean that an 
electron would feel the same force 
when it is located half way between 
the plates as when it is two thirds of 
the way, closer to the negative plate? 

25. Is the electric field of a positive point 
charge the same at all points around 
the charge? 

26. Sketch the electric field lines around 
two small negative charges separated 
by a distance d. 

27. Is work done when a charged particle 
is moved around an oppositely 
charged particle, keeping them 
always at the same distance from each 
other? 

28. Two oppositely charged small 
spheres are held so that they are kept 
at a distance d from each other. Is 
there a region in space where the 
electric field due to these two charges 
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is zero? What if the two charges have 
the same sign? 

29. Two charged objects repel each other 
with a force of 10 nC. What would be 
the force if the distance between the 
two objects is doubled? 

The Fundamental Charge 

30. Is it possible for a charged object to 
increase its charge by an amount 
equal to 5.5 times the charge of the 
electron? How about an increase of 
exactly 5 times the charge of the 
electron? Explain. 

31. If someone told you that the charge of 
a certain particle is 3.0 ́  10-19 C, what 
can you tell this person? 

32. In an extremely precise experiment, it 
is determined that a charge of 2.5 ´ 
10-19 C was transferred. Is this value 
possible or should the experimenters 
go back and repeat the experiment? 

33. Compare the force between two 
protons separated by a distance d with 
that between two electrons separated 
by the same distance d. 

34. A charged oil drop is suspended in 
mid air by a constant electric field 
obtained with two charged parallel 
plates. If the value of the electric field 
is known, how could the charge on 
the oil drop be determined? 

35. If the electric field in Millikan’s oil 
drop experiment points up, is the 
charge positive or negative? 

Electric Potential 
36. Is it possible to move an electron 

inside an electric field without doing 
any work? 

37. Compare the change in potential 
energy of one electron moving 
between two points in a constant 

electric field so that its potential 
difference is 1 V with the change in 
potential energy of one proton 
moving between the same two points. 

38. If the electron and proton of the 
previous question move in the same 
direction and the electron gains 
energy, would the proton also gain 
energy? Explain. 

39. If an electron is moved closer to a 
proton, does the potential energy of 
the proton decrease or increase? 

40. If an electron loses energy as it moves 
in an electric field, is it moving in the 
same or in an opposite direction to 
that of the electric field lines? 

41. An electron loses 10 eV of potential 
energy as it moves in a uniform 
electric field. How many eV of 
kinetic energy does it gain? 

Storing Electrical Energy 
42. Does the capacitance of a capacitor 

depend on whether the capacitor is 
charged? 

43. What happens to the capacitance of a 
capacitor after an insulator is placed 
between the two conductors? 

44. Two identical parallel plate 
capacitors have the same charge on 
them. If an insulating slab is placed 
between the plated of one of the 
capacitors, compare the charge, 
potential difference and capacitance 
of the two capacitors. 

 

Problems 
1. Determine the electric force of 

attraction between the proton and 
the electron in a hydrogen atom. 
Take the distance between the 
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proton and the electron to be the 
Bohr radius, ao = 5.29 ´ 10-11 m. 

2. Two protons in a nucleus are 0.5 fm 
apart. Determine the electric force 
of repulsion between them. [Recall 
that a fm is equal to 10-15 m.] 

3. How many electrons are transferred 
when an object acquires a charge of 
1 µC? 

4. How many hydrogen nuclei are 
needed to make up a charge of 1 
nC? 

5. What is the electric force of 
repulsion between two protons 
separated by a distance of 2 fm in a 
helium nucleus? 

6. What is the total electric charge of 
1015 electrons? 

7. The distance between the sodium 
ion (net charge of +e) and the 
chloride ion (net charge of -e) in a 
salt crystal is 2.8 ´ 10-10 m. What 
is the electric force of attraction 
between these two ions? 

8. If the distance between two charges 
is doubled, what is the change in the 
electric force between them? 

9. Two charges attract each other with 
a force of 0.2 N. With what force 
would they attract each other if they 
are brought closer together so that 
the distance is one-half the original 
distance? 

10. Two protons repel each other with a 
force of 10 N. By how much should 
the distance between them be 

increased so that the force of 
repulsion is reduced to 2.5 N? 

11. The electric force on a 4.0 µC 
charge produced by a 10 µC charge 
located at a distance of 6.0 cm is 
100 N. What is the strength of the 
electric field at that point? 

12. The electric force felt by an electron 
in a hydrogen atom has a magnitude 
of 8.2´10-8 N. Determine the 
electric field strength of the proton 
at the location of the electron. 

13. An oil drop with a mass of 7.9 ´ 10-
15 kg is suspended in mid air by a 
uniform, vertical electric field. If 
the oil drop has picked up a charge 
of 21 e, what is the strength of this 
electric field? 

14. A small oil drop of mass  
3.2 ´ 10-14 kg is balanced by a 
uniform electric field of 7 ´ 104 
N/C pointing downward. How 
many excess electrons has the drop 
picked up? The density of oil is 900 
kg/m3. 

15. Determine the amount of work that 
must be done to move one electron 
through a potential difference of 1 
V. 

16. How much work must be done to 
move one proton through a 
potential difference of 1 V? 

17. An electron moving in a uniform 
electric field of 100,000 N/C loses 
10 keV of energy. In what direction 
does it move in relation to the 
electric field? 
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Chapter Summary 
• Electric current is the rate at which charge flows in a conductor. If during a time t an 

amount of charge q flows past a particular point in a conductor, the electric current i is 

 

 The unit of current is the ampere, A, which is equal to one coulomb per second. 

• The current i flowing through a conductor is directly proportional to the voltage V that 
exists between the two ends of the conductor. The ratio of the voltage drop to the 
current is called the resistance, R, of the conductor. Current, resistance, and voltage are 
related by 

 

 The units of resistance are ohms, W: 

 

• The equivalent resistance of a set of resistors connected in series is the sum of their 
individual resistances. The voltage supplied by the battery equals the sum of the voltage 
drops across the resistors. 

• For resistances in parallel, the total resistance of the circuit decreases as more branches 
are added. The total current from the battery must equal the sum of the individual 
currents flowing through each one of the branches 

• The power delivered to a section of a circuit is the product of the voltage drop through 
that section and the current flowing through it, or 

P = Vi 

 By Ohm’s law, the voltage drop is iR. Thus, 

P = i2 R 

• In solids, the energy states of the electrons form bands of billions of energy levels, 
which are separated by forbidden energy gaps, in which no electron can exist. In 
conductors, the outermost occupied energy band is only partially full, leaving many 
available states for conduction electrons. In insulators and semiconductors, this band is 
completely full and there are no available levels for an electron to move into. In 

i = qt

V = iR

1 W = 1 V1 A
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insulators, the energy gap between the last-filled band, called valence band, and the 
next band, called conduction band, is large. When the energy gap is small, the solid is 
a semiconductor. 

• The conduction properties of semiconductors can be enhanced by adding impurities or 
doping. When the impurity atom adds extra electrons, an n-type semiconductor is 
produced. When the impurity atom has one electron fewer that the pure semiconductor, 
a p-type semiconductor is produced. 

• Transistors, diodes and other solid-state electronic devices can be manufactured by 
joining different types of semiconductors. 

• The resistance of certain metals and alloys suddenly drops to zero at very low 
temperatures. According to BCS theory, the electron-lattice interaction that exists at 
these temperatures produces a superconducting state in which the electrons act 
collectively, by forming Cooper pairs. The energy of this superconducting state is lower 
than the energy of the normal state in which the electrons act individually and which 
exists at higher temperatures. BCS theory explains superconductivity below 40 K but 
it fails to explain the recent discoveries of ceramic superconductors, formed with 
certain oxides of rare earth elements, which become superconductors at much higher 
temperatures. Scientists are developing new theories that could explain this 
phenomenon. 

 

Example 1 

What is the electric current flowing through a wire if a charge of 600 C flows through the 
wire every minute? 
Answer 1:  The electric current is equal to the 600 C of charge that flow through wire 
divided by the time of 1 minute or 60 seconds that it takes this charge to pass: 

 
 

Example 2 

How many coulombs of charge flow pass every second through a conductor carrying a 
current of 15 A? 

Answer 2:  Since current is the charge q is equal to the product of the current and the 
time: q = it = 15 A ´ 1 s = 15 C. The answer is in coulombs, the SI unit of charge, since 1 
A is equal to 1 C/s.  
 

Example 3 
What is the number of electrons that enter (or leave) a 60-W light bulb every second if it 
draws a current of 0.5 A? 

  i = 600 C
60 s = 10 A

  i = q
t
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Answer:  Let’s first calculate the total charge entering the light bulb every second. From 
the expression for current, i = q/t, we have 

q = i t = (0.5 A)(1 s) = 0.5 C 

Since one electron has an electric charge of magnitude 1.6 ´ 10 -19 C, in 0.5 coulombs of 
charge that enter the filament of the light bulb every second there are 

 

or 3 billion billion electrons per second, a number so big that it is impossible to imagine. 
 

Example 4 
A flashlight bulb has a resistance of 20 W and is connected to a 1.5-V battery. What is the 
current flowing through the bulb’s filament? 
Answer: The bulb’s filament is much narrower than the wires used to connect the bulb to 
the battery. The resistance of the connector wires is therefore negligible compared to the 
resistance of the filament and we can apply Ohm’s law to the filament without considering 
the connectors. Therefore, 

 

or 75 mA of current. 
 

Example 5 
Determine the magnitude and direction of the current flowing in the circuit of figure 13-7 
in the text when the switch is closed. 

Answer: According to the convention for the direction of current in a conductor, it is 
assumed that the charge carriers are positive.  Therefore, they should move away from the 
positive terminal of the battery and toward the negative terminal; that is, the flow of current 
in the circuit of figure 13-7 in the text is clockwise. 

 Since we assume that the resistance of a conducting wire is negligible compared to 
that of the resistor, the only place in this circuit where there is a potential drop is the resistor. 
From Ohm’s law, we can obtain the value of the current flowing through that resistor, and 
hence through the conductor, since there are no other paths for the current to go. The current 
flowing in the circuit is then 

 

0.5 C
1.6 ´ 10-19 C/electron

 = 3 ´ 1018 electrons

i = V
R
= 1.5 V
20 W

= 0.075 A

   i = V
R

= 1.5V
10W

= 0.15A = 150 mA
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Example 6 
A 35-mm camera draws 0.7 A of current from a 6 V lithium battery. How much power 
does the battery deliver? 

Answer 1:  Power is P = V I = 6 V ´ 0.7 A = 4.2 W. 

 

Example 7 
How much heat is generated by a 100-W light bulb in 10 hours? If the power company 
charges 6 cents per kilowatt-hour, how much does it cost to leave this light bulb on for the 
10 hours? 

Answer 2: Power is energy per unit time, . Thus, the heat (or thermal energy) 
generated by the light bulb is 

E = Pt = (100 W)(10 h) = 1000 W h = 1 kWh = (1000 J/s)(3600 s) = 3.6 ´ 106 J 

At 6 cents per kilowatt-hour, it will cost 6 cents to operate this light bulb for 10 h, since 
the energy required is 1 kWh. 
 

Example 8 
A color TV set drawing a maximum of 100 W is connected to the same 110-V outlet as a 
VCR, which draws 18 W. A floor lamp with a 3-way light bulb, turned to the 300 W setting 
is plugged to a second receptacle on the other side of the room which is part of the same 
circuit. Knowing that you should not draw more than a total of 20 A of current from a 
single circuit at one time, can you connect a 1500-W electric heater in the same receptacle 
as the one used by the lamp? 

Answer: The total power being drawn from this circuit is 100 W + 18 W + 300 W = 418 
W. If the electric heater is plugged in the same circuit, the total power becomes 1500 W + 
418 W =  1918 W. Since this is a 110-V circuit, the total current is 

 

Thus, it is possible to plug the heater in the same circuit without overloading it. 

 
Experiencing Physics Explain what would happen to the output of the light bulb in 
figure 13-6 (b) in the text if the 1.5 V battery is replaced by a 9 V battery. 
 

P = E
t
 

i = P
V
= 1918 W
110 V

= 17.4 A



13  Applied Electricity 

 

101 

 

Questions 
Conductors and Insulators 
1. What keeps conduction electrons, which 

are free to move around in a metal, from 
leaving the metal altogether? 

2. When you comb your dry hair, it usually 
becomes electrically charged. This does 
not happen when the hair is wet or when 
the air is humid. Explain why. 

3. Old phonograph records (still in use 
today) attract a great deal of dust. Some 
record care products use water to keep 
the cleaning pads moist while the record 
is wiped. Why do they clean better when 
they are wet? 

4. Wiping dust off a TV screen with a dry 
cloth sometimes proves quite difficult. 
The dust moves around but stays on the 
screen. Explain why this happens. How 
could this annoying problem be 
remedied? 

Electric Current and Batteries 

5. People often refer to an old battery as 
having “lost its charge.” Is this correct? 
Explain. 

6. Electrons in a wire move from left to 
right. What is the direction of the 
current? 

7. Is a conductor needed for an electric 
current to exist? 

8. If one billion electrons pass a cross 
sectional area in a wire every 
millisecond while the same one billion 
electrons pass through another wire 
every second, which wire has the largest 
current? 

9. In the northern states of the U.S., people 
sometimes would bring their car 
batteries inside at night during very cold 
winter nights and install them again in 

the morning. In Canada and in the northern 
United States, some people use electric 
battery blankets that plug to a receptacle in 
the wall outside the house to keep the 
battery from freezing. Why do you think 
this is done? 

Ohm’s Law 
10. The drift velocity of the conduction 

electrons in a wire is of the order of 1 mm 
per second. A switch for a ceiling light is 
usually several meters away from the light. 
Why does light come on almost 
instantaneously when you turn on the 
switch? 

11. Do conduction electrons move freely 
inside a conductor? Explain. 

12. If electrons do not actually travel from one 
end of a current carrying wire to the other, 
what does an electric current transport? 

13. Although electrons do not travel from one 
end of a current carrying wire to the other 
(see previous question), they do move with 
drift velocities of the order of 1 mm/s. 
What happens to the electrons when you 
turn on an appliance? Do they leave or 
enter the power cord? 

14. When a voltage is applied across the two 
ends of a conductor, a force eE acts on the 
conduction electrons. Explain why this 
external force does not accelerate the 
electrons in a way that makes the current 
increase continuously so that the 
conduction electrons reach a steady-state 
situation? 

15. If you replace a flashlight bulb with one of 
greater resistance, is the current drawn 
greater, smaller or the same? Explain. 

16. Two identical wires carry currents of 1 A 
and 2 A respectively. Do conduction 
electrons move faster in one wire than in 
the other? 
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17. A 1-m long wire used in a circuit has a 
diameter of 1 mm. If this wire is replaced 
by another 1-m long wire with a 
diameter of 2 mm, which wire offers a 
greater resistance to the flow of current? 

18. Which draws more current when 
connected to a 9-V battery, a light bulb 
with a 20 W resistance or one with twice 
the resistance? 

19. Is it possible to have two copper wires 
that have the same resistance if one is 
twice as long as the other? 

20. If your car’s 12-V battery dies, could 
you start the car with eight 1.5 V 
flashlight batteries? 

Simple Electric Circuits 

21. A set of Christmas tree lights has 5 of its 
30 bulbs burned out. The bulbs are 
connected in series and each bulb has a 
resistance of 1 W. If you remove four 
sockets and connect one 5 W-bulb in the 
fifth socket after reconnecting it to the 
circuit, does the current drawn by the set 
change? 

22. Why aren’t birds electrocuted when they 
stand on bare high-voltage power lines? 

23. What is the source of energy that moves 
the electrons in an electric circuit? 

Resistor Combinations 
24. Two identical light bulbs are connected 

in series to a battery. Compare the 
current through each bulb and through 
the entire circuit. 

25. Two identical light bulbs are connected 
in parallel to a battery. Compare the 
current through each bulb and through 
the entire circuit. 

26. If you have two identical resistors, 
would you get the maximum equivalent 
resistance by connecting them in series 
or in parallel? 

27. If the resistances of the previous question 
are light bulbs, in which case are they 
brighter when you connect them to the 
same battery? 

28. How can you determine if a set of 
Christmas tree lights is wired in series or 
in parallel? 

29. A set of Christmas tree lights is wired in 
parallel. What happens if one bulb burns 
out? 

30. A set of Christmas tree lights is wired in 
series. What happens if one bulb burns 
out? 

31. In Christmas tree lights connected in 
parallel, when one bulb goes the lights can 
still be used. Could you still use it if half 
of the bulbs burn? 

32. One set of old-style Christmas tree lights 
that you know is connected in series has 
one missing bulb. How could you repair it 
quickly if you couldn’t go out and buy a 
replacement bulb right away? 

33. Are the headlights of an automobile 
connected in series or in parallel with each 
other? 

34. Two identical light bulbs are connected in 
series to a 1.5-V battery. What is the 
voltage across each one of them? 

35. Since you can turn on and off the radio of 
your car at night without affecting the 
operation of the headlights and vice versa, 
how are they connected, in series or in 
parallel? 

36. Two identical light bulbs are connected in 
parallel to a 1.5-V battery. What is the 
voltage across each one of them? 

Electrical Energy and Power 

37. Which generates more heat, a 100-W light 
bulb left on for 1 h or a 50-W light bulb 
left on for 2 h? 
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38. What is the resistance inside the 
evacuated chamber of a linear particle 
accelerator? 

39. There are heat losses associated with the 
flow of current through a conductor. To 
minimize the losses, power plants 
deliver electric power at very high 
voltages, at least 20,000 V and 
sometimes up to 600,000 V. Can you 
explain how this works? 

Semiconductors 

40. Is the energy gap in a semiconductor 
narrower or wider than in an insulator? 

41. What are “holes” in a semiconductor? 
Explain their function. 

42. What is the difference between the 
conduction band and the valence band in 
an insulator or a semiconductor? 

43. An n-type semiconductor has an excess 
of electrons. This seems to contradict the 
fact that the semiconductor, even with 
the addition of impurities, is neutral. 
Explain. 

44. If an n-type semiconductor is wanted, 
should silicon (which has four valence 
electrons) be doped with arsenic, a 
element with five valence electrons or 
with boron, with three valence 
electrons? 

45. If a piece of pure silicon is doped with 
Gallium (valence 3), what type of 
semiconductor is obtained? 

46. For a p-type semiconductor, should 
silicon (valence 4) be doped with a 
valence 3 or 5 semiconductor? Why? 

47. Germanium is a semiconductor with 
valence 4. If you wanted to make a p-
type semiconductor with germanium, 
what impurity atom should you use, one 
with valence 3 or one with valance 5? 

48. If the negative terminal of a battery is 
connected to the n side of a p-n junction 
and the positive to the p side, does current 
flow? 

49. What prevents current from flowing when 
a p-n junction is reverse-biased? 

 

Problems 

1. How many coulombs of charge pass 
every second through a 75-watt light 
bulb that draws a current of 0.63 A? 
How many electrons pass through? 

2. An electric hair drier connected to a 120-
V line draws a current of 12.5 A. What 
is the resistance of the heating element? 

3. What is the current flowing through a 
portable lamp if its resistance is 8 W and 
it is connected to an automobile’s 12-V 
battery through the cigarette lighter. 

4. A flashlight bulb draws a current of 1.0 
A when connected across two 1.5-V 
batteries. What is the resistance of the 
bulb? 

5. Each headlight on an automobile draws 
2.0 A of current from the 12-V battery. 
What is the resistance of each headlight? 

6. The threshold of pain when an electric 
current flows through a human body is 
about 1 mA. From 10 mA up, a person 
cannot let go. From 100 mA on, the heart 
goes into ventricular fibrillation with the 
possibility of death. The resistance of the 
human body when wet is about 4000 W 
and when dry, about 200,000 W. 
Calculate the amount of current that 
would flow through a person’s body if 
that person were to hold a bare hot wire 
from a 120-V line with (a) dry and (b) 
wet hands. 

7. A set of 48 Christmas tree lights draws a 
current of 5 A when connected in series 
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to a 120-V line. What is the resistance 
of each bulb? 

8. A pocket calculator draws 0.35 A of 
current from its 6.0-V battery. How 
much power does the battery deliver? 

9. A 12-V automobile battery can deliver 
100 A to the starter motor. What is the 
power required to start the car? 

10. What is the current flowing through a 
60 W light bulb connected to a 120-V 
power line? Determine also the 
resistance of the filament. 

11. A 1500-watt electric space heater, 
connected to a 120-V line is operated 
every night for an average of 2 h 
during a cold winter month. Calculate 
the cost of the electricity used at the 
rate of 7 ¢ per kilowatt-hour. 

12. How much would it cost to keep a 75-
W porch light on all night, an average 
of 12 hours per night, for one month if 
the power company charges 7¢ per 
kilowatt-hour? 

13. An electric drill draws 3.0 A when 
connected to a 120-V line. How much 
does it cost to operate it for 1 h at the rate 
of 7¢ per kWh? 

14. A 40-pint automatic dehumidifier is 
rated at 700 W. What is the cost of 
running it from June to September in a 
fairly humid basement if it is estimated 
that it is in operation one-fourth of the 
time? Assume a rate of 7¢ per kWh. 

15. A color television set is rated at 105 W, 
120 V. How much does it cost, at 7¢ per 
kWh, to watch the evening news every 
night for one year? Each show lasts for 
half an hour. 

16. A 900-W iron is operated for thirty 
minutes. Calculate the amount of heat 
produced. 

17. A circuit containing several outlets in a 
new house is fused to prevent more than 
15 A of current from being drawn. Can 
you plug a 1500-W hair drier and a 400-
W toaster to the same circuit, if it is 
wired for 120 V? 
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14  Electromagnetism 
 

 

 

Chapter Summary 
• The magnetic field describes the property of space around a magnet. Because magnetic poles 

exist only in pairs, magnetic field lines do not start or end anywhere, an essential difference 
from electric field lines, which start on positive charges and end on negative charges. 

• The force between magnetic poles obeys the inverse-square law; that is, the force decreases 
with the square of the distance. If we call qm and qm' the strength of the two interacting 
magnetic poles and r, the distance between them, the magnetic force is directly proportional to 
1/r2 and to the product of the pole strengths, or 

𝐹 ∝
𝑞(	𝑞′(
𝑟"  

• An electric current produces a magnetic field. This phenomenon was discovered by Oersted in 
1819. Ampère gave mathematical form to Oersted’s discovery and his formulation is known 
as Ampère’s law. To determine the direction of the magnetic field around a current-carrying 
wire, we can use a right-hand rule, which says that if we grasp the wire with the right hand so 
that the thumb points in the direction of the current, the curled fingers indicate the direction of 
the magnetic field. 

• The magnetic field at a distance r from a long straight wire carrying a current i can be obtained 
from Ampère’s law to be 

 

 where B is the strength of the magnetic field. The SI unit for B is the tesla, T. The gauss, equal 
to one ten thousandth of a tesla, is also used: 

1 gauss = 10-4 T 

 The constant k is equal to 2 ´ 10-7 T . m/A. 
• If an electric charge is moving with respect to a magnetic field, a net force acts on the charge 

which is proportional to the component of the velocity along a direction perpendicular to the 
magnetic field, the magnitude of the charge and the strength of the magnetic field (see figure 
14-9 in the text). When the velocity is at right angles to the direction of the magnetic field the 
force can be written as 

 

   B = k
i
r

F = qvB
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• The cyclotron or magnetic resonance accelerator is a machine used to accelerate charged 
subatomic particles. The key to the operation of a cyclotron is that the number of revolutions 
made by the charged particle being accelerated does not depend on its speed. An alternating 
potential set between the two sides of the device accelerates the particle each time it crosses 
the gap between these two sides. 

• The earth has a magnetic field that is believed to be due to motions of the metallic core which 
produce electric currents in the hot, electrically conductive material; these currents flow 
upward and are in turn carried around by the earth’s fast rotation. This magnetic field traps 
some matter from the solar wind, creating the earth’s magnetosphere. 

• The induced voltage in a circuit is proportional to the rate of change of the magnetic field. This 
statement is known as Faraday’s law of induction. 

• James Clerk Maxwell developed a theory of electromagnetism, summarized into four 
equations, known as Maxwell’s equations. The first equation provides a relationship between 
an electric charge and the electric field it produces. The second equation describes how 
magnetic field lines always form closed loops; that is, they do not start or stop anywhere. The 
third equation is Faraday’s law which says that a changing magnetic field creates an electric 
field. The fourth equation is an extension of Ampère’s law, and states that a changing electric 
field creates a magnetic field. 

 

Example 1 
A long straight wire carries a current of 5.0 A. What is the magnetic field at a distance of 10 cm 
from the wire? 

Answer: The magnetic field, from Ampère’s law, is 

 

The current is i = 5.0 A and the distance is r = 0.10 m. Therefore, 

 
 

Example 2 

In a nuclear physics experiment, a magnetic field of 0.20 T pointing upward is set up in a region 
where protons are moving horizontally at 4.4 ́  106 m/s. What is the magnetic force on each proton? 

Answer:  The magnetic force on each proton is given by F = qvB, where B = 0.20 T and q is the 
electric charge of each proton, equal to 1.6 ´ 10-19 C. The magnetic force on each proton is 

F = 1.6 ´ 10-19 C ´ 4.4 ´ 106 m/s ´ 0.20 T = 1.4 ´ 10-13 N 
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Experiencing Physics Suppose that the two magnets of figure 14-7 in the text have their 
north poles facing each other. Suppose further that the proton moves with a constant velocity along 
a plane exactly half way between the two magnets. Describe the motion of the proton when it 
enters the region between the magnets. 
 

Questions 
The Discovery of Magnets 

1. You are given two identical-looking 
metal rods and told that only one of them 
is a permanent magnet. Without the aid 
of any other piece of metal, compass or 
instrument, could you identify the 
magnet? 

The Magnetic Field 
2. How should you place two magnets if the 

force between them is to be zero? 
3. The north poles of two magnets are 

separated by a distance d. The south 
poles of a second pair of magnets are 
separated by a distance of 2d. Compare 
the force between the two pairs of 
magnets. 

4. If the distance between the two poles of 
a magnet is tripled, how does the force 
between the magnets change? 

5. Two magnets are placed with their north 
poles facing each other and are separated 
by a distance of 1 cm. What should be the 
distance so that the force is reduced by 
half? 

6. Two magnets, separated by a distance of 
10 cm, have their north poles facing each 
other. If one magnet is rotated by 180º, 
so that a north pole of one magnet faces 
the south pole of the other and the 
distance remains the same 10 cm, by how 
much does the magnitude of the 
magnetic force between them change? 

Electric Currents and Magnetism 
7. If you cut a bar magnet in three equal 

pieces, would you expect the force 
between the north poles of any two 
pieces to be the same as the force 
between the north poles of any one of 
these two pieces and the remaining one? 

8. If a magnet is cut in two, two smaller 
magnets are produced. What would 
happen if you bring together two 
magnets with their opposite poles 
touching? Is a single magnet formed? 

9. Can the process of cutting a magnet in 
two be continued indefinitely? Is there a 
limit? 

10. Could there be a magnet in the form of a 
doughnut? Where would the north and 
south poles be in such a magnet? 

11. If a current-carrying wire is placed on a 
table and a magnetic compass is also 
placed on the table near the wire, would 
there be a deflection of the needle? 

12. A friend tells you that you could use a 
compass to locate the electric wires in the 
walls of your house by detecting the 
magnetic field generated by the current 
in them and you tell him that that method 
does not work because the current in the 
house is AC and not DC. Who is right? 

A Moving Charge in a Magnetic Field 
13. Consider a region of space where there is 

a uniform magnetic field. Compare the 
magnetic force on an electron moving in 
a direction parallel to the field with that 
of another electron moving at right 
angles to the field? 
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14. What is the magnetic force on an electron 
moving in a direction parallel to a 
constant magnetic field? 

15. Is it possible to use a magnetic field to 
accelerate a charged object? Explain. 

16. An alpha particle enters a region of 
constant magnetic field with a constant 
velocity v that is parallel to the direction 
of the magnetic field. Describe the path 
of the particle. 

17. An electron beam moves without 
deflection in a cathode-ray tube. Can you 
conclude that there is no magnetic field 
in this region? 

18. A proton enters a region of constant 
magnetic field with a velocity that is 
perpendicular to the direction of the 
magnetic field. If the magnetic field 
points away from the observer and the 
proton moves in a clockwise circle, what 
would be the path of an electron moving 
with the same velocity in the same 
magnetic field? 

19. A proton with a velocity v in a region of 
constant magnetic field describes a circle 
of radius r. What would be the radius of 
the circular path of an alpha particle 
moving in the same magnetic field with 
the same velocity v? 

20. Does the earth’s magnetic field affect the 
direction of motion of the electrons in a 
CRT? 

21. In a TV tube, electrons move from one 
end of the tube to the screen. If you bring 
a magnet near the screen of a TV that is 
turned on, is the image distorted? (Do not 
try this experiment with a color TV as it 
may damage it). 

22. In a television screen, the image is 
formed by sweeping the electron beam 
from left to right across the screen line by 
line. How do you think the electron beam 
is deflected? 

23. Would you be able to move a plastic 
comb that is electrostatically charged 
(perhaps by using it to comb your hair 
several times) by bringing a strong 
magnet close to the comb? 

Particle Accelerators 
24. Does the time a proton takes to complete 

one revolution in a cyclotron depend on 
the radius of its orbit? 

25. What is the relationship between the 
particle’s speed and its radius of 
curvature as it is accelerated in a 
cyclotron? 

26. A particle being accelerated in a 
cyclotron completes one circle of radius 
0.50 m in one-millionth of a second. How 
long would it take the particle to 
complete one revolution when it is 
turning in a circle of radius 10 m in the 
cyclotron? 

27. A proton is being accelerated in a 
cyclotron. If it describes a circle of 50 cm 
when its kinetic energy is 10 MeV, what 
would the radius be when its kinetic 
energy is 20 MeV? 

28. A particle being accelerated in a 
cyclotron moves with a certain velocity. 
When the particle moves at twice the 
velocity, is the particle closer to or 
farther away from the center? 

Magnetism of the Earth 
29. If we call the north-seeking end of a 

compass needle the north pole of the 
needle, what is the polarity of earth’s 
North Pole? 

30. Would you expect to detect a small 
current in a metal ring aboard the 
International Space Station as it orbits 
the earth? 
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The Source of Magnetism 
31. A spinning charged sphere produces a 

magnetic field. Explain how this 
spinning charge can be thought of as a 
circular current which, by Ampère’s law, 
would be the source of the magnetic 
field. 

32. Magnetic fields generated by the 
electrons in atoms are the source of 
magnetism. Why is it not possible to 
magnetize a piece of rubber? 

33. A permanent magnet attracts a piece of 
unmagnetized iron. Explain how this 
phenomenon can happen. 

34. If you pick up a nail with a magnet, a 
second nail can be hung from the first 
one, even though they were not 
magnetized. Why? 

35. A paper clip can be picked up by a 
magnet, regardless of which end of the 
magnet is used. Explain why. 

36. Heating a permanent magnet weakens its 
magnetic strength. Dropping the magnet 
or hitting it hard also weakens it. Can you 
explain why? 

37. Combing your hair several times charges 
the comb with static electricity. Could 
you generate a magnetic field by simply 
moving the charged comb in circles? 

Faraday’s Law of Induction 
38. A constant electric current flows through 

a metal ring. Does it generate a magnetic 
field? 

39. Could a current be generated in a straight 
wire by moving a magnet at right angles 
towards it as shown in figure E14-1? 

 

 
Figure E14-1.  Magnet approaching wire at 
right angles. Question 14-39. 

 
40. If you move the north pole of a magnet 

towards a metal ring, as in figure E14-2, 
is an electric current produced in the 
ring? 

 
Figure E14-2. Is a current generated in the 
metal ring? See question 14-40. 

 

41. Is an electric current generated in the 
class ring you are wearing due to the 
motion of your hand in the earth’s 
magnetic field? 

Motors and Generators 
42. A current is induced in a coil rotating in 

a region where there is a magnetic field. 
Does this mean that you can take a class 
ring, rotate it near a magnet and generate 
a current in the ring? 

43. Would a magnet rotating around a 
stationary coil generate a current in the 
coil? Discuss several possibilities. 

44. Could an electric current be generated in 
a metal ring in a constant magnetic field 
if the ring changes shape (from a circle to 
an oval, for example)? Discuss different 
possibilities. 

NS
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45. Is it correct to say that a generator is a 
motor running backwards? 

 

Problems 

1. Two magnets are placed so that their 
north poles face each other at a distance 
of 3 cm. At what distance must they be 
placed so that the magnetic force 
between them is reduced to one-fourth 
the original force? 

2. A long straight wire carries a current of 
20 A. Determine the strength of the 
magnetic field at a distance of (a) 1.0 cm, 
(b) 10 cm, and (c) 1.0 m from the wire. 

3. The magnetic field at a point located 5.0 
cm from a wire has a strength of 20 µT. 
What is the current in the wire? 

4. A wire in the wall of a house carrying a 
current of 1.0 A produces a field of 1.0 
nT at a point on the wall. At what 
distance inside the wall is the wire? 

5. A 1500-W portable electric heater draws 
13.6 A of current when connected to a 
110-V receptacle. What is the strength of 
the magnetic field at a distance of 1.0 mm 
from this wire? Compare this magnetic 
field to the strength of the earth’s 
magnetic field at the surface of the earth, 
5 ´ 10-5 T. Could this field deflect a 
magnetic compass? 

6. What is the direction of the magnetic 
field on the right side of a vertical wire 
carrying a current i (figure E14-3). If this 
current is 0.1 A, what is the magnitude of 
this field at a distance of 1 cm? 

 

 
 Figure E14-3.  Magnetic field at a point near 

a current-carrying wire. Problem 14-6. 

 

7. What is the direction of the current that 
would produce a magnetic field as shown 
in figure E14-4 (the crosses to the left of 
the wire represent a field pointing 
directly into the page and the dots to the 
right, a field pointing directly out of the 
page)? If the magnitude of this magnetic 
field at a distance of 2.0 cm is 0.5 mT, 
determine the current that produces this 
magnetic field. 

 

 
 Figure E14-4. Magnetic field around current-

carrying wire. Problem  14-7. 

 

8. What is the direction and magnitude of 
the magnetic field at a point midway 
between two wires carrying equal and 
opposite currents of 5.0 A each which are 
separated by a distance of 10 cm (figure 
E14-5)? 

ri
B

B into page B out of page
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 Figure E14-5.  Two parallel wires carrying 

equal and opposite currents. Problem 14-8. 

 
9. An alpha particle moving with a speed of 

2.5 ´ 106 m/s horizontally enters a region 
where there is a uniform magnetic field 
of strength 0.1 T pointing in the vertical 
direction. What is the magnetic force on 
the alpha particle? 

10. An electron moves with a speed of 106 
m/s perpendicular to the magnetic field 
of the earth, which has a strength of 5 
´ 10-5 T. What is the force on the 
electron? 

 

10 cm

i i
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15  Wave Motion 
 

 

 

Chapter Summary 
• A wave is a disturbance that propagates from one point to another. A wave does not transport 

matter; it transports energy and momentum. 

• If the vibration takes place in a direction that is perpendicular to the direction of propagation 
of the wave motion, the wave is said to be transverse. When the vibration is in the same 
direction as the direction of propagation of the wave, the wave is called longitudinal. A third 
type of wave, the torsional wave, occurs when, for example, a long thin rod is twisted through 
some angle and then released. The material of the rod undergoes oscillations that propagate 
through the rod. 

• A single disturbance is called a pulse and a repetitive, cyclic disturbance is called a periodic 
wave. The distance between two identical points of a periodic wave is called the wavelength, 
l. The frequency, f, is the number of wavelengths that pass a particular point per second; the 
units of frequency are hertz, Hz: 

1 Hz = 1 cycle/s 

 The time required to complete one cycle is the period, T, which is the inverse of frequency: 

 

 The amplitude, A, of the oscillation is the maximum displacement of the medium from its 
equlibrium position. The velocity of the wave is 

 

• Waves spread out when passing through a small hole. This is called diffraction. 

• When two or more waves overlap, their amplitudes add up algebraically; at some places the 
waves add up to produce bigger amplitudes and at other places, the waves combine to produce 
smaller amplitudes. This property is known as the principle of superposition. When the 
displacement is enhanced, the waves undergo constructive interference, and when the 
displacement is diminished, the waves undergo destructive interference. 

• If two coherent sources of waves separated by a distance d interfere at some point, the 
wavelength can be obtained from 

 

T = 1f

v =
l
T = l f

l = ydL
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 where L is the distance from the sources to the point in consideration and y is the deflection 
(see figure 15-9 in the text). 

• Two identical wave motions of equal amplitude and wavelength traveling in opposite 
directions produce standing waves. The points that do not move are called nodes. Standing 
waves can be seen on a stretched string fixed at both ends. The natural frequencies of vibration 
form a harmonic series, and are given by 

 

 where L is the length of the string and v, the velocity of propagation of the waves in the string. 
The frequency or the fundamental mode or first harmonic is obtained with n = 1. Higher values 
of n give the frequencies of higher harmonics in the series. The corresponding wavelengths 
are given by 

 

Example 1 
A G-string on a violin vibrates with a frequency of 196 Hz. If the wavelength is 0.66 m, what is 
the speed at which the waves move in the string? 

Answer: The speed at which the waves propagate in the string is 

v = l f = 0.66 m ´ 196 Hz = 130 m/s = 470 km/h 
 

Example 2 
A breakwater 100 m from shore has two gaps of about one meter each separated by a distance of 
5.0 m through which water waves pass. It is observed that the first maximum is seen reaching the 
shoreline at a distance of 2 m from a line joining the middle of the gaps and shore. What is the 
wavelength of the water waves that interfere? 
Answer: In this case, d = 5.0 m, L = 100 m, and y = 2 m. The wavelength of the water waves 
reaching the shore is 

𝜆 =
𝑦𝑑
𝐿 =

2	m × 5.0	m
100	m = 0.1	m = 10	cm 

 

Example 3 

A stretched string fixed at both ends vibrates in the fundamental mode with a wavelength of 24 
cm. What is the wavelength of the third harmonic? 

Answer: We know that in the third harmonic the string vibrates with two nodes in between the 
fixed ends so that it fits one and a half or 3/2 wavelengths. Since there is only one-half of a 
wavelength in the fundamental mode, the wavelength of the third harmonic is three times smaller 
than that of the fundamental. The wavelength of the third harmonic is then 8.0 cm. 

f n=
n v
2L

ln =
2L
n
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 We could also obtain this wavelength by calculating the length of the string from the 
wavelength of the fundamental mode. Since in the fundamental mode l1/2 = L, the length of the 
string is 

 

The wavelength of the third harmonic is 

 

Questions 
The Nature of Waves 

1. When you hear a noise, do you feel a 
blast of air transporting the sound wave? 
Use this observation to illustrate the fact 
that waves transport energy and not 
matter. 

2. Pushing and pulling on one end of a 
Slinky produces longitudinal waves. 
How could you obtain transverse waves 
in a Slinky? 

3. Compare the frequency of the 
longitudinal waves produced on a Slinky 
by repeatedly pushing and pulling on one 
end with the frequency of the hand’s 
motion. 

4. If you periodically shake the end of a 
rope that hangs vertically from the 
ceiling, do the waves generated slow 
down as they travel upward do to the 
gravitational field of the earth? 

5. How could you generate longitudinal 
waves on a steel rod? 

6. A row of upright dominoes will fall if the 
first one is pushed. Is this a wave motion? 

7. Since waves carry energy and 
momentum, does this mean that the 
source of a wave motion loses energy and 
momentum to the wave? 

8. What is the source of energy that allows 
a floating cork to move up and down as a 
wave passes by? 

9. If you run your finger along under a rope 
lying on a table so that a bump travels 
with your finger from one end of the rope 
to the other, could you consider this a 
wave? 

Properties of Waves 
10. AM radio stations have carrier 

frequencies that range from about 530 
kHz to 1600 kHz, while the frequencies 
for FM radio stations range from 88 MHz 
to 108 MHz. Which waves have longer 
wavelengths, FM or AM radio waves? 

11. What is the period of a wave that has a 
frequency of 60 Hz? 

12. If the wavelength of one particular sound 
wave is greater than that of a second 
wave, how do their frequencies 
compare? 

13. Would you expect the phenomenon of 
diffraction to account for the fact that we 
sometimes can hear a person talking in a 
room even when we are standing outside 
and cannot see the speaker? 

14. What kinds of waves are produced on a 
guitar string after it is plucked? 

15. If you count 30 crests passing every 15 
seconds under the dock you are standing 
on at the lake, what is the frequency of 
the water waves? 

16. Two waves have the same velocities. If 
one wave has twice the wavelength of the 
other, how do their frequencies compare? 

L =
l n
2
= 24 cm

2
= 12 cm

l 3=
2L
3
= 2´12 cm

3
= 8.0 cm
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17. What is the distance traveled by a wave 
in one period? 

18. What is the frequency of a wave motion 
that has a period of 10 seconds? 

19. Figure E15-1 is a representation of a 
wave motion at a certain time. Draw 
another wave moving in the same 
medium with the same amplitude and 
twice the frequency.  Sketch a third wave 
with twice the wavelength and half the 
amplitude of the original one. 

 
Figure E15-1.  See question 20. 

The Principle of Superposition 
20. Two waves of equal amplitudes and 

frequencies moving in opposite 
directions produce destructive 
interference. Can two such waves 
moving in the same direction produce 
destructive interference? 

21. Two waves traveling on a string meet at 
one point where the amplitude of one 
wave is 10 cm and the amplitude of the 
other is -10 cm. What is the actual 
displacement of the string at that point? 
Is this constructive or destructive 
interference? 

22. Figure E15-2 shows a wave at a certain 
time. Sketch a second wave which, when 
superimposed with the original wave, 
would produce destructive interference. 

 
Figure E15-2.  See question 23. 

23. Two waves interfering destructively 
cancel each other out. Is energy 
destroyed? 

24. Two coherent sources of waves are 
separated by a certain distance and 
produce an interference pattern as in 
figure E15-3. Does the pattern change if 
the two sources are brought closer 
together? 

Figure E15-3. What happens to the interference 
pattern if the sources are moved closer together? 
See question 24. [Courtesy of Fouad A. Saad, 
Shutterstock.com.] 

Standing Waves 

25. How many complete wavelengths are 
formed between the two clamped ends of 
a taut string oscillating in its first 
harmonic? 

26. What is the longest wavelength obtained 
in a string 1 meter long clamped at both 
ends where standing waves are 
produced? 



15  Wave Motion 

 

117 

 

27. A 32.6-cm violin string vibrates in the 
fundamental mode. What is the 
frequency of this mode? 

28. What is the wavelength of the second 
harmonic at which a 1-m long string is 
vibrating? 

29. What is the length of a string that vibrates 
in the second harmonic with a 
wavelength of 60 cm? 

30. A 69-cm banjo string vibrates in the 
fundamental mode. What is the 
wavelength of this mode? 

31. A guitar string is vibrating in the 
fundamental mode. If you touch the 
string exactly at its center, would it 
continue vibrating? Explain. 

32. We learned that energy is transmitted in 
a wave motion. Is energy transmitted 
past a node in a standing wave? 

33. When you walk with your morning 
coffee in your hand, circular standing 
waves are formed on the surface of the 
liquid. Explain why. 

Resonance and Chaos 
34. When you walk normally with a pan full 

of water, the water usually sloshes and 
spills; changing the step stops the 
sloshing. Why? 

35. When an automobile is out of alignment, 
it vibrates at certain speeds but not at 
others. Explain why. 

36. When you with play a yo-yo, is the 
movement of your hand in resonance 
with the oscillations of the yo-yo? 

37. You can start a basketball bouncing 
without picking it up by pounding on it 
with your hand rhythmically. Once small 
bounces start, they quickly develop into 
large bounces. Explain how this works. 

38. Soldiers usually “break step” and walk 
when crossing a suspension footbridge. 
Could you explain why this is done? 

Water Waves 

39. Are water waves longitudinal or 
transverse? 

40. What is the motion of a small boat on a 
lake when a large wave passes under it? 

41. If you throw a rock in sea water, would 
the amplitude of the disturbance 
produced be different from what the 
amplitude would be if you throw the rock 
in fresh water? Explain. 

Seismic Waves 

42. The epicenter is the point on the surface 
of the earth directly above the place of 
origin, or focus, of an earthquake. Why 
are earthquakes felt most intensely at the 
epicenter? 

43. If you know the time between the arrival 
of the P and S waves to a certain location, 
could you determine the distance from 
that location to the epicenter? 

 
Problems 

1. If you shake the end of a taut rope 
(which is fixed at both ends) 4 times a 
second producing a train of waves 
traveling with a speed of 1.0 m/s, 
determine the frequency and 
wavelength of the waves in the rope. 

2. Radio waves are electromagnetic 
waves which travel at a speed of 3.00 ´ 
108 m/s. What is the wavelength of the 
signal from an FM station broadcasting 
at 89.7 MHz? 

3. The musical note A4, which has a 
frequency of 440 Hz, is the standard 
from which all other frequencies in the 
musical scale are derived (for this 
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reason, it is sometimes called “concert 
A.”) If this note has a wavelength of 
77.3 cm, what is the speed of sound in 
air? 

4. A bat emits waves with a frequency of 
1.0 ´ 105 Hz. If these ultrasonic waves 
travel at the 340 m/s, what is their 
wavelength? 

5. An E string on a violin vibrates at 650 
times a second. If the waves in the 
string travel at a speed of 435 m/s, what 
is the wavelength of the waves? 

6. The range of frequencies for television 
signals lies between 54 and 88 MHz for 
channels 2 through 6, between 174 and 
216 MHz for channels 7 through 13, 
and between 470 and 890 MHz for 
channels in the UHF band. TV signals 
are electromagnetic waves that travel 
at the speed of light, 3.0 ´ 108 m/s. 
Determine the range of wavelengths 
for these bands. 

7. Determine the amplitude, wavelength, 
period, and frequency of the waves in 
figure E15-4. [Each division is equal to 
1 cm.] 

 
Figure E15-4. See problem 7. 

8. If the distance between two 
consecutive crests of the water waves 
arriving at a dock is 1.5 m and a man 
standing on the dock estimates that 20 

crests pass the edge of the dock per 
minute, what is the speed of the waves? 

9. Water waves pass a small fishing boat 
at the rate of 30 waves per minute. If a 
fisherman estimates that the distance 
from crest to crest is about 50 cm, 
determine the frequency, wavelength 
and speed of the water waves. 

10. A boy tapes a small piece of cardboard 
to the front fork of his bicycle so that 
the spokes hit it as the wheel turns, 
producing a rumbling sound. If the boy 
rides at a speed of 10 km/h (2.8 m/s), 
and the spacing between the spokes is 
5.0 cm, how many times a second does 
the cardboard hit the spokes? 

11. Figure E15-5 shows the position of two 
pulses at a certain time. If the pulses are 
moving toward each other each at a 
speed of 1 cm/s, sketch the resultant 
pulse 3 seconds later. 

 
Figure E15-5. Two pulses moving toward 
each other at 1 cm/s. See problem 11. 

12. Two coherent sources of waves are 
separated by a distance of 5 ´ 10-5 m. 
On a screen located at a distance of 1.5 
m from the sources, the first maximum 
is observed at 2.0 cm from the center 
line. What is the wavelength of the 
waves? 

13. Yellow light from a sodium lamp, with 
wavelength of 589 nm, falls on two 
narrow slits separated by a distance of 
0.20 mm. An interference pattern in 
formed on the screen 1.8 m from the 
slits. What is the distance from the 
center line to the first maximum? 

16 cm/s
y

x

2 cm/s

y

x

0 1 2 3 4 5 6 7 8

1 cm/s

(cm)
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14. Monochromatic light of wavelength 
650 nm illuminates two narrow slits 
that are too close for a direct 
measurement of their separation. If the 
first maximum is found to lie at a 
distance of 3.5 cm from the center line 
on a screen at 1.5 m from the source, 
what is the separation of the slits? 

15. A violin string has a fundamental 
frequency of 220 Hz. What is the 
frequency of the fourth harmonic? 

16. A 69.0-cm banjo string is vibrating 
with a frequency of 734 Hz in the 
fundamental mode. What is the speed 
of the waves on the string? 

17. A 1-m-long string, fixed at both ends, 
vibrates in the fundamental frequency 
of 55 Hz. If you stop the rope from 
vibrating at exactly the middle point, 
what is the new frequency of vibration? 
What is the wavelength now? 

18. A string vibrates with a wavelength of 
90.0 cm and two nodes between the 
fixed ends. What is the length of the 
string? 

19. How far apart are the nodes in a violin 
string that vibrates in the third overtone 
with a wavelength of 22 cm? What is 
the length of the string? 

20. Humans can hear sounds with 
frequencies ranging from 20 Hz to 
20,000 Hz. If the fundamental 
frequency of the G string in a violin is 
196 Hz, how many overtones can a 
person hear? 

21. A string on a violin has a length of 33 
cm and vibrates at the fundamental 
frequency of 440 Hz. At what distance 
from the end must a finger be placed to 
change the fundamental to the next 
higher note which has a frequency of 
494 Hz?
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16  Sound 
 
 
 

Chapter Summary 
• Sound is a mechanical longitudinal wave that propagates through a medium with frequencies 

that range from a fraction of a hertz to several megahertz. Audible waves are sound waves 
with frequencies between 20 and 20,000 Hz. Sound waves with frequencies below 20 Hz are 
called infrasonic waves and those with frequencies above 20,000 Hz are called ultrasonic 
waves. 

• The speed of sound in a medium depends on the elastic and inertial properties of that particular 
medium. It also depends on the temperature of the medium. In air, the speed of sound at 20 
ºC is 343 m/s. At any other temperature T in degrees Celsius, the speed of sound in air is given 
by 

v = (331 + 0.61T) m/s 

• Intensity of a wave is the rate at which the wave transports energy per unit of area or 

 

 Since the units of power are watts, the units of intensity are watts/meter2. The human ear can 
detect sounds with intensities as low as 10-12 W/m2 and as high as 1 W/m2 without sustaining 
damage. To better represent the response of the human ear to changes in sound intensity, we 
use the term sound level b, expressed in the unit of bel or in the more common decibel, dB, 
equal to 0.1 bel. On this new scale, 0 dB corresponds to the lowest intensity that we can detect, 
and 120 to the maximum. 

• As stated in Chapter 15, the different modes of vibration of a stretched string of length L are 
related through their frequencies fn by 

𝑓) =
𝑛𝑣
2𝐿 

• Standing waves can be produced in a closed organ pipe. In this case, only the first, third, fifth, 
and other odd harmonics take place. Their frequencies are: 

  f1 = v/ 4L, f3 = 3 f1  f5 = 5 f1 

  In an open pipe, all harmonics can be produced. Their frequencies are: 

  f1 = v/ 2L, f2 = 2 f1  f3 = 3 f1 

I = PA
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• The change in frequency perceived by a listener who is in motion relative to a source of sound 
is known as the Doppler effect. If the listener is moving at a speed vo toward the source, at 
rest with respect to the medium, the frequency heard by the listener is 

 

 where v is the speed of sound. If the listener is moving away from the source, we change his 
speed to -vo. 

 If the source is moving at a speed vs away from the observer, the frequency heard is 

 

 When the source is moving toward the listener, we change its speed to -vs. 

 

Example 1 

Two friends camping out in a stormy night hear the thunder five seconds after seeing the flash of 
lightning. Calculate the distance of the lightning. 
Answer: Since the speed of light is so large, we can assume that the time taken by the light from 
the flash is negligible compared to the time taken by thunder, traveling through air at a speed of 
343 m/s (assuming a temperature of 20ºC). Thus, the distance x to the lightning is 

x = v t = (343 m/s)(5.0 s) = 1.7 km 

In five seconds, the sound wave travels 1.7 km. This distance is about 1 mi. Thus, the rule of 
thumb for estimating the distance (in miles) to where lighting has struck: divide the number of 
seconds between the lightning flash and the thunder by five. 

 

Example 2 

When the phone rings, a student lowers the volume of his stereo so that he can hear the caller. If 
the sound level was reduced from about 100 dB to the level of normal conversation, how much 
less power is the stereo delivering to the room through the speakers? 

Answer: In Table 16-2 in the text, we see that a sound level of 100 dB corresponds to an intensity 
of 1010 W/m2. Since the level of normal conversation is about 60 dB, which corresponds to an 
intensity of 106 W/m2, the sound intensity was reduced from 1010 to 106 W/m2. The ratio of these 
two intensities is 

 

The speakers deliver 10,000 times less power after the volume was turned down. 
 

f ¢= f
v + v o
v

f ¢ = f v
v +v s

10
10
W/m

2

10
6
W/m

2
= 10
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Example 3 

The sound from a siren has a frequency of 1320 Hz. What note corresponds to this frequency? 

Answer: A frequency of 1320 Hz is five times the frequency of middle C, 264 Hz. This means 
that this frequency lies 2 octaves above the octave for middle C since the C one octave above has 
a frequency of 2 x 264 Hz = 528 Hz, the C two octaves above middle C has a frequency of 2 x 2 
x 264 Hz = 4 x 264 Hz = 1056 Hz and 3 octaves above gives a C with a frequency of 2 x 2 x 2 x 
264 Hz = 2112 Hz, greater than the frequency of the siren. 

 Thus, if we divide the frequency of the siren by 4 to determine the corresponding note in the 
octave for middle C (for which we have the notes corresponding to the different frequencies), we 
get 

 

which corresponds to E. Since our note lies exactly 2 octaves above this E, it should be E with a 
frequency of 1320 Hz. 
 

Example 4 

An open organ pipe has a length of 60 cm. What is the frequency of the fundamental mode? 

Answer: The frequency of an open pipe vibrating in the fundamental mode is given by 

 

where the speed of sound is v = 343 m/s. The fundamental frequency is then 

 

 

Example 5 

The horn of a car has a frequency of 300 Hz. What frequency will be heard by a person driving 
toward it at a speed of 50 km/h? What is the frequency when the driver is moving away at the 
same speed? Assume that the car blowing the horn is standing still. 
Answer: The driver moving with v = 50 km/h = 14 m/s toward the stationary car will hear a 
frequency 

 

and when moving away, the frequency is reduced to 

 

f = 1320 Hz
4

= 330 Hz

f 1 =
v
2L

f 1=
343 m/s
2 ´ 0.60 m

= 286 Hz

f¢  = f  v + vo
v

 = 300 Hz 342 m/s + 14 m/s
342 m/s

 = 311 Hz 

f¢  = f  v + vo
v

 = 300 Hz 342 m/s - 14 m/s
342 m/s

 = 288 Hz 
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Example 6 

The siren of a fire truck traveling at 90 km/h has a frequency of 400 Hz. What would be the 
frequency heard by a person standing on the sidewalk while the fire truck approaches? What 
would be the frequency when the fire truck is moving away? 

Answer: While the fire truck is approaching, the person hears a frequency given by 

 

Since the speed of sound in air is 342 m/s and the fire truck is moving with a speed of 90 km/h = 
25 m/s, this frequency is 

 

which is higher than the frequency of the siren. When the fire truck is receding, the frequency 
heard is lower than the frequency of the siren. Since the truck is moving at a constant speed, the 
frequency heard by the listener as the truck moves away should be smaller than the frequency 
emitted by the same amount that it increases when the truck is approaching; that is, 30 Hz. The 
frequency heard in this case is then 370 Hz. We can also use the equation obtained above, 

 

which gives us the same result. There is a drop in the frequency of 60 Hz, from 430 Hz when the 
fire truck is moving in the direction of the listener to 370 Hz when the fire truck is moving away. 
 

Questions 
The Nature of Sound 

1. Does a child’s “telephone,” made with 
two cans and a taut string really work? 
Explain. 

2. A bell enclosed in a waterproof jar is 
made to ring underwater. Would the 
frequency you hear be different if you are 
also underwater? 

The Speed of Sound 

3. Does sound travel faster in cool air or in 
warm air? Explain. 

4. In table 16-1 in the text, we listed the 
speed of sound in water as 1493 m/s and 
in aluminum as 5100 m/s. Why do you 

think sound travels almost three and a 
half times faster in aluminum than in 
water? 

5. Where is the speed of sound greater, in 
the lowlands or at the top of a mountain? 
Explain. 

6. Is the speed of sound greater in fluorine 
than in helium if both gases are at the 
same temperature? 

7. Why is the speed of sound higher in a 
lighter gas, like hydrogen, than in a 
heavier gas, like nitrogen? 

8. If you inhale helium from a balloon and 
attempt to speak, you’ll sound like 
Donald Duck. Explain why. 

f¢ = f v
v -v s

f¢ = 400 Hz 342 m/s
342 m/s - 25 m/s

= 430 Hz

f¢ = 400 Hz 342 m/s
342 m/s + 25 m/s

= 370 Hz
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9. Explain how you can determine how far 
away lightning occurs by measuring the 
time between flash and thunder. 

10. If you count off the seconds between the 
lighting flash and the thunder during a 
thunderstorm, you could estimate the 
distance to the flash in km by dividing 
this time by 3. Explain why. 

11. During a thunderstorm, you count 21 
seconds between the flash and the 
thunder. What is the approximate 
distance to the flash in km and in miles? 

12. The interval between the lightning flash 
and the thunder is 10 seconds. 
Approximately how far did the flash 
struck? 

13. Some 5 s after you shout through a 
loudspeaker you hear the echo of your 
voice as the sound waves bounce off a 
cliff in front of you. How far is the cliff? 

Intensity of Sound Waves 
14. If the intensity of a sound is decreased by 

a factor of 1000, by how much is the 
sound level decreased? 

15. By what factor is the sound level of a 
power mower greater than the sound level 
in an average classroom? 

16. By what amount is the sound level in an 
indoors rock concert greater than the 
sound level in a busy street? 

The Ear 

17. Your voice sounds different when you 
listen to a tape recording you made. 
However, tape recordings of your 
friends’ voices sound the same to you, 
and your friends assure you that you 
sound the same to them. Explain why. 

The Sound of Music 

18. Why is it that two different instruments, 
such as a piano and a violin, playing the 

same note with the same loudness sound 
different? 

19. Which has a higher pitch, a sound with a 
frequency of 1200 Hz or one with a 
frequency of 5000 Hz? 

20. Two musicians are playing the same note, 
one in a flute and the other one in a 
clarinet. Why do they sound different? 

21. If two notes are two octaves apart, what 
is the ratio of their frequencies? 

Musical Instruments 

22. Why do the strings in a guitar or a violin 
have different densities? 

23. A violin string vibrates in the 
fundamental mode. What is the frequency 
of this mode? 

24. A violin string vibrates in the 
fundamental with a wavelength of 16.3 
cm. What is the length of the string? 

25. When you fill a bottle with water, the 
sound made by the water from the faucet 
as it falls on the water already in the bottle 
increases in pitch. Explain why. 

26. Some people claim that they sound 
wonderful when they sing in the shower. 
Can this claim have any substance to it? 

27. Using what you have learned about 
vibrating strings and resonating cavities 
for musical instruments, explain why 
women’s voices generally have a higher 
pitch than men’s. 

28. Is the open end of an organ pipe a 
displacement node or an antinode? 
Explain. 

29. Why is the closed end of an organ pipe a 
displacement node? 

30. An organ pipe closed at one end is 
vibrating in the third harmonic. How 
many antinodes are present? 



16  Sound 

 

126 

 

31. An organ pipe closed at one end vibrates 
in the fundamental mode with a 
wavelength of 20 cm. What is the length 
of the pipe? 

32. What is the wavelength of the fifth 
harmonic of an organ pipe closed at one 
end? 

The Doppler Effect 
33. Why does the frequency of the sound we 

hear from a stationary source change if 
we move toward it? Does the frequency 
increase or decrease? 

34. If you approach a stationary source of 
sound, is the wavelength you measure 
different from the wavelength you would 
measure if you were not moving? Is the 
frequency also different? Explain. 

35. If a source of sound approaches a listener, 
does the wavelength measured by the 
listener change? Does the frequency? 
Explain. 

36. Is it possible to determine the speed of 
rotation of a merry-go-round by 
analyzing the sound from a horn a child 
on the merry-go-round is playing? 

37. If you move in circles around a source of 
sound, does the frequency you hear 
change? 

38. Could the Doppler effect be observed 
with water waves? Explain. 

39. A tape recorder is placed on a bench, 
recording the sound of a passing fire 
truck. When the tape is played later, do 
you hear the drop in pitch? 

40. If the obstacle on which a sound wave 
bounces off were moving away from you, 
would the frequency of the echo 
perceived by you change due to Doppler 
effect? 

41. You are standing at some distance away 
from a parked car blowing its horn. If 

there is a wind coming toward you from 
the direction of the parked car, would 
there be a change in frequency because of 
the Doppler effect? 

42. You are standing at a grade crossing 
waiting for the train to pass. Is the sound 
you hear as the locomotive passes right in 
front of you the same as what the engineer 
hears? Explain. 

43. A fire truck sounding its siren turns onto 
the street where you are standing and is 
now approaching you. Do you hear a 
higher or lower pitch than the fire fighters 
in the truck? 

44. You are driving a stretch of a highway 
that is parallel to a railroad with the same 
velocity and slightly behind the engine of 
a train. Is the sound you hear from the 
whistle Doppler-shifted? Explain. 

45. If you move at 5 km/h toward a stationary 
source of sound, the frequency you hear 
is increased by a certain amount or 
Doppler-shifted. If, on the other hand, 
you were standing and the source coming 
toward you at the same speed of 5 km, 
would the frequency you hear be 
increased by the same amount as before? 

Supersonic Waves 
46. Two airplanes are flying at the same 

altitude, one at Mach 1 and the other at 
Mach 2. Which one is farther away when 
you hear its sonic boom? If they are side 
by side when they fly overhead at your 
location, which sonic boom do you hear 
first? 

47. You hear a sonic boom from an airplane 
flying nearby. Does that mean that the 
airplane just crossed the sound barrier? 

48. Why do boats form bow waves in the 
water? 
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Ultrasound 
49. Ultrasound equipment is used to 

determine the speed of blood in the 
arteries of the body by measuring the 
Doppler shift. Explain how this is done. 

 

Problems 
Note: Unless otherwise stated, use the speed 

of sound in air at 20 ºC, which is 343 
m/s. 

 

1. What is the speed of sound in air at 
37 ºC? 

2. A person hears the thunder 4.5 s after 
seeing the lightning flash. How far is the 
lightning? 

3. An automatic-focusing camera emits an 
ultrasound pulse which bounces off a 
subject 10 m away. How long does it 
take the pulse to return to the sensing 
mechanism in the camera? 

4. A person sees a construction worker 
using a sledgehammer to knock down a 
wall. If he hears the sound of each blow 
0.6 s after he sees it, how far is the 
worker? 

5. A depth finder on a pleasure boat sends 
sound pulses and detects the reflected 
pulse. If the instrument receives a 
reflected pulse 0.25 s later, how deep is 
the water? 

6. On a hot summer day, when the 
temperature is 35 ºC, you hear the echo 
of your voice from a cliff in front of you 
2.0 seconds after you shout. How far 
away is the cliff? 

7. A bat in a barn receives the echo 0.020 s 
after emitting its cry. If the temperature 
of the barn is 10 ºC, how far away is the 
object? 

8. An underwater explosion is detected by 
a seismological station. If there is a delay 
of 15 s between the sound wave arriving 
through the water and the one through 
the air, how far away from the station 
was the explosion? 

9. A hiker wants to know how deep a well 
is and for that purpose she drops a stone 
and times it until she hears the sound of 
the stone hitting the water. If she times it 
at 3.0 s, how deep is the well? (Assume 
that the temperature is 20 ºC). 

10. How much more intense is the sound at 
an outdoors rock concert over the sound 
of a busy street? 

11. An offset machine in a small printing 
business produces a sound level of 90 
dB. When the business grows, nine 
additional machines are bought and 
placed in the same large room. What is 
the new sound level? 

12. At a pep rally 1000 high school students 
yelling in the gym produce a sound level 
of 120 dB. Since this is a dangerous 
level, the school administration decides 
to cut down the number of students 
participating in the rally. Assuming that 
all students yell with the same intensity, 
how many students should be left at the 
rally to bring down the level to 90 dB? 

13. An old office has 20 electric typewriters 
that produce a sound level of 80 dB 
when operated simultaneously. How 
many typewriters must be removed from 
that office so that the sound level is 
reduced to 70 dB? 

14. What is the frequency of a note three 
octaves higher than middle C? 

15. A fire engine siren has a frequency of 
1584 Hz. What is the note that 
corresponds to this frequency? 
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16. An open organ pipe is 50 cm long. What 
are the frequencies of the fundamental 
and first overtone? 

17. A closed organ pipe has a length of 60.0 
cm. What are the frequencies of the first 
two harmonics? 

18. What should be the length of a closed 
pipe that has a fundamental frequency of 
1760 Hz? 

19. At how many audible frequencies can an 
open organ pipe 80.0 cm in length 
resonate? 

20. The auditory canal is about 2.5 cm long 
and can be considered to be a closed air 
column (see figure 16-2b in the text). 
What is the fundamental frequency at 
which the auditory canal resonates? 
Normal body temperature is 37 ºC. 

21. A person standing at a grade crossing 
hears the whistle of an approaching 
train. If the train is moving at a speed of 
100 km/h and the frequency of the sound 
emitted by the whistle is 500 Hz, what 
frequency does the person hear? 

22. A motorcyclist approaching an 
intersection at 90 km/h sounds the horn. 

A pedestrian standing near the 
intersection hears a frequency of 324 Hz. 
What is the frequency of the horn? 

23. At what speed must a motorist be 
moving away from a group of friends 
standing by the side of the road if they 
hear the horn of the moving car at a 
frequency of 289 Hz? The actual 
frequency of the horn is 300 Hz. 

24. A whistle emits a sound of 600 Hz. A 
bicyclist approaching this whistle hears 
a frequency of 614 Hz. At what speed is 
the bicycle moving? 

25. A race car is moving at 300 km/h. What 
would be the drop in the frequency of the 
sound from the engine heard by a 
spectator watching the race? Assume the 
driver hears a frequency of 100 Hz from 
the engine noise. 

26. At an altitude where the speed of sound 
is 310 m/s an airplane is flying at Mach 
1.5. What is the speed of the plane? 

27. What is the Mach number of a plane 
flying at 2160 km/h at an altitude where 
the speed of sound is 300 m/s? 
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Chapter Summary 
• The law of reflection states that the angle at which a light ray bounces off a surface or angle of 

reflection is equal to the angle at which the ray strikes the same surface or angle of incidence. 
The incident ray, the reflected ray and the normal are all in the same plane. 

• An image is formed where light rays intersect or where they appear to originate. A real image 
is one formed by light rays actually intersecting whereas a virtual image is an image formed 
by light rays which appear to come from a point. 

• Object distance is the distance from the location of the object to the mirror. Image distance is 
the distance from the image to the mirror. For a plane mirror, the object distance is equal to the 
image distance. 

• A curved mirror in which the interior surface is the reflecting surface is called concave. A 
convex mirror has the exterior surface as the reflecting one. 

• Rays striking a curved mirror parallel to the optical axis are reflected so that they converge on 
the focal point. 

• For a curved mirror: 

1. A ray that strikes a concave mirror parallel to the optical axis is reflected 
through the focal point. 

2. A ray that passes through the focal point is reflected by a concave mirror 
parallel to the optical axis. 

• The bending of light rays due to the different speeds of light in different media is called 
refraction. The ray incident upon the boundary between the two media is called incident ray 
and the ray entering the new medium is called the refracted ray. The angle made by the incident 
ray and the normal to the boundary is called the angle of incidence and the angle formed by 
the refracted ray and the normal, the angle of refraction. 

• The law of refraction or Snell’s law says that the angle of refraction is in a constant 
relationship to the angle of incidence. The index of refraction, n, of the substance is the ratio 
of the speed of light in vacuum, c, to that in the substance, v or, 

 
n = cv
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• A lens that converges rays to a single point is called a converging lens. A lens that diverges 
rays so that they appear to come from a single point on the side of the incident rays is called a 
diverging lens. 

• For a thin lens, 

1. A ray that strikes a lens parallel to the lens axis is refracted through the focal 
point. 

2. A ray that passes through the focal point is refracted parallel to the lens axis. 

3. A ray that strikes the lens at the center is not refracted at all. 

• The magnification, M, is the ratio of the size of the image to the size of the object, which is 
also equal to the ratio of the image distance to the object distance: 

 

• Total internal reflection occurs when light passes from a medium with a high index of 
refraction to one with a low index of refraction at angles of incidence greater than the critical 
angle. 

• The simplest modern camera uses a single converging lens to focus light onto a photographic 
film. The ratio of the focal length of the lens, f, to diameter of the aperture, D, is called the f-
stop: 

 

• A refractor telescope uses two lenses: the objective, a converging lens that collects the light 
from the distance object, and the eyepiece, which can be a converging or diverging lens, 
depending on the design. 

• A reflector telescope, uses a concave mirror as objective. There are three major designs. In the 
prime focus design the eyepiece is placed near the focal point of the objective. In the newtonian 
focus design, the light rays reflected from the mirror are intercepted by a small plane mirror 
placed diagonally in front of the objective so that the light rays are diverted to the eyepiece on 
the side. In the Cassegrain system, the light rays are intercepted by a small convex mirror that 
sends the rays back to the eyepiece through a small circular hole made in the objective. 

 

Example 1 

A ray of light is incident on a smooth surface at an angle of 30º. The reflected ray is incident on a 
second smooth surface that makes an angle of 90º with the first (figure E17-1). Determine the 
direction of the ray reflected by the second surface. 

M = image sizeobject size =
image distance
object distance

f-stop = fD
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Answer: The angle of incidence for the first surface is 30º. From the law of reflection we know 
that the angle of reflection is also 30º. The reflected ray makes an angle of 90º - 30º = 60º with the 
second surface. Thus, the angle of reflection from the second surface is also 60º and since the two 
surfaces are at 90º with each other, the two normals are also perpendicular to each other. We can 
see that the ray reflected from the second surface makes an angle of 90º - 60º = 30º with the normal 
to the first surface. Therefore, the reflected ray is pointing in an opposite direction to the incoming 
ray.  

 
Figure E17-1.  A ray of light reflected by two smooth surfaces at an angle of 90º with each other. 

 

Example 2 

You wish to photograph your friend and her reflection in a mirror in a single photograph. Your 
friend is standing 1 m from the mirror and you are standing 1 m to the side of your friend and 1 m 
from the mirror (figure E17-2). You need to calculate the distance from the camera to your friend’s 
image so that you can set the proper depth of field (range of distances that would be in focus) on 
your camera. What is this distance? 

Answer: Since you and your friend are at the same distance of 1 m from the mirror, the triangle 
COI is a right triangle. By the Pythagorean theorem the square of the hypotenuse of this triangle 
(which is the distance we wish to know) is equal to the sum of the squares of the other two sides. 
Thus, 

 

30o

30o30o

60o

60o

distance to image = 2
2
+ 1

2
= 2.2 m
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Figure E17-2.  Ray diagram for situation in Example 2. 

 

Example 3 

Determine the location of the image formed by an object placed inside the focal length of a concave 
mirror. 
Answer: Again, we make use of our two special rays to locate the image (figure E17-3). Ray 1 is 
drawn parallel to the optical axis and is reflected through the focal point, according to our rule 1 
above. Ray 2 is slightly trickier. We need to draw a ray from the same point as ray 1, toward the 
mirror, in the direction of the focal point, which is on the other side of the mirror. This ray is 
reflected parallel to the optical axis, according to rule 2. These two reflected rays diverge; that is, 
they will never meet on the side of the object. We need to project these rays beyond the mirror to 
locate the virtual image, as shown in figure E17-3. 

 
Figure E17-3.  An object placed inside the focal point of a concave mirror forms a virtual image 
behind the mirror. 

1 m

1 m

1 mO

I

Mirror
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Example 4 

Determine the speed of light in diamond. 
Answer: The index of refraction for diamond is 2.42. This is equal to the ratio of the speed of 
lights in vacuum and in diamond, c/v. The speed of light in diamond is then 

 
 

Example 5 

Determine the location of the image formed by a diverging lens. 
Answer: Figure E17-4 shows the three principal rays that can help us locate the image. In this 
case, the image is smaller than the object. 

 
Figure E17-4.  Ray diagram for a diverging lens. 

 

Questions 
Reflection of Light 
1. What made the Greek thinkers of 

antiquity realize that light travels in 
straight lines? 

2. When you look at a mirror, do you see 
the mirror or the light reflected from it? 

3. Why can you see the reflection of your 
face in a mirror but not in the wall? 

Reflection from Mirrors 

4. Why does a plane mirror reverse left and 
right but not up and down? 

5. Does a plane mirror magnify? 

6. If you want to be able to see your entire 
body reflected in a mirror, do you need a 
mirror that is as long as your body? 

7. Moving back from a vertical mirror does 
not allow you to see more of yourself. 
Draw a ray diagram to show that this is the 
case. 

8. You need to buy a mirror that would allow 
you to see you entire body but the store 
where you are shopping is cramped and 
you can’t stand back from the mirrors to 
try them. Does it matter? Explain. 

9. If you place to plane mirrors parallel to 
each other, do you get an infinite number 
of images or is there a limit (figure E17-
5)? Explain. 

v = c
n
=300,000 km/s

2.42
= 124,000 km/s
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Figure E17-5. Is there an infinite number of 
images? See question 9. [Photograph by the 
author] 

Curved Mirrors 
10. Is it possible to use a convex mirror as a 

makeup mirror? 

11. What is the difference between a real 
and a virtual image? 

12. Can a concave mirror form a real image? 

13. Is it possible to obtain a real image with 
a convex mirror? 

14. Can a plane mirror form a real image? 

15. As was mentioned in chapter 9, there is 
a story that Archimedes constructed a 
large glass mirror that reflected the light 
from the sun and set the Roman ships on 
fire. What kind of mirror do you think 
could do this? Do you think that this was 
possible? 

Refraction of Light 
16. If you stick a pencil in a glass of water, it 

seems to bend. Explain why. 

17. A person submerged in water appears 
shorter but not thinner than she really is. 
Why? 

18. Why does light travel at a lower speed in 
water than in vacuum? 

19. In table 17-1 in the text, we list the indices 
of refraction of several substances. Why 
are the indices of refraction of all 
substances greater than one? 

20. A car partially driven onto the soft 
shoulder of a highway tends to swerve 
away from the highway. Is this analogous 
to the behavior of light as it passes from 
one medium to another?  

21. When a beam of light passes from air to 
glass, does the wavelength change? Does 
the frequency change? The velocity? 

22. A ray of light passes from quartz to flint, 
striking the boundary between the two 
surfaces at an angle. Is the refracted ray 
bent toward or away from the normal? 

23. Zirconium has an index of refraction of 
1.96 whereas diamond has an index of 
refraction of 2.42. Explain how this 
difference accounts for the fact that real 
diamond has more sparkle than 
Zirconium. 

24. A light ray passes from ice to water at an 
angle. Does the ray bend toward or away 
the normal to the interface between ice and 
water? [Refer to Table 17-1 in the text]. 

Lenses 

25. You are given a magnifying glass and told 
to find its focal length. Explain how you 
would go about it. 

26. Does it matter which side of a magnifier 
faces the object? 
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27. The two sides of a lens have different 
curvatures. Are the two focal lengths 
different? Explain. 

28. Does the focal length of a lens change 
while it is immersed in water? Explain. 

29. Most kids know that they can ignite a 
piece of paper by focusing the light from 
the sun with a magnifier. Would a 
diverging lens also work? 

30. If an image is eight times farther away 
from a lens as the object, what is the 
magnification? 

31. Is the magnification a property of the 
lens or does it depend on object 
location? 

Fiber Optics 

32. Binoculars have prisms to reflect light 
and invert the image before it reaches the 
eyepiece. Prisms are more expensive 
than mirrors, which could also be used to 
reflect light. Why do binocular 
manufacturers use prisms? 

33. If you could make an S-shaped pipe out 
of ice and immerse it in the water, could 
it work as a light pipe? 

Optical Instruments 

34. Why is the image obtained with a 
pinhole camera inverted? 

35. What happens when a pinhole camera 
has a hole that is too large? 

36. In low light the pupil enlarges. Does this 
account for the fact that it is more 
difficult to read in low-light conditions? 
[Hint:  see previous question]. 

37. You want to take a picture of a marching 
band. According to the readout from the 
camera meter you could use an exposure 
of 1/250 s with an f/2.8 aperture or 1/60 
with f/5.6. Which should you use if you 
want most of the band in focus? 

38. You have a 28 mm f/2 lens and a 300 mm 
f/4. If you take a photograph at 1/125 
second with the 300 mm lens at full 
aperture, what should be the speed for the 
300 mm lens also at full aperture if the 
light conditions do not change? 

39. Which is a better photographic lens for 
low-light conditions, a 50 mm f/1.4 or a 50 
mm f/1.8? Explain why. 

40. Photographic film placed at the location of 
a real image will record the image. 
Because light rays do not actually pass 
through a virtual image, this method will 
not work for virtual images. Still, it is 
possible to photograph the virtual image in 
a plane mirror. Why? 

41. Is the image produced by a Galilean 
telescope inverted or right-side up? How 
about a Keplerian telescope? [See figure 
17-23 in the text]. 

42. How could you transform the design of an 
astronomical refractor telescope that 
inverts the image for terrestrial viewing so 
that it gives an erect image? 

43. What parts of the human eye correspond to 
the diaphragm, the focusing mechanism 
and the shutter of a camera? 

44. Why is a converging lens used to correct 
farsightedness? 

45. Can a diverging lens be used to correct 
farsightedness? Nearsightedness? 
Explain. 

46. Why do the eyes of a person wearing 
glasses that correct for farsightedness 
appear larger? 

 

Problems 
1. An incident light ray strikes a mirror at an 

angle of 60º. The reflected ray strikes a 
second mirror that makes an angle of 90º 
with the first mirror (figure E17-6). What 
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is the direction of the ray reflected by the 
second mirror? 

 
Figure E17-6. A light ray incident on two 
perpendicular mirrors. See problem 17-1. 

 
2. What is the smallest length of a vertical 

mirror that will allow you to see your 
entire body when standing in front of it? 

3. An incident ray strikes a mirror at an 
angle of 30º. If the mirror is rotated 
through and angle of 10º, through what 
angle is the reflected beam rotated? 

4. A photographer wishes to take a candid 
photograph of a subject standing 3 m in 
front of a store window. So as not to call 
the subject’s attention, the photographer 
decides to photograph her reflection in 
the window without using the camera’s 
automatic focusing mechanism (which 
might be noticeable). Since the 
photographer does not want to raise the 
camera to eye level, he needs to know the 
approximate distance to the subject’s 
image in the window to properly focus 
the camera manually. If he positions 
himself at the same 3 m from the window 
and some 5 m from the subject, what is 
the distance from the camera to the 
subject’s image? 

 
Figure E17-7. See problem 17-4. 

 
5. Two mirrors are placed at an angle of 45º 

with each other. A light ray strikes one of 
the mirrors at an angle of incidence of 20º. 
What is the angle of reflection off the other 
mirror? 

6. Find the location of the image formed by 
the object in front of the concave mirror 
shown in figure 17-8. Each division is 
equal to 1 cm. 

 
Figure E17-8.  See problem 6. 

7. A concave mirror has a focal length of 10 
cm. Graphically determine the location of 
the image of an object placed 20 cm in 
front of the mirror. Is the image real or 
virtual? 

8. An object is placed at a distance of 5 cm in 
front of a concave mirror with a focal 
length of 10 cm. Use a ray diagram to 
determine the approximate location of the 
image. 

9. A concave mirror has a focal length of 10 
cm. Where must an object be placed to 
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obtain an inverted real image 15 cm 
from the mirror? 

10. A concave mirror has a focal length of 
10 cm. Find the location of the image of 
an object placed 15 cm in front of the 
mirror. Is this a real or a virtual image? 

11. At what speed does light travel in 
quartz? 

12. Light travels at a speed of 229,000 km/s 
in a particular medium. Using table 17-1 
in the text, determine this medium. 

13. A light ray travels in a substance at 0.55 
c. What is the index of refraction of this 
substance? 

14. The speed of light in Lucite is 1.99 ́  108 
m/s. What is the index of refraction of 
Lucite? 

15. The wavelength of a certain light beam 
in vacuum is 580 nm. What is the 
wavelength of this beam in water? 

16. A beam of light has a wavelength in 
glass of 500 nm. If the index of 
refraction of glass is 1.5, what is the 
frequency of the light? 

17. The wavelength of a beam of light in 
glass is 430 nm. If the index of refraction 
of glass is 1.5, what is the wavelength of 
the light in air? 

18. Use ray-tracing to determine the location 
of the image of an object placed between 
the focal point of a converging lens and 
the lens (figure E17-9). 

 

 
Figure E17-9.  See problem 18. 

 
19. By focusing light rays from the sun onto a 

piece of cardboard with a magnifier, a 
student determines that the focal length of 
the magnifier is 2.5 cm. What graphically 
the location of the image of a penny if the 
magnifier is placed 5.0 cm from it? 

20. What is the location of the image formed 
by a converging lens with a focal length of 
10 cm if the object is placed 5.0 cm from 
the lens? 

21. An object is placed at a distance 3 times 
the focal length of a converging lens. What 
is the location of the image? 

22. A 1.80-m tall man is being photographed 
with a 35-mm camera from a distance of 
4.0 m. If the lens on the camera is a normal 
50-mm lens, can the man be photographed 
standing up so that his image fits on the 
film? [Each frame of a 35-mm film is 35 
mm x 24 mm] 

23. A person wishes to photograph her friend 
who is standing on the beach at a distance 
of 20 m. The photographer wants the 
image to fill most of the frame without 
cropping it. Should she use a 135-mm or a 
200-mm lens? Her friend is 1.85-m tall. 

24. A ring 22 mm in diameter, placed 5.0 cm 
from a converging lens, forms an image 30 
mm in diameter on the same side as the 
ring itself. What is the focal length of the 
lens? 
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18  The Nature of Light 
 
 
 

Chapter Summary  
• Maxwell predicted from his theory of electromagnetism that there should be 

electromagnetic waves of many different frequencies propagating through space at the 
speed of light. Heinrich Hertz generated electromagnetic waves with a spark-gap 
apparatus, thus confirming Maxwell’s prediction. 

• Maxwell showed that the speed of light was equal to the ratio of the electric and 
magnetic field strengths and to the square root of the electric and magnetic force 
constants: 

𝑐 =
𝐸
𝐵 =

L
𝑘$
𝑘*

= 3 × 10+	m/s 

• Isaac Newton, through a series of beautiful experiments, proved that a beam of natural 
white light is composed of pure colors which cannot be broken down any further. These 
pure colors are the simple components from which light is made. Although the number 
of possible pure colors is infinite, the human eye contains only three kinds of cone cells 
sensitive to colored light. All the colors that we perceive can be reproduced by a 
combination of these three pure colors. 

• Kirhhoff’s three laws of spectral analysis are: 

1. A heated solid or liquid emits light of all wavelengths producing a continuous 
spectrum. 

2. A thin, luminous gas emits an emission spectrum. 

 3. White, natural light passing through a thin gas produces an absorption spectrum. 

• Atomic spectra can be understood in terms of electronic transitions between energy 
levels. 

• The wave nature of light is evidenced by the phenomena of interference and 
diffraction. Diffraction refers to the fact that light spreads out when passing through a 
narrow slit of dimensions comparable to the wavelength of light or bends around 
objects comparable in size or smaller that the wavelength. 

• Young’s double slit experiment demonstrates the phenomenon of interference with 
light. The alternating dark and bright regions or fringes are formed when the rays from 
the two slits cancel each other out (destructive interference) or reinforce each other 
(constructive interference). 
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• The wavelength of two coherent sources of waves interfering with each other can be 
calculated with the expression 

𝜆 =
𝑦𝑑
𝑛𝐿 

 where n refers to the order in which the bright regions appear; d, to the distance between 
the slits; L is the distance to the screen; and y, the distance from the central fringe to a 
particular bright region. 

• Light is a transverse electromagnetic wave; that is, it consists of oscillations in space 
and time of electric and magnetic fields that are perpendicular to each other and to the 
direction of propagation of the wave. If the electric field oscillations are all in the same 
direction, we say that light is polarized along that direction. 

• A laser (light amplification by stimulated emission of radiation) produces a narrow 
beam of single-wavelength, coherent light by stimulated emission of photons. 

 

Example 1 

Suppose that in Young’s experiment the slits are separated by a distance of 0.2 mm, the 
screen is located at a distance of 1 m from the slits, and the first interference fringe appears 
at a distance of 3 mm from the central maximum. What is the frequency of the light being 
used? 

Answer: Here, d = 0.2 mm = 2 x 10-4 m, L = 1 m, y = 3 mm = 3 ´ 10-3 m, and n = 1. The 
wavelength of the light being observed is 

 

or 600 nm, a yellow light. 
 

Example 2 

Unpolarized light falls on a vertically-oriented Polaroid. This polarized light falls on a 
second Polaroid oriented at 45º with the first. A third Polaroid, oriented horizontally, is 
placed further behind. What is the polarization of the light after it crosses the last Polaroid? 
Answer: Light passing through the 45º Polaroid will be polarized at 45º. This light will be 
partially transmitted through the third Polaroid, emerging horizontally-polarized. Notice 
that since the last Polaroid is at right angles to the first, no light would have been 
transmitted if the 45º Polaroid had not been placed in the middle. 
 
Experiencing Physics A student measuring the speed of light in a physics 
laboratory using Fizeau’s method determines that, even at maximum angular speed, the 
beam of light does not clear the first tooth of the rotating wheel. How should the student 
change the experimental set up so that the experiment works? 

 

l = y d
n L

 = 3 ´ 10-3m 2 ´ 10-4m  
1 1 m

 = 6 ´ 10-7m 
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Questions 
The Nature of Light 
1. Give two phenomena that can be 

explained by considering light to be a 
wave. Give also two phenomena that can 
be explained by considering light to have 
particle-like behavior. 

The Speed of Light 
2. What would you think was the reason 

why Galileo could not obtain a value for 
the speed of light? 

3. Why should the parallaxes of different 
stars be all different? 

4. In 1729 the English astronomer James 
Bradley using a telescope mounted 
vertically detected an apparent shift of 
20.5 seconds of arc in the position of 
every star. This shift could not be 
attributed to stellar parallax because stars 
are all at different distances from the 
earth. Explain this statement. 

5. Would you expect the phenomenon of 
stellar aberration to affect our 
measurements of stellar parallax? 

6. When you look at Sirius, the brightest of 
the fixed stars, which is located at a 
distance of 8.7 light-years from us, you 
are looking backward in time. Explain 
this statement. 

7. Can we say that when we look at an 
object, regardless of how close, we are 
looking backward in time? Explain. 

The Electromagnetic Spectrum 

8. Arrange the following colors in order of 
increasing frequency:  Violet, blue, 
green, yellow, orange, red. 

9. Which color has a smaller wavelength, 
red or blue? 

10. Which has a greater frequency, red or 
blue light? 

11. Arrange the following electromagnetic 
waves in order of increasing frequency: 
gamma rays, x-rays, radio, infrared, 
ultraviolet, visible. 

Color 

12. Before Newton, it was thought that a 
beam of white light was darkened more at 
the thick end of the prism, so it became 
blue, while darkened less where the glass 
was thinner, so it became green. Why is 
this statement incorrect? 

13. Why was a second prism necessary for 
Newton to prove that light consists of 
“rays differently refracted”? 

14. How did passing light through a second 
prism allowed Newton to prove that light 
was not modified by the prism? 

15. How did Newton prove that white light is 
composed of pure colors? 

16. How many pure colors are there? 

17. Different colors of light refract at 
different angles when passing through a 
prism. This also happens when light 
passes through a lens. Would you expect 
the focal points for all colors to be 
different? 

Spectra: The Signature of Atoms 

18. How is a dark-line spectrum produced? A 
bright-line spectrum? 

19. You are given a glass container with a gas 
in it that is either hydrogen or helium. 
How could you identify the gas? 

20. How do astronomers determine the 
composition of the sun? 

21. Why do only thin gases emit line spectra 
and solids emit continuous spectra? 

22. The sun is a hot, huge ball of gas; 74% of 
the sun is hydrogen, 25% is helium, and 
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1% other elements. Why is the solar 
spectrum continuous with dark lines? 

23. A cloud of thin gas is heated up to a 
moderately high temperature. Under what 
conditions do we see an emission 
spectrum? An absorption spectrum? 

Young’s Experiment 
24. As Grimaldi showed, a beam of light 

bends slightly around objects, a 
phenomenon he called diffraction. Why 
can’t we see around corners, then? 

25. What happens to the interference fringes 
in Young’s double-slit experiment as the 
separation between the slits is increased? 

26. Could you obtain interference with two 
flashlights? 

27. Red light is used in Young’s double-slit 
experiment. How would the interference 
fringes change if the red light is replaced 
with blue light? 

28. If the light used in Young’s double slit 
experiment is changed for one of a lower 
frequency, what happens to the 
interference fringes? 

29. If light bends around corners, why is the 
shadow cast by a person sharp? Do all 
objects cast sharp shadows? 

Polarization 
30. Could a longitudinal wave such as a 

sound wave be polarized? 

31. Why is light normally unpolarized? 

32. If a beam of vertically-polarized light 
falls on a Polaroid at 45º with the vertical, 
what fraction of the light is transmitted? 

33. If a beam of unpolarized light passes 
through a Polaroid, what fraction of the 
light is transmitted? 

34. If you place two Polaroids with their 
transmission directions at right angles to 

each other, no light is transmitted. 
Explain why. 

35. Light incident on two polarized filters 
placed with their transmission directions 
perpendicular to each other will not be 
transmitted beyond the second polarized 
filter. What would happen if a third 
polarized filter is inserted in between the 
other two at an angle of 45º with either 
one of them? 

36. How would you determine if two pairs of 
sunglasses were polarized? 

37. How would you determine if one pair of 
sunglasses were polarized? 

38. On a bright sunny day, the reflection in 
the windshield of maps, paper or other 
light-colored objects one might place on 
the dashboard of a car can be cut 
substantially by wearing polarized 
sunglasses. Explain why. 

39. Does it matter in what direction the axis 
of polarization of polarizing sunglasses is 
oriented? 

40. Some 3-D movies require the use of 
special polarizing sunglasses. Explain 
why. Could you use standard polarized 
sunglasses to watch a 3-D movie? 

41. Soon after the invention of polarized 
glass, Edwin Land approached the 
automakers with the idea of installing 
polarized filters on windshields and 
headlights to reduce glare at night. The 
companies were not interested at the time. 
What should be the orientation of these 
polarized filters? 

42. A polarized filter will transmit 50% of an 
incoming unpolarized beam of light. 
Since an unpolarized beam of light has all 
its electric field vectors oscillating in all 
directions, and the polarized filter 
transmits light oscillating in only one 
plane, why is the transmitted light 50% of 
the incoming light? 
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43. Why do polarized sunglasses cut down 
glare from reflected light? 

44. Why is reflected light partially polarized? 

Lasers 

45. What is the difference between a 
stimulated and spontaneous emission? 

46. Why is light normally incoherent? 

47. Could there be such a thing as “stimulated 
absorption”? How about “spontaneous 
absorption”? 

48. If the probability of emission is the same 
as that of absorption, how is population 
inversion achieved? 

49. In a three-level laser, is the energy of the 
light used to start the lasing process 
different from the one needed to pump the 
atoms to the excited state? 

50. Is the frequency of the light used to excite 
the atoms of a three-level laser different 
from the frequency of the light used to 
stimulate the decay from the metastable 
state? 

Holography 

51. Why is a laser needed to produce 
holograms of three-dimensional objects? 

52. Could you use the beams from two 
different lasers to make a hologram rather 
than splitting a single beam in two with a 
semi-transparent mirror? 

 

Problems 
1. What is the frequency of a 1-m 

microwave? 

2. What is the wavelength of an FM carrier 
signal of 89.1 MHz? 

3. AM radio stations have carrier frequencies 
that range from about 530 kHz to 1600 
kHz. What is the range of wavelengths? 

4. The carrier frequencies for FM radio 
stations range from 88 MHz to 108 MHz. 
What is the range of wavelengths? 

5. What is the frequency of 589 nm yellow 
light from a sodium-vapor lamp? 

6. The Apollo astronauts placed a mirror on 
the moon so that the distance to the moon 
could be measured with precision. A laser 
beam was sent to the moon and reflected 
back to earth by this mirror. If it took light 
2.58 s to make the round trip, what was 
the distance to the moon at that instant? 

7. The closest star to our solar system is 
actually a triple star system, a Centauri 
A, B, and C. This star system is located at 
a distance of 4.3 light-years. Express this 
distance in kilometers. 

8. If the separation between the slits in 
Young’s experiment is 0.3 mm and the 
first interference fringe appears 2.5 mm 
from the central maximum on a screen 
located 1.5 meters from the slits, what is 
the wavelength of the light used? 

9. Assume that in Young’s experiment a 
beam of violet light of wavelength 420 
nm falls on an opaque screen with two 
slits separated by a distance of 0.05 mm. 
Where would the second fringe form on a 
screen located 1 m from the slits? 

10. The second-order fringe in a double-slit 
experiment falls at a distance of 5 mm 
from the central maximum when 550 nm 
light shines on two slits 0.9 m from the 
screen. What is the separation between 
the slits? 

11. Yellow light from a sodium lamp shines 
on two slits 1.2 mm apart. If the screen is 
located 1 m from the slits and the third 
fringe is 1.5 mm from the central 
maximum, what is the frequency of the 
light? 

12. Two parallel slits 0.10 mm apart are 
illuminated by 500 nm blue light. If the 
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screen is 1.5 m from the location of the 
slits, how far from the central maximum 
are the second and third fringes? 

13. Light of wavelength 550 nm falls on two 
parallel slits 0.12 mm apart. What is the 
separation between the first and second 
fringes that form on a screen 1.0 m away 
from the location of the slits? 

14. Two parallel slits 0.35 mm apart are 
illuminated with green light. An 
interference pattern appears on a screen 
0.95 m from the slits. If the separation 
between the third and fourth interference 
fringes is 1.4 mm, what is the wavelength 
of the light used? 

15. Yellow light of wavelength 600 nm falls 
on an opaque screen with two narrow 
parallel slits 0.05 mm apart. How many 
interference fringes are observed on a 
square screen 7.2 cm on its side, located 
1.20 m from the slits? 

16. Vertically polarized light is viewed 
through a polarized filter. Use a vector 
diagram to find the angle at which the 
polarized filter must be placed to reduce 
the light by 50%. 

17. Unpolarized light is passed through a 
vertically-oriented polarized filter 

(vertical direction of polarization). If this 
light is viewed through a second 
polarized filter, oriented at 45º with the 
first one, what fraction of the unpolarized 
incoming light is viewed? 

18. Unpolarized light passes first through a 
vertically-oriented polarized filter, then 
through a second polarized filter oriented 
at 45º with the first, and finally through a 
third polarized filter oriented at 90º with 
the first filter. What fraction of the 
incident unpolarized light is viewed 
through the third polarized filter? 

19. Two polarized filters are oriented with 
their directions of polarization at right 
angles to each other. A third polarized 
filter is placed between them with its 
direction of polarization at 45º to the 
other two. In unpolarized light passes 
through the three polarized filters, what 
fraction of this light passes through all 
three? 

20. What would be the fraction of the 
incident light transmitted in the situation 
described in the previous problem if the 
polarized filter in the middle were 
removed?
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19  The Special Theory of Relativity 
 
 
 

Chapter Summary 
• A reference frame in which the law of inertia holds is called an inertial reference frame. Thus, 

inertial reference frames move at constant velocities. 
• The Galilean Principle of Relativity is: The laws of mechanics are the same in all inertial 

frames of reference. This means that there is no special or absolute reference frame. Thus, there 
is no absolute standard of rest; uniform motion has to be referred to an inertial frame. 

• According to Galilean Relativity, if a reference S¢ frame moves with a velocity vF relative to a 
second reference frame S, then the velocity v of an object relative to S is equal to its velocity 
v¢ in frame S¢ plus vF; that is, 

v = v' + vF 

• Before 1905, scientists believed that electromagnetic waves required a medium to propagate 
and postulated the existence of a substance that filled all space called the luminiferous ether—
or simply the “ether.” Several experiments were designed to detect this ether and all gave a 
null result. The most famous and accurate one was the Michelson-Morley experiment. 

• In 1905, Albert Einstein proposed his Special Theory of Relativity based on two postulates: 

POSTULATE 1: The laws of physics are the same for all observers moving in inertial 
(or non-accelerated) frames of reference. 

POSTULATE 2: Light is always propagated in empty space with a definite velocity c, 
which is independent of the state of motion of the emitting body. 

• As a consequence of special relativity, the time interval between two events is different for 
different inertial observers. Time in the moving reference frame always flows more slowly. This 
phenomenon is known as time dilation. The time interval measured by an observer in his own 
reference frame is called the proper time. The relationship between time intervals in a reference 
frame S¢ moving relative to a second inertial reference frame S is 

𝑡 =
𝑡′

P1 − 𝑣" 𝑐"R
= 𝛾𝑡′ 

 where t is the time is the stationary reference frame S and t¢, the time measured by the observer 
in the moving frame S¢. 
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• According to special relativity, events that are simultaneous in one inertial frame are not 
simultaneous for observers in another inertial frame. 

• It is also a consequence of special relativity that an observer in motion relative to an object 
measures the length L of that object along the direction of motion to be contracted when 
compared to the length Lo measured by an observer at rest relative to the object. This 
phenomenon is known as length contraction. The relationship between these lengths is 

 

• The Galilean velocity transformation is not entirely correct, as Einstein showed with his special 
relativity theory. If an object moves with a velocity u’ relative to an inertial frame which in 
turn is moving with a velocity v with respect to a second inertial frame, the velocity of the 
object in the second frame is 

 

• Another very important consequence of special relativity is the equivalence between inertial 
mass and energy, expressed by Einstein’s famous equation 

 

 The total energy of a particle of mass mo moving with a speed v and having a kinetic energy 
KE is 

E = moc2 + KE = mc2 

 where m is the relativistic mass of the object, expressed by 

 

 This means that as the object increases its speed it becomes more difficult to move because the 
resistance that the object presents to a change in its state of motion by the action of an applied 
force increases. This increase in the object’s inertia is what we understand by an increase in 
mass with an increase in speed. 

 

Example 1 

An astronaut is traveling in a spaceship with a velocity 0.850 c relative to a space station. The 
astronaut measures the diameter of the space station to be 480 m. What is the diameter of the space 
station as measured by the workers inside it? 
 

Answer. In the inertial frame of the astronaut, the space station is moving with a velocity v = - 
0.850 c. The diameter of 480 m, measured by the astronaut for the moving space station, is L and 

  L = Lo 1 – v2

c2v2

c2

   
u =

v + u¢

1 + v u¢/c2

  E = mo c2

  
m =

mo

1 - v2/ c2
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the diameter that the workers in the space station measure is Lo. Therefore, the diameter that the 
workers in the space station measure is given by 

 

The astronaut measures a smaller diameter than the workers, since in his reference frame, the space 
station is in motion. The space station is in the same rest frame as the workers and they measure 
the characteristic diameter. 
 

Example 2 

At Fermilab, the Fermi National Accelerator Laboratory in Batavia, Illinois, protons are 
accelerated to a speed of 0.999c in the main accelerator, a synchrotron 4 miles in circumference. 
Calculate the final total energy of the protons. 
 

Answer: The proton’s final energy E is mc2, where m is the relativistic mass. Therefore, 

 

This is the total energy of each proton, including the initial energy at rest. These energies are 
usually given in millions of electron-volts, MeV. Recalling that 1 MeV = 1.6 ´ 10-13 J, we have 
for the total energy, 

E = 21 ´ 103 MeV = 21 GeV. 

Notice that the energy of a proton moving at 0.999c increases to 33.6 ́  10-10 J (or 21 GeV) whereas 
its rest energy, that is, the energy when at rest in the laboratory, is only 1.50 ´ 10-10 J (or 0.938 
GeV).  
 
Experiencing Physics A boy on an airplane that is traveling with a constant velocity drops 
a ball from a certain height above the plane’s floor. While the ball is in the air, the plane 
experiences turbulence, and falls several feet. Under what conditions would the ball hit the ground 
immediately below, at the boy’s feet? 

 

Questions 
Galilean Relativity 

1. A child riding a skateboard at a constant 
speed throws a ball straight up. Does the 
ball return to the child’s hands or does it 
hit the ground behind? Describe the path 

of the ball as seen by the child and as 
seen by a person standing to the side of 
the child. 

2. You are riding in a car which is passing 
a metal bridge at a constant velocity. If 
you want to drop a small stone so that it 
passes through a small hole in the bridge, 
when should you release it, before you 

Lo = L
1 - v 2/c 2

 = 480 m

1 - (-0.850 c)2/c 2
 = 1730 m 

E = mc 2 = moc 2

1 -  v 2/ c 2
 = 1.67 ´ 10-27kg ´ 3.0´108m/s

2

1 -  0.999 c 2/ c 2
 = 1.50 ´10-10J

0.0447
 = 33.6 ´ 10-10J 
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actually get to it or the moment your 
hand is exactly above the hole? 

3. You drop a stone from a car moving with 
a constant velocity. Describe the stone’s 
path as it falls to the ground as you would 
see it. What path does a pedestrian 
standing by the side of the road see? 

4. The car in the previous question catches 
up with a bicyclist riding in the same 
direction but at a slower speed. The 
bicyclist also sees the ball fall to the 
ground. What path does a bicyclist see? 

5. Describe the path of the stone in the 
previous two questions as seen by a 
motorist traveling at a constant speed but 
in the opposite direction as the car from 
where the stone is dropped. Assume the 
motorist sees the stone fall when the two 
cars are side by side. 

6. Is a merry-go-round an inertial reference 
frame? Explain. 

7. Is a bullet train moving with a constant 
velocity an inertial reference frame? 
Explain. 

8. Can an airplane taking off be considered 
an inertial reference frame? What about 
an airplane landing? An airplane in 
midflight traveling with a constant 
velocity? Explain. 

9. Is an airplane turning at a constant 300 
km/h an inertial reference frame? 
Explain. 

10. You are traveling in a train moving north 
at a steady 120 km/h. If you walk inside 
the train at 2 km/h in the opposite 
direction to that of the train, are you an 
inertial reference frame? Explain. 

11. The steps of an up escalator move at 1 
m/s. If a child walks down the escalator 
at 0.5 m/s, what is the child’s speed 
relative to the ground? 

12. You are on an airplane moving at 800 
km/h when the pen you were using to 
write a postcard falls from your hand. 
Does the pen fall straight down, behind 
you or ahead of you? What would be its 
acceleration? 

13. Could you easily play ping-pong on an 
airplane moving with a constant 
velocity? 

The Michelson-Morley Experiment 
14. If you were to perform an experiment 

similar to the Michelson-Morley 
experiment with sound waves in air 
rather than light, what results would you 
expect? 

15. In the Michelson-Morley experiment, an 
interference pattern was observed when 
the apparatus was oriented in the 
direction of the earth’s motion. Why was 
it necessary to rotate the apparatus by 
90º? 

16. A swimmer swims upstream at 50 m/s 
relative to the water. What is the 
swimmer’s speed relative to the ground 
if the current is 10 m/s? What would be 
the swimmer’s speed relative to the 
ground when he swims downstream? 

Einstein’s Postulates 
17. Imagine that you are a passenger in a 

spaceship. Without looking outside, 
could you devise an experiment that 
could tell you whether or not you are 
moving relative to the earth? 

18. If you are in an overnight train trip and 
you wake up in the middle of the night, 
can you come up with a way to figure out 
whether the train is moving or has 
stopped at a station? Assume you are in 
one of the last cars, away from any 
possible station lights and that it is so 
dark that you can’t see outside. 
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19. Even without looking outside, why can 
you always tell whether the vehicle you 
are in is slowing down? 

20. Special relativity prohibits any object 
from moving at the speed of light. 
Consider an object moving at 90% the 
speed of light. If an observer moves in 
the opposite direction at 10% the speed 
of light, would the observer not see the 
object moving with the speed of light? 
Explain. 

21. Two observers are moving in opposite 
directions relative to the ground. Would 
they measure the same value of the speed 
of light? 

22. If light travels at a lower speed through 
glass than through air, as we learned in 
chapter 17, how can we affirm that the 
speed of light is constant for all inertial 
observers? 

23. Astronauts abord a spaceship traveling at 
a large speed relative to the earth 
measure the time it takes for a beam of 
light to travel between two detectors 
lined up in the direction of motion of the 
spaceship. After the astronauts return to 
earth, they repeat the experiment. Do 
they measure different times? 

24. If the astronauts of the previous question 
use the time measurements obtained in 
both cases together with a measurement 
of distance between the detectors to 
obtain a value for the speed of light, are 
these values the same? Explain. 

Time Dilation 

25. Two passengers are in the opposite ends 
of a train when a third passenger turns on 
a lamp in the middle of the train. If this 
train is moving with a very high constant 
velocity, would the passengers at the two 
ends see the light exactly at the same 
time? What would an observer standing 
by the railroad tracks see? 

26. An astronaut moving relative to the earth 
measures the time it takes a hurricane to 
develop and reach land. Observers on the 
ground also time the event. Whose time 
measurement is greater? 

27. A passenger in a train moving with a 
constant velocity and in the opposite 
direction as the train of the previous 
question also sees the light being turned 
on as the two trains pass each other. What 
would this passenger see? 

28. You are moving at a speed of 0.9c 
relative to the earth. Would observers on 
earth notice a change in your heartbeat? 

29. It takes light some 2,000,000 years to 
reach our sister galaxy Andromeda. Is it 
possible, in principle, to travel to 
Andromeda during a human lifetime? 
Explain. 

30. A pendulum hangs from the ceiling of a 
train moving with a constant velocity. 
Would there be any difference in the 
period of the pendulum as measured by 
someone on the train and by someone on 
the ground? 

Simultaneity 

31. Imagine that you are traveling in a 
spaceship with a constant velocity. A 
small meteorite hits the ship causing no 
appreciable damage. You notice that 
when that happened, the alarm on your 
watch coincidentally goes off. An 
engineer on a nearby space station is 
monitoring the flight of your ship and 
also registers both the meteorite impact 
and your alarm. Are these two events 
also simultaneous for the engineer? 

Length Contraction 

32. An astronaut in an interplanetary 
expedition traveling at a speed near that 
of light relative to the solar system passes 
a nearly spherical asteroid. What shape 
will the asteroid appear to the astronaut? 
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33. An astronaut moving at a speed near that 
of light passes near the earth. Does he see 
a spherical planet? 

34. You are traveling in a spacecraft in an 
interplanetary mission. One day you 
notice a second similar spacecraft 
moving at some 30% the speed of light, 
your pilot informs you, but it looks 
shorter that you remember yours to be. 
Then you realize that this is a relativistic 
effect and that the two spacecraft have 
the same length when at rest relative to 
each other. How does your spacecraft 
look to the passengers in the other ship? 

Addition of Velocities 

35. You are traveling on a spaceship at 0.9c 
relative to the solar system when you turn 
on a powerful search light. At what speed 
does the light beam travel relative to your 
spaceship? Relative to observers on 
earth? 

36. A spaceship moves toward the moon at 
0.8 c relative to the moon. A second 
spaceship approaches the moon from the 
opposite direction, also moving at 0.8 c 
relative to the moon. Is the relative 
velocity between the two spaceships 
greater than c? 

37. Two rockets are moving with a speed of 
0.5c relative to the earth. If they are 
approaching the earth from opposite 
directions, is the speed of one rocket 
relative to the other equal to the speed of 
light c? 

38. If the two rockets of the previous 
question each moves at 0.9 c relative to 
the earth, is the relative velocity of the 
two rockets greater than c? Equal to c? 
Smaller than c but greater than 0.9 c? Can 
this relative velocity be smaller than 
0.9c? 

E = mc2 

39. According to Einstein, inertial mass and 
energy are equivalent. If you wind up a 
toy, does its mass increase? Explain. 

40. What is the mass of a 10-kg ball moving 
at 0.5 c? 

41. Is the mass of a compressed spring 
different from its mass when relaxed? 
Explain. 

42. Does a cool gas have a smaller mass than 
the same gas when heated? 

43. Inertial mass increases with velocity. 
Does the density of an object in motion 
also increases? What about its volume? 
Explain. 

44. Applying a constant force to an object of 
mass m produces, as we know, an 
acceleration on the object. The special 
theory of relativity tells us that the 
object’s inertial mass increases with 
velocity, an effect that begins to be 
measurable at very high velocities. As 
the object approaches the velocity of 
light, it becomes increasingly more 
difficult to accelerate it with the same 
constant force, never reaching that 
velocity. Does this mean that there 
comes a time when this constant force no 
longer accelerates the object and 
consequently it continues moving with a 
constant velocity from then on? 

45. According to special relativity, we would 
measure an increase in the inertial mass 
of an object in motion relative to us. 
Could we also say that we should detect 
an increase in the earth’s mass if we take 
off in a spacecraft at a speed 0.5c relative 
to the earth? 

46. A bright young student once proposed 
that you could accelerate the ends of a 
very long stick to a speed greater than 
that of light by rotating it from the 
middle. If the stick is long enough, the 
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ends are going to move at a speed greater 
than that of light, even if the speed at 
which you rotate it is not too large. How 
would you respond to this student? 

 

Problems 
1. A passenger in a train walks from the 

back to the front of the train at a steady 
3.00 km/h. If the train is traveling west at 
a constant speed of 200 km/h, what is the 
velocity of the passenger relative to the 
ground? 

2. An ocean liner is traveling east at 35 
knots. A passenger is jogging on deck at 
7.5 km/h in the opposite direction to that 
of the ship. If a knot is equal to one 
nautical mile per hour and a nautical mile 
equals 6076.115 ft or 1852 m, what is the 
velocity of the passenger relative to the 
earth? 

3. A student moving from his dorm to a new 
apartment carries his fish tank in the back 
of his station wagon. If he carefully 
drives at 5.0 km/h on a straight level road 
and a fish swims vertically downward, 
taking 2 seconds to move from near the 
surface of the water to the bottom of the 
fish tank, a distance of 60 cm, determine 
the magnitude of the velocity of the fish 
relative to the ground. 

4. If a good swimmer swims 50 meters in 
30 seconds, at what speed relative to 
shore can the swimmer swim across a 
river where the current is 2 m/s? 

5. A runner runs at 9 km/h while a second 
runner runs in the opposite direction at 6 
km/h. What is the velocity of the second 
runner relative to the first? 

6. The proper half-life of muons (µ-meson, 
an unstable particle with a mass between 
that of the electron and the proton) is 1.52 
µs. If muons are moving with a speed 

0.95c relative to the laboratory, what is 
their half-life as measured in the 
laboratory? 

7. The half-life of charged pions (or p 
mesons, unstable particles with a mass 
between that of the electron and the 
proton) is 2.6 ́  10-8 s, when measured in 
the laboratory. That is, 2.6 ´ 10-8 s later, 
half of the pions initially present have 
decayed. If a beam of pions is accelerated 
to a speed of 0.998c, how far would the 
pions travel after leaving the accelerator 
before half of them decay? 

8. An astronaut traveling at 0.60c relative to 
the earth takes a space walk for 1 hour. 
How long does the space walk take 
according to mission control on earth ? 

9. Assuming that for the first interstellar 
expedition carrying astronauts to a-
Centauri, the closest star to the solar 
system, their spacecraft can travel at 
0.400c, how long would we have to wait 
for the astronauts to return? The distance 
to a-Centauri is 4.50 light-years. How 
long does it take, according to the 
astronauts? 

10. If the astronauts in the expedition to a-
Centauri described in the previous 
problem were to travel at 0.95c, how long 
would it take them to make the round trip 
according to their clocks? 

11. Barnard’s star is the second closest star 
to our solar system (after the triple star 
system a-Centauri A, B, and C), at a 
distance of 5.90 light-years. At what 
speed must a spaceship travel to reach 
Barnard in 6 months as measured by the 
astronauts? How long do we have to wait 
for their first message from Barnard? 

12. A spacecraft is traveling at 0.550c 
relative to a nearby space station 2000 m 
long. How long do the astronauts in the 
spacecraft see the space station? 
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13. A space traveler passes by the Jupiter 
system at 0.860c when one of Jupiter’s 
satellites, Adrastea, known to be 40 km 
across, is nearby. What is the diameter of 
this moon as seen by the space traveler? 

14. The Milky Way galaxy is a disk-shaped 
conglomerate of some 100 billion stars, 
our own sun being one of them. What is 
the galaxy’s diameter as measured by a 
space voyager traveling through the 
galaxy at 0.98c? How long would it take 
the space traveler to cross the Galaxy, 
according to his own clock? According 
to us on earth? 

15. A large spaceship is traveling in the 
direction of the star Sirius at 0.80c 
relative to Sirius when it launches a 
smaller space capsule with three 
astronauts on board at 0.20c relative to 
the ship. What is the capsule’s speed 
relative to Sirius? 

16. The crew of a spaceship traveling at 0.89 
relative to the earth determines that a 
second spaceship they have encountered 
is moving at 0.95c in the opposite 
direction. What is the speed of the second 
spaceship relative to the earth? 

17. Two spaceships approach each other 
with velocities of -0.800c and +0.800c 
relative to the earth. What is the velocity 
of the second spaceship relative to the 
first? 

18. A tracking station on the ground detects 
a spaceship traveling at 0.75c. A few 
seconds later, a second spaceship 
traveling at 0.99c is detected by the 
station. Later, the first spaceship also 
detects the approaching spacecraft. What 
speed do they report measuring for the 
second craft? 

19. A scientist in a spaceship traveling at 
0.9c relative to the earth performs an 
experiment to measure the speed of a 
light pulse aboard the ship, obtaining the 

value to be c, as expected. If another 
scientist on earth were to measure the 
speed of the same light pulse aboard the 
ship, what value would the earth-bound 
scientist obtain? 

20. How much energy would be released if 
an electron at rest in the laboratory were 
to be transformed completely into 
energy? 

21. Calculate the energy released if one 
proton at rest were to be converted 
completely into energy. 

22. What is the mass of a proton that has 
been accelerated to a speed of 0.999c in 
the main accelerator at Fermilab? 

23. By what factor does the mass of an 
electron increase if it is accelerated from 
rest to 0.995c 

24. A particle is accelerated to a speed of 
0.99c in a high-energy accelerator. 
Determine the factor by which its mass 
increases. 

25. What is the mass of an electron moving 
at 0.92c? 

26. At what speed does a particle triple its 
rest mass? 

27. Determine the total energy of an electron 
moving with a speed of 0.93c. 

28. An astronaut in a spacecraft moving at 
0.95c relative to the earth measures the 
mass of the earth. What value would the 
astronaut obtain if scientists on the earth 
determine the earth’s mass to be 5.98 ´ 
1024 kg? 

29. What is the kinetic energy of a proton 
whose mass is twice its rest mass? 

30. An electron is accelerated in the Stanford 
Linear Accelerator Laboratory to an 
energy 104 times its rest energy. What is 
the increase in the electron’s mass?
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Summary 
• The Principle of Equivalence states that it is impossible to distinguish accelerated motion 

from the effects of gravity. It extends the relativity principle to accelerated frames of reference. 
The principle of equivalence can be then stated in the alternative form: gravitational mass 
and inertial mass are equivalent and no experiment can ever distinguish one from the other. 

• From his principle of equivalence, Einstein predicted that a light beam from a star grazing the 
sun would be deflected a very small angle. This prediction was corroborated in 1919 by Arthur 
Eddington. 

• Using his general theory of relativity, Einstein was able to calculate the orbit of Mercury and 
explain its perihelion precession, the shifting or the orbit with every revolution around the 
sun. 

• Einstein showed that, according to general relativity, time runs more slowly in a gravitational 
field. This phenomenon is known as the gravitational red shift. This redshift is 

Δ𝜆
𝜆 =

𝑔ℎ
𝑐"  

• If a star has a mass of more than 3 solar masses, gravitational compression will make the star 
so dense that the escape velocity from it becomes greater than the speed of light. The star 
contracts to a single point, called a singularity, becoming a black hole. 

• The critical radius of a star that is dense enough to trap light is called the Schwarzschild radius 
and is given by 

𝑅, =
2𝐺𝑀
𝑐"  

where M is the star’s mass, G is the universal constant, which has a value of 6.67´10-11 

N.m2/kg2. 
 

Example 1 

Calculate the gravitational red shift in the Jefferson Tower experiment. 

Answer: The gravitational red shift is given by 
Δ𝜆
𝜆 =

𝑔ℎ
𝑐"  
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In the Jefferson Tower experiment, the height of the building was h = 24 m. The gravitational red 
shift is 

 

or about three parts in a quadrillion. 

 

Example 2 

Calculate the Schwarzchild radius for a collapsing star with a mass 10 times that of the sun. 
 

Answer: The mass of the sun is 1.99 ´ 1030 kg. Therefore, the star’s mass is 10 times that, or M 
= 1.99 ´ 1031 kg. The Schwarzchild radius is 

 

 

Questions 
The Principle of Equivalence 
1. If acceleration can be detected, how 

could Einstein extend his postulate of 
relativity to include accelerated reference 
frames? 

2. In what sense can we say that, relative to 
a falling ball, the ground, the earth, the 
solar system, and the entire universe are 
accelerating toward it? 

3. In what sense is the gravitational field 
relative? 

4. An accelerating spaceship gives the 
astronauts the sensation of weight. Can 
we say that this accelerating motion 
simulates gravity or is it real gravity that 
is being produced? 

5. An astronaut traveling on an 
interplanetary mission awakens one day 
to find that there is an acceleration 
toward the back of the space craft. Can 
the astronaut decide, without looking 

outside, whether this is due to a constant 
acceleration of the craft itself or to 
having landed on some planet or 
satellite? 

6. The Principle of Equivalence says that it 
is impossible to distinguish between 
accelerated motion and the effects of 
gravity. An alternate form of this 
principle is that gravitational mass and 
inertial mass are equivalent. Can you 
explain the second form of the principle 
by using the first form? 

7. If the inertial mass were different from 
the gravitational mass, how would 
objects of different masses fall to the 
ground? 

8. If the inertial mass were different from 
the gravitational mass, would two objects 
of the same mass but different 
composition fall to the ground with the 
same acceleration? 

Warped Space-time Continuum 

9. Why can we not correctly determine the 
value of π by measuring the 

Dl
l

  = (9.8 m/s2))´(24 m)

(3.0 ́  108 m/s2))
2

  = 2.6 ́  10-15 

RS = 2GM
c 2

 = 2 6.67 ´ 10-11 N/m2kg ´ 1.99 ´ 1031 kg

3.0 ´ 108m/s2
2

 = 30 km 
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circumference and the diameter of 
rotating disc? 

10. Why is it not necessary to express the 
mechanics of Newton in a four-
dimensional space-time continuum? 

11. Why is it advantageous to express the 
relativity in a four-dimensional space-
time continuum? 

12. Is it possible to draw a triangle on the 
surface of a sphere in which the three 
interior angles are all equal to 90º? 

13. Can a small triangle on a curved, 
perfectly smooth surface ever have the 
interior angles add up to exactly 180º? 

14. Use the rubber sheet analogy to show that 
the space near a large mass is warped 
more that the space near a small mass. 

15. What is the meaning of Einstein’s 
statement that “gravity is geometry”? 

16. If you had access to extremely accurate 
instrumentation, how would you go 
about determining the curvature of space 
near the surface of the earth? 

17. If two friends agree to meet at a certain 
location exactly one month later and one 
of them—an astronaut—takes off on a 
short trip aboard a spaceship traveling at 
very high speed, would the two friends 
meet at the agreed time? 

The Bending of Light 
18. Would you expect the bending of a beam 

of light to be greater near Jupiter than 
near the earth? Explain. 

19. Why was it necessary to wait for a total 
solar eclipse in order to test Einstein’s 
prediction of the bending of starlight? 

The Perihelion of Mercury 

20. Why did Le Verrier find it necessary to 
take into account the effect that the other 
planets have on the orbit of Mercury? 

21. Why do you think the perihelion 
precession is more noticeable for 
Mercury than for any of the other 
planets? 

22. In analyzing the orbit of Mercury, Le 
Verrier found that Jupiter contributed 
531 seconds of Arc to Mercury’s 
precession. Why does Jupiter affect 
Mercury’s orbit? 

23. Experiments have given a value for the 
anomalous part of Mercury’s perihelion 
precession of 43.12 ± 0.21 seconds of 
arc. Why can we say that this 
measurement is “in complete agreement 
with the prediction of general relativity 
of 42.98 seconds of arc”? 

The Gravitational Time Dilation 
24. If time runs more slowly in a 

gravitational field, would it not be 
possible to distinguish a gravitational 
field from an acceleration? 

25. Why is the gravitational time dilation 
effect called the gravitational red shift? 

26. Would a clock run more slowly near 
Jupiter than on earth? Explain. 

27. Would a clock aboard the International 
Space Station run faster or more slowly 
than a clock on the ground? 

Black Holes 

28. If the escape velocity from earth is 11.2 
km/s, what would the escape velocity 
from a planet with half the radius and 
twice the mass be? 

29. Why is the escape velocity from the 
moon smaller than that from the earth? 

30. Is the escape velocity from earth greater 
for a more massive object than for a 
lighter object? 

31. The Space Shuttle did not start its 
ascension to orbit at the escape velocity 
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of 11.2 km/s or 40,000 km/h but at a 
much lower velocity. Why? 

32. The Schwarzschild radius for a star with 
a mass like that of the sun is about 3 km. 
What would be the Schwarzschild radius 
for a star twice as massive? 

 

Problems 
1. An electromagnetic signal is emitted at 

the bottom of the Sears Tower in 
Chicago. What would be the 
gravitational red shift at the top of the 
building, which is 443.3 m high? 

2. In the Jefferson Tower experiment of 
1960, the wavelength of the signal used 
was 0.86 Å. What was the shift in 
wavelength at the top of the 24-m high 
building? 

3. A signal is received on the ground from 
a satellite in orbit at an altitude of 200 
km. What is the gravitational shift of this 
signal? Is it a red or a blue shift? 

4. What is the value of the escape velocity 
for an object on the surface of the earth? 

5. Determine the escape velocity from the 
surface of the moon. 

6. What is the escape velocity from the 
surface of Mars? Mars has a mass of 6.58 
´ 1023 kg and a radius of 3.38 ´ 106 m. 

7. An engineless craft is launched vertically 
upward from the surface of Mercury with 
an initial speed of 2.5 km/s. Will it 
escape Mercury’s gravitational field? 
Mercury has a mass 0.055 that of earth’s 
and a radius of 4,378 km. 

8. What is the Schwarzschild radius of a 
star with a mass like that of the sun? 

9. What is the Schwarzschild radius of a 
black hole with the mass of the earth? 

10. What would be the average density of a 
star with a mass 10 times that of the sun 
if it were to collapse to the Schwarzschild 
radius? 
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Chapter Summary 
• A black body is an ideal object that absorbs all radiation incident upon it. It is also a perfect 

emitter of radiation. In 1900 Max Planck introduced the idea of quanta of energy to explain 
the behavior of the radiation from a black body. These quanta were thought to be “packets” 
of energy with energy given by E = hf, where h is Planck’s constant, with a value 

h = 6.626 ´ 10-34 J.s = 4.136 ´ 10-15 eV.s 

• In 1905 Albert Einstein extended this idea to all types of radiation to explain how light 
incident upon a metal surface eject electrons. He called the quanta of light photons and the 
phenomenon, photoelectric effect. The maximum kinetic energy of the electrons emitted is 
given by 

KEmax = hf - f, 

 where f is the work function of the metal. The work function is the minimum amount of 
energy required to release electrons from a particular metal. This is Einstein’s equation for 
the photoelectric effect. 

• In 1924 Louis de Broglie proposed that electrons exhibit particle and wave characteristics, 
and explained Bohr’s stationary orbits by showing how each electron orbit was a standing 
wave. The frequency and wavelength of the electron waves are 

    
and

  

• Max Born suggested that these electron waves should be interpreted as waves of probability. 
Schrödinger, Heisenberg, Bohr, Born and other physicists introduced a theory that explained 
the behavior of the atom and its nucleus. This theory is called quantum mechanics. 

 

Example 1 
The eye’s sensitivity is maximum for yellow-green light, with a frequency of about 5.45 ´ 1014 
Hz. Calculate the energy of a quantum of this light, in electron-volts. 

Answer: The frequency is 5.45 ´ 1014 Hz (1 Hz = 1/s). From Planck’s radiation law, we know 
that the energy of these quanta is given by 

E = hf= (4.136 ´ 10-15 eV.s).(5.45 ´ 1o14 Hz) = 2.25 eV 
 

f = Eh l = h
mv
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Example 2 
A metal has a work function of 1.5 eV. Calculate the threshold frequency for emission from this 
metal. 

Answer: Einstein’s equation for the photoelectric effect, 

KEmax = hf - f 

gives the maximum value of the kinetic energy for photoemission from a metal with a 
workfunction f. The threshold frequency is the frequency at which the electrons are ejected. This 
value is obtained by making KEmax = 0, since at the minimum frequency the electrons would have 
just enough energy to break away from the metal. Thus 0 = hf - f or 

 

which is in the ultraviolet. 
 

Example 3 
What is the energy emitted by an electron when it jumps from the n=4 to the n=1 level in a 
hydrogen atom? 
 

Answer: This process is shown in our energy level diagram (Fig. 21-7) as the third line in the 
Lyman series. When the electron is in the n = 4 state, the energy is 

𝐸& =
13.6	eV
4" = 0.85	eV 

and when the electron is in the n = 1 state, the energy is -13.6 eV. The energy released is 

E4 - E1 = -0.85 eV - (-13.6 eV) = 12.8 eV. 

 
Experiencing Physics.  Suppose you have a source of light that can be tuned to a range of 
frequencies. How would you go about determining the work function on an unknown metal? 

Questions 
Black Body Radiation 

1. Can we say that an ice cube in an 
otherwise empty glass radiates energy? 
Explain. 

2. Could a hollow block with no hole be 
considered a black body? How about a 
hollow block with a two-centimeter hole? 
Discuss. 

3. What main assumption did Planck make 

in his solution to the black body radiation 
problem? 

4. Why was Planck’s assumption that the 
energy radiated by a black body only 
takes discrete values so difficult to 
understand? 

5. Are all quanta the same? Explain. 

6. Explain how Planck’s theory accounts for 
the small values of the radiation curve at 
both high and low frequencies. 

7. Red light has lower frequencies than blue 

   f = f
h = 1.5 eV

4.136´ 10–15 eV.s
= 3.6´ 10–14Hz
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light. Which quanta have higher energy, 
red or blue light quanta? 

8. Based on the absorption and reflection of 
dark and light-colored objects, which 
color should you wear when it is very 
hot? 

9. Red light has smaller frequencies than 
blue light. Which Christmas tree light 
bulb emits quanta with greater energy, a 
blue bulb or a red bulb? 

The Photoelectric Effect 
10. What main assumptions did Einstein 

make in his explanation of the 
photoelectric effect? 

11. When the energy of the light incident on 
a metal surface is greater than the work 
function, are electrons always emitted? 

12. Would a very bright red light produce 
electrons? 

13. If light below a certain frequency strikes 
a metal surface, no electrons are released. 
Explain how this fact is explained best by 
assuming that light is composed of 
photons. 

14. What happens if an electron in a metal is 
struck by a photon whose energy is 
smaller than the work function of the 
metal? Does the electron escape or does 
it stay in the metal? 

15. Light of a certain frequency strikes a 
metal and electrons are emitted. What 
happens when the intensity of this light is 
increased? 

16. Light of a certain frequency strikes a 
metal and no electrons are emitted from 
the metal. If the intensity of the light is 
increased, could electrons be released 
from the metal? 

17. Can en electron in a metal be struck by 
more than one photon so that even if the 
energy of one single photon is not enough 

to release the electron from the metal, 
repeated absorptions would provide the 
necessary energy? 

18. A metal surface is illuminated with a 
beam of light of a frequency that releases 
electrons from the metal. The light is then 
replaced by a second beam of light of the 
same intensity but lower frequency. 
Which light releases more electrons from 
the metal? 

19. Light of a certain frequency releases 
electrons from one metal. The same light 
shining on another metal produces no 
electrons. Explain why this is possible. 

The Bohr Model Revisited 

20. When an electron jumps from a higher 
orbit to a lower one in the hydrogen atom, 
it loses a certain amount of energy. 
Because the positions of these orbits are 
fixed, the amount of energy that the 
electron loses is always some fixed 
amount, equal to the energy difference 
between the two stationary orbits. Is there 
a way in which the electron can lose any 
arbitrary amount of energy? 

21. An electron is in the n = 5 energy level of 
the hydrogen atom. In how many ways 
can it release energy? 

22. If an electron jumps from the n = 1 orbit 
to the n = 2 orbit, does it absorb or emit 
energy? 

De Broglie’s Waves 
23. De Broglie’s orbits always close in on 

themselves when they are calculated for 
the stationary orbits. What is the 
significance of this? 

Quantum Mechanics 
24. Schrödinger proposed a wave equation to 

describe the behavior of the electrons in 
the atom. As we have seen, however, the 
electrons do not actually move in a wave-
like pattern. How can Schrödinger’s 
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wave equation be applied to the electrons 
then? 

 

Problems 
1. Show that the values of Planck’s constant 

h given in the text as 6.626 ´ 10-34 J.s and 
as 4.136 ´ 10-15 eV.s are equivalent. 

2. The frequency of yellow light is 
6.0 ´ 1014 Hz. Calculate the energy of 
one photon of yellow light. 

3. If the energy of one photon of light is 2.28 
eV, what is the frequency of this photon? 

4. A metal plate has a work function of 2.9 
eV. What is the minimum frequency of 
the incident light that would release 
electrons from this metal? 

5. If the maximum kinetic energy of the 
electrons ejected by a beam of visible 
light incident upon a metal surface is 0.90 
eV, and the metal has a work function 
equal to 1.45 eV, calculate the frequency 
of this light. 

6. Light falls upon an aluminum plate 
whose work function is 4.20 eV. 
Calculate the maximum kinetic energy of 
the electrons emitted, if the frequency of 
this ultraviolet light is 1.50 ´ 1015 Hz. 

7. A sodium surface is illuminated with blue 
light of frequency 6.67 ́  1014 Hz emitting 
photoelectrons with a maximum kinetic 
energy of 0.480 eV. What is the work 
function of metallic sodium? 

8. If an iron surface is irradiated with blue 
light of frequency 6.67 ´ 1014 Hz, are 
photoelectrons emitted? 

9. If a calcium surface is irradiated with blue 
light of frequency 6.67 ´ 1014 Hz, 
determine the kinetic energy of the 
emitted electrons. 

10. Express the value of the ground state 
energy of the hydrogen atom, Eo, (given 
as 13.6 eV) in Joules. 

11. An electron in the hydrogen atom emits 
ultraviolet light when falling from the 
n=6 to the n=1 energy level. Calculate the 
frequency of the emitted photon. 

12. An electron is raised from the n=2 to the 
n=12 energy levels; calculate the 
frequency of the absorbed photon. 

13. An electron in the hydrogen atom is in the 
n=6 energy level. If it emits a photon of 
3.02 eV, determine the final state for this 
electron. 

14. In a hydrogen discharge tube an electron 
emits a 2.86 eV photon. If the electron 
ends up in the n=2 state, what was the 
initial state of the electron? 

15. The hydrochloric acid molecule has a 
natural frequency of vibration of 
8.1 ´ 1013 Hz. What is the energy 
separation between energy levels for this 
molecule? 

16. In one of the experiments that led to the 
confirmation of de Broglie’s hypothesis, 
Davisson and Germer used electrons 
moving at 4.4 ´ 106 m/s. What was the 
wavelength of those electrons? 

17. Calculate the de Broglie wavelength of a 
rifle bullet with a mass of 1.0 g moving at 
a speed of 300 m/s. 
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22 Quantum Mechanics 
 

 

 

Chapter Summary 
• Heisenberg developed a formalism for the physics of the atom in which measurable quantities 

like position and momentum are no longer represented by numbers but by matrices. Matrices 
do not obey the commutative law of multiplication. This new formalism, called matrix 
mechanics, is one of the several forms of quantum mechanics, the mechanics of the atom. 

• Schrödinger developed a wave equation that describes the behavior of a quantum particle in 
space and time and that specifies the connection between this behavior and the behavior of the 
particle. Schrödinger’s theory was initially called wave mechanics, a second completely 
general way of formulating the mechanics of the atom. Dirac proved that matrix mechanics 
and wave mechanics are equivalent and that both are generalizations that include Newton’s 
theory as a special case. 

• Max Born gave the correct interpretation of Schrödinger’s waves. These waves are abstract 
mathematical entities. The square of the wave amplitude at some point in space is the 
probability of finding the electron at that point. 

• Heisenberg’s Uncertainty Principle states that it is not possible to measure the exact position 
and the exact momentum of a particle simultaneously. If the uncertainty in the position of the 
electron is Dq and the uncertainty in the component of the momentum along the q-axis is Dp 
then Heisenberg’s uncertainty principle says that the product of these two uncertainties must 
always be greater than Planck’s constant h divided by 2π: 

 

Example 
Repeated measurements of the speed of an electron allow experimenters to determine the 
momentum of the electron with an uncertainty of 4.6 ´ 10-31 kg m/s. What is the fundamental 
uncertainty in the position of the electron? 

Answer: The uncertainty in the position of the electron can be obtained from Heisenberg’s 
uncertainty principle 

∆𝑞 =
1
∇𝑝

ℎ
2𝜋 =

1.055 × 10%#&J ∙ s
4.6 × 10%#!kg ∙ m/s = 2.3 × 10%&m = 0.23	mm 

 

p2
hpq ³DD
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Questions 
The New Mechanics of the Atom 
1. In his matrix mechanics formalism, 

Heisenberg used matrices to describe 
atomic quantities, like the position and 
momentum of an electron. Matrices do 
not obey the commutative law of 
multiplication; that is, changing the order 
in which two matrices are multiplied 
changes the product. For two matrices p 
and q, in general why is the difference 
between the products pq and qp not equal 
to zero? What does it mean if they turn 
out to be equal to zero? 

2. Why must position and momentum be 
represented as matrices in Heisenberg’s 
new mechanics? 

Wave Mechanics 

3. Schrödinger initial suggestion that 
electrons and all other subatomic 
particles are not really particles but waves 
was rejected by Born and others. Explain 
why this idea is unacceptable on the basis 
of what you know about the electron. 

4. Schrödinger’s equation cannot be derived 
from previous known facts. How can it 
then be justified? 

5. What is the meaning of the electron 
waves in Schrödinger’s theory? 

6. What experimental evidence is there 
against the idea than all subatomic 
particles are simply waves? 

Heisenberg’s Uncertainty Principle 

7. According to Heisenberg’s uncertainty 
principle, you could not measure the 
exact position and exact momentum of an 
electron. Could you measure the exact 
position only? The exact momentum 
only? 

8. Is it possible to measure to exact position 
and exact velocity of an electron at the 
same time? 

9. Why is it not possible to consider the 
electron to be a particle in the 
macroscopic sense of the term and still 
explain the interference fringes obtained 
in the double-slit experiment? 

10. Could we still think of electrons as waves 
and explain the behavior of the electron 
beam in a television tube? Explain. 

11. In the attempt at watching the electrons in 
the double-slit experiment, why is it not 
possible to shine a light of low enough 
intensity that it practically does not 
disturb the electrons but that is still bright 
enough for us to see them? 

12. Using light of wavelength l to observe 
each electron, why is the uncertainty in 
the position of the electron equal to l? 

13. Why do we state that when the 
uncertainty in the position of an electron 
is one nanometer, the position of the 
electron one second later could be 100 km 
away? 

14. Does the uncertainty principle have any 
appreciable effect on the motion of a 
baseball or the firing of a gun? Why? 
[Hint: consider the magnitude of Planck’s 
constant.] 

15. It is easier to determine the position of a 
particle that has a large mass? 

16.  According to the uncertainty principle, 
the uncertainty in the position is smaller 
for larger masses. Why? 

The New Physics 
17. In what sense are the particle picture and 

the wave picture of quantum particles 
complementary? 
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18. After a measurement, an electron is found 
to be exactly at a point labeled P. What 
can be said about the electron’s velocity? 

19. If it is determined that an electron is 
moving exactly at 1000 m/s. Can the 
electron’s position be determined 
exactly? 

20. According to the Copenhagen 
interpretation, is it correct to say that the 
precision with which we can 
simultaneously determine the position 
and momentum of an electron will never 
become better, in theory, than what 
Heisenberg’s uncertainty principle 
allows, regardless of the instruments and 
techniques that might be invented? 

 

Problems 
1. The momentum of an electron is known 

with an uncertainty of 10.55 ´ 10-34 kg-
m/s. What is the fundamental uncertainty 
in the position of the electron? 

2. The speed of the electron is measured to 
be 1000 m/s with an uncertainty of 0.1 

m/s. What is the fundamental uncertainty 
in the position of the electron? The mass 
of the electron is 9.11 ´ 10-31 kg. 

3. Calculate the fundamental uncertainty in 
the position of a proton with the same 
speed as the electron in problem 1, that is, 
1000 m/s with an uncertainty of 0.1 m/s. 
The mass of the proton is 1.6726 ´ 10-27 
kg. 

4. A fighter plane reaches a top speed of 
1000 m/s (about Mach 3). If this speed is 
known with an uncertainty of 0.1 m/s and 
the mass of the plane is 20,000 kg, what 
is the fundamental uncertainty in the 
position of the plane? 

5. The position of a proton is measured with 
an accuracy of 0.0010 mm. Determine the 
accuracy with which its velocity can be 
simultaneously measured? The mass of 
the proton is 1.6726 ´ 10-27 kg. 

6. A 150-g baseball is thrown towards first 
base at 40 m/s. If this speed is known with 
an accuracy of 0.10 m/s, what is the 
minimum uncertainty with which we 
could simultaneously determine its 
position?
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Chapter Summary 

• If a nucleus contains too many protons, it is unstable and emits an alpha particle, which is a 
nucleus of helium-4. This is known as alpha decay. 

• If a nucleus contains too many neutrons it is also unstable and decays by emitting a beta 
particle, which is an electron. This is known as beta decay. 

• If a nucleus is left in an excited state after an alpha or beta process, it will decay to the ground 
state by emitting one or more photons, called gamma rays. This is known as gamma decay. 

• The nucleus before the decay is known as the parent nucleus. The nuclei produced after the 
decay are called daughter nuclei. 

• Half-life is the time required for half the nuclei in a given radioactive sample to decay. 

• Nuclear fission occurs when a heavy nucleus splits into two smaller nuclei called fission 
fragments. Nuclear fusion takes place when two light nuclei are fused together to form a 
heavier nucleus. 

• In nuclear fission and fusion, the total mass of the products is less than the mass of the reactants. 

• Using radioactive dating techniques, we can compare the present radioactive activity of a 
particular nuclide in a sample with the activity at some previous time, thus obtaining the age 
of the sample. 

• Ionizing radiation is produced by a particle or a photon with enough energy to knock off an 
electron from an atom. 

 

Example 1 
The nucleus of 226Ra is known to alpha-decay. Determine the daughter nucleus produced in this 
decay. 

Answer: Since 226Ra alpha-decays, we know that one of the nuclei produced is the alpha particle 
(the nucleus of 42He). The law of conservation of nucleon number tells us that the sum of the 
nucleons in the daughter nucleus and the alpha particle must equal 226. This leaves 226-4 = 222 
for the mass number of the daughter nucleus. 

 Since Radium has an atomic number of 88, the conservation of electric charge gives us 88 - 2 
= 86. Looking up a Periodic Table of the Elements, we see that the daughter nucleus is Radon, 
which is the element with atomic number 86. We can write this decay in symbols as follows: 

22688Ra   ---®  42He + 22286Rn. 
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Example 2 
Magnesium-24 is the product of a radioactive decay by beta emission. Determine the parent 
nucleus (look up a Periodic Table of the Elements). 

Answer: Again, we make use of the two conservation laws outlined above. Conservation of 
nucleon number tells us that the daughter nucleus must have the same number of neutrons as the 
parent nucleus since the electron emitted has zero nucleon number. Conservation of charge 
indicates that it must have one proton more that the parent nucleus to counterbalance the negative 
charge of the electron. Thus, the decay is 

24
11Na  ---® 24

12Mg + 0-1e + `n 

since the element with atomic number 11 is Sodium. 
 

Example 3 

A researcher at a nuclear physics laboratory using a detection instrument that measures 
radioactivity in counts per second, finds that a radioactive sample gives 200,000 counts/s. After 
30 hours the count rate is 50,000 counts/s. What is the half-life of the source? 

Answer: The count rate decreases from 200,000 to 50,000 in 30 hours. This means that the count 
rate after 30 hours is 1/4 the original count. Thus the radioactive sample has gone through two 
half-lives in 30 hours, and we can conclude that the half-life of this sample is 15 hours. 
 

Example 4 
Calculate the energy released by the fusion reaction illustrated in figure 23-11 in the text. 
Answer:  The reaction is 

2
1H + 3

1H ® 4
2He + 1

0n + ENERGY 

The total mass of the neutral atoms coming together is 
m(2

1H) + m(3
1H) = 2.014210 amu + 3.01605 amu = 5.03015 amu. 

The mass of the products is 

m(42He) + m(10n) = 4.00260 amu + 1.00866 amu = 5.01126 amu. 

The mass deficiency is then 0.01889 amu and the energy released in the fusion reaction is 
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Questions 
Radioactivity 
1. Which radioactive process transforms 

potasium-40 into another isotope of 
potassium? 

2. What happens if a nucleus contains too 
many protons? What happens if it has too 
many neutrons? 

3. Can a neutron inside a nucleus decay into 
a proton? Can a proton in a nucleus decay 
into a neutron? Explain. 

4. Light nuclei usually have similar 
numbers of protons and neutrons, 
whereas heavy nuclei require more 
neutrons to be stable. Can you explain 
why? 

5. From what you learned about stability of 
nuclei, do you think that there is a limit to 
the number of nucleons that can be 
assembled together to form a nucleus? 

6. Is it possible to have an isotope of 
hydrogen decay by alpha emission? 

7. Is it possible for the same nuclide to 
decay by both alpha and beta emission? 

8. How do the neutrons counterbalance the 
effect of the electrical repulsion in heavy 
nuclei? 

9. In the following reaction 

10. 222 88Ra  ® 
4
2He + 222

86Rn 

does the radium nucleus decay by a, b, or 
g emission? 

11. The isotope platinum-199 decays into 
gold according by the emission of a 
particle: 

12. 199
78Pt  ® 199

79Au + particle 

Identify this particle. 

13. The nucleus 14N* decays to 14N. What is 
emitted? 

14. Why do we say that when a neutron 
decays into a proton, an electron and a 
neutrino, the nucleus is transmuted into a 
different nucleus? 

15. Identify the parent and the daughter 
nucleus in the following decay: 

21084Po ® 20682Pb + 42He 

16. What is the difference between the 
nucleus 126C* and 126C? 

Half-life 
17. Sodium-24 has a half-life of 15 h. How 

long do we have to wait for 1 kg of 
sodium-24 to be reduced to 0.5 kg? 

18. The half-life of iodine-131 is 8.1 days. 
This means that if we have 100 grams of 
this nuclide, in 8.1 days we would only 
have 50 grams. How much would we 
have in 16.2 days? 

19. In table 23.1 in the text, we find half-lives 
for some nuclei given in hundreds of 
thousands of years and even in billions of 
years. Since nobody has been around long 
enough to measure these half-lives, how 
do you think they have been determined? 

20. The half-life of lead-214 is 26.8 minutes. 
If you were able to isolate a single lead-
214 atom, would you still have the same 
atom half an hour later? Explain. 

Nuclear Reactions 
21. If a fast-moving nucleon collides with a 

nucleus, a nuclear reaction can take place. 
Which would be a more effective 
projectile, a neutron or a proton? 

22. An electrically charged particle located in 
between two oppositely charged metal 
plates will be repelled by the plate with 
the same charge as the particle and 
attracted toward the other plate. Using 
charged hollowed cylinders rather than 
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plates, the electron gun in a television set 
shoots fast electrons toward the screen to 
produce the image. If neutrons do not 
have any electric charge, how do 
physicists obtain fast neutrons for their 
experiments? 

23. Could you think of a reason why we could 
not achieve the alchemist’s dream of 
transforming lead into gold by 
bombarding lead with a suitable probe 
and producing a nuclear reaction with 
gold as one of the products? 

24. If the nuclear force is a short-range force 
and the electric force has infinite range, a 
proton approaching the nucleus will sense 
the repulsion at any distance but will not 
sense the nuclear force until it is very 
close to another proton. Since the 
electrical force increases as the distance 
decreases, how is it possible for a proton 
to ever approach the nucleus? 

Fission and Fusion 

25. Would natural uranium produce a chain 
reaction and explode? Explain. 

26. Why is uranium-238 not a good candidate 
for a chain reaction?  

27. What is the minimum number of neutrons 
needed to initiate a chain reaction? 

28. Why is the liquid-drop model important 
to understand nuclear fission? 

29. What is the source of energy that makes 
nuclear fission possible? 

30. If it requires energy to split a nucleus and 
this splitting or fission also produces 
energy, what do we gain from this 
process? 

31. If you wanted to decrease the fission rate 
in a fission reactor, would you insert 
more cadmium rods into the uranium core 
or would you remove some of them? 
Explain. 

32. What is the difference between fission 
and fusion? 

33. Why is energy produced when light 
atomic nuclei are fused together? 

34. Why is it so difficult to bring hydrogen 
nuclei together so that they fuse and 
produce energy? 

Applications of Nuclear Reactions 
35. Is it possible to use carbon-14 dating to 

determine the age of stone walls in 
ancient buildings? Explain. 

36. Can a stable nucleus be used as a clock 
for determining the age of objects? 

37. Technicians in a laboratory determine 
that a piece of wood from an ancient 
building that an archeological expedition 
had found contains half of what a similar 
piece of wood from a recently cut tree 
would have. What is the age of the 
ancient building? 

38. How does a radioactive isotope used as a 
“label” reveal the passage of a substance 
through the body? 

39. What is an ion? How is it formed? 
40. The PET scanner detects the emission of 

gamma rays from low-level radioactive 
nuclide introduced into the body. How 
are the images formed? 

41. Do you think that radiation could be used 
to sterilize surgical equipment? Explain. 

 

Problems 
1. The nucleus of 238U is radioactive and 

decays by emitting an alpha particle. 
Write the reaction describing this 
process. 

2. The radioactive nuclei Po-213 and Li-7 
alpha-decay. Determine the daughter 
nuclei produced by these radioactive 
decays. 
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3. Thallium-206 is the daughter nucleus in 
an alpha-decay process. What is the 
parent nucleus in this process? 

4. Iodine-124, potassium-40 and carbon-14 
all decay by the emission of a beta 
particle.  Write the reactions that describe 
these decays. 

5. The daughter nucleus in a b-decay 
process is lead-206. Determine the parent 
nucleus. 

6. Complete the following reactions: 

 (a) ? ® 147N + 0-1e + n 

 (b) 10n + 23592U ® ? + 9236Kr + 3(10n) 

 (c) ? + 23592U ® 14156Ba + 9236Kr + 
3(10n) 

 (d) 42He + ? ® 178O + 11H 

7. What is the missing component in the 
following reactions? 

 (a) 226Ra   ®   4He +               .  

 (b)                ®   209Pb +  4He 

 (c) 7Li +  1H   ®   4He +              . 

 (d) 198Pt +              ®  197Pt 
8. What are the missing nuclei in these 

reactions? 

 (a)            ®   222Rn +  4He 

 (b)            +  1H  ®   2(4He) 

 (c) 1n +    ®   14256Ba +  9236Kr + 3(10n) 

9. Platinum can be converted into gold by 
bombarding Pt-198 with neutrons. The 
platinum isotope thus produced beta-
decays into gold. Write the two reactions 
of this process. 

10. The radioactive isotope sodium-24 has a 
half-life of 15 h. Due to its relatively short 
half-life it is used as a tracer in medicine.  
Determine the fraction of sodium-24 that 
remains in the organism sixty hours after 
having been taken by a patient. 

11. Neglecting the kinetic energy of the 
incoming neutron, calculate the energy 
released in the fission reaction 

10n + 23592U ® 14156Ba + 9236Kr + 3(10n) 

 The mass of U-235 is 235.044 amu, the 
mass of Ba-141 is 140.905 amu and that 
of Kr-92 is 91.911 amu. 

12. Calculate the energy released in the 
fusion of a neutron and a proton to form a 
deuteron whose mass is 2.013553 amu. 

13. A paleontologist unearths a human femur 
and carefully sends it to a laboratory to 
have its age determined. The laboratory 
reports that the age of the bone is 29,000 
years. What fraction of the original C-14 
is present in the bone now?
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24  Elementary Particles 
 

 

 
Chapter Summary 

• Dirac developed the first quantum field theory by introducing the concept of quantum field. It 
was Maxwell’s electromagnetism applied to relativistic quantum particles. In his theory Dirac 
generalized the Schrödinger equation to include electrons moving at relativistic speeds. 

• Dirac’s theory explained the spin of the electron, a phenomenon that had been observed 
experimentally. It also predicted the existence of antimatter, identical to ordinary matter except 
that the electric charge was reversed. 

• There are four fundamental forces in nature: gravitational, electromagnetic, strong, and weak. 
The strong force—a short-range force—holds the nucleus together. The weak force, also a 
short-range force, is responsible for radioactive b-decay processes. 

• The fundamental forces can be understood as being mediated by the exchange of virtual 
particles. These virtual particles exist only for the brief moment allowed by Heisenberg’s 
uncertainty principle. The particle that mediates the strong force is the π-meson or pion. 

• If the uncertainty in our knowledge of the energy of an electron is DE and the uncertainty on 
our knowledge of the time Dt during which the electron has that energy, Heisenberg’s 
uncertainty principle states that 

∇𝐸 ∙ ∆𝑡 ≥
ℎ
2𝜋 

• The maximum range R that a virtual particle can travel at a speed close to the speed of light c 
during the time Dt that it is allowed to exist is 

𝑅 = 𝑐∇𝑡 =
ℎ

2𝜋𝑚𝑐 

• Particles that participate in the strong interaction are called hadrons. Hadrons are not 
fundamental particles; they have a definite extension. Hadrons that decay into a proton and 
another stable particle are baryons. The remaining hadrons are the mesons. 

• Particles that interact via the weak force are called leptons. All leptons are truly elementary 
particles, without internal structure. Leptons are classified in three generations, each 
containing a charged lepton and a neutrino. 

• In addition to the conservation of energy and conservation of charge which are universal laws, 
baryons obey the law of conservation of baryons: In any interaction, the total baryon number 
must remain constant. 

• Leptons obey the Principle of Conservation of Leptons: In all interactions between particles, 
the total lepton number must remain constant. 
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• Hadrons are thought to be composed of quarks. Quarks are believed to be—like leptons—truly 
fundamental particles. There are six flavors or varieties of quarks: Up and down, strange and 
charm, and bottom and top. Like leptons, quarks are also grouped in generations. 

 

Example 1 
The nuclear force occurs over distances less than 10-14 m. An average value for the range of this 
force is 1.5 ´ 10-15 m. Using this value, estimate the mass of the pion. 

Answer:  A virtual pion can exist only for the time allowed by the uncertainty principle: 

∇𝐸 ∙ ∆𝑡 ≥
ℎ
2𝜋 

The uncertainty of the energy of the pion can be as large as the pion rest energy which, by 
Einstein’s equation, is 

DE = mπc2 

The pion exists for a time long enough to traverse distances of about 1.5 x 10-15 m. The maximum 
speed a pion can travel is smaller than the speed of light. To cover 1.5 x 10-15 m at almost the 
speed of light, the pion needs to last for a time 

 

The energy of the pion is then 

 

The mass of the pion is mπ = 132 MeV/c2, very close to the value obtained by Yukawa. 
 

Example 2 
The muon is known to decay to an electron and neutrinos. On the basis of lepton number 
conservation, determine which one of the following decay reactions is possible. 

µ- ® e- + ne 

µ- ® e- + nµ 

µ- ® e- + `ne + nµ 
 

Answer: The first decay involves the electron and the electron neutrino. Thus, both Lµ and Le are 
involved. For the muon, Lµ = +1 and Le = 0. For the electron and electron neutrino,  Lµ = 0 and Le 
= 1. Since the total lepton number must remain constant for each variety,  Lµ  and Le, we have 

 Lµ: +1 ® 0 + 0 and Le:  0 ® 1 + 1 = 2 

Dt = 1.5 ́ 10-15 m
c

 = 1.5 ́ 10-15 m

3.0 ́  108m/s
 = 5 ́  10-24 s 

mš  c 2 = 6.63 ́ 10-34 J×s

2p ́  5 ́  10-24 s
 = 2.1 ´ 10-11 J = 132 MeV 
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Neither lepton number is conserved and the decay is not possible. 
 For the second decay we have: 

 Lµ: +1 ® 0 + 1 = 1 and Le:  0 ® 1 + 0 = 1 

Although Lµ is conserved, Le is not and the decay is not possible either. Finally, for the third decay: 

 Lµ: +1 ® 0 + 0 + 1 = 1 and Le:  0 ® 1 - 1 + 0 = 0 

Both lepton numbers are conserved and the decay is possible. 
 

Example 3 
When a kaon is produced, a strange baryon (also called hyperon because they were heavier than 
the proton) is also produced. When a pion collides with a proton, for example, a kaon and a lambda 
hyperon are produced: 

p- + p ® Ko + Lo 
The kaons have strangeness +1; the L and S hyperons have strangeness -1; and the X hyperons, -
2. The proton and neutron, the pion, and all leptons have strangeness 0. Show that total strangeness 
number is conserved for the interaction shown above. 

Answer: For the interaction between a pion and a proton, the total strangeness number of the p- + 
p is 0 + 0 = 0 and the total strangeness number of the associated kaon and L is +1 -1 = 0. 
Strangeness is conserved in this interaction. 
 

Questions 
Antimatter 

1. What is the difference between the 
electron and the positron? 

2. Can two photons with total energy equal 
to the rest energy of one electron collide 
and produce a positron-electron pair? 

3. Why must the energy of the photon in the 
pair production process have an energy hf 
equal to 2moc2? 

The Fundamental Forces 
4. Which force is weaker, the weak force or 

the gravitational force? 

5. Does the electromagnetic force ever 
become zero? 

6. If the gravitational force is so weak, how 
can it control the motion of the solar 
system and of the entire galaxy? 

Exchange Forces 

7. Is there a numerical limit to the 
magnitude of DE, the uncertainty in our 
knowledge of the energy of a quantum 
particle? 

8. Why do we say that the uncertainty 
principle allows a virtual particle to exist 
for a time Dt? 

9. Do you think that it is possible, in 
principle, to consider a virtual proton or 
other massive virtual particle? 

10. If virtual particles come from nowhere, is 
the principle of conservation of energy 
violated? 
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11. According to the theory of exchange 
forces, can a massive particle mediate an 
interaction with infinite range? 

12. What is the range of interaction mediated 
by a zero-mass particle? Explain. 

13. Would you expect the mass of the 
particles that mediate the weak force to 
have mass? Explain. 

14. Can the gravitational force be mediated 
by a massive particle? Explain. 

Pions 

15. Would you expect the mass of the particle 
that mediates the weal force to be more or 
less massive than a pion? Explain. 

16. Explain why the pion has to be a massive 
particle whereas the photon must have 
zero mass. 

17. How could the mass of the meson be 
calculated by knowing the range of the 
nuclear force? 

18. In this section of the text, we calculated 
the maximum range of the virtual 
particle. What makes this range 
“maximum”? 

Particle Classification: Hadrons and 
Leptons 

19. Is a particle with a mass of 1600 MeV/c2 
and a spin of 1 a baryon or a meson? 

20. Is the d particle, with a mass of 980 
MeV/c2 a meson or a baryon? 

21. One of the S particles has a mass of 1193 
MeV/c2 and a spin of 1/2. Is this particle 
a meson or a baryon? 

22. A L particle has spin 1/2 and mass 1116 
MeV/c2. Is the L a baryon or a meson? 

23. Can a lepton have a spin equal to 1? 
24. Would a particle with a mass twice that of 

a proton and spin equal to 1 be a baryon 
or a meson? 

Conservation Laws 
25. Why can a pion not decay into a muon 

and an electron-neutrino? 

26. Can an electron decay into a tau particle 
and a muon neutrino? Explain. 

27. Can a muon decay into an electron and a 
muon neutrino? 

Quarks 

28. Draw a diagram similar to figure 24-4 (a) 
in the text, showing the quark 
composition of a neutron. 

29. The J/Y particle is composed of a c quark 
and an anti-c quark. Determine the 
charge, baryon, strangeness, charm, 
bottom and top quantum numbers of this 
particle. 

Problems 
1. Determine the minimum total energy of 

the colliding photons that can produce an 
electron-positron pair. 

2. What is the energy required to produce a 
proton-antiproton pair? 

3. The particles that mediate the weak force 
have masses of the order of 100 GeV/c2. 
Use this value to obtain an estimate of the 
range of the weak force. 

4. Explain why the following decays are not 
possible. 

 (a) p- ® µ+ + nt 

 (b) n ® p + po 

 (c) p+ ® µ+ + ne 

5. Use the conservation laws to supply the 
missing particle in the following decays. 
State the conservation law used. 

 (a) p+ ® µ+ + ___ 

 (b) n ® p + e- + ___ 
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 (c) p- ® µ- + ___ 

6. Muons decay via the weak interaction 
with a lifetime of 10-6 s. Use the 
conservation laws to complete the 
following decays: 

 (a)  µ+ ® e+ + ne + ___ 

 (b)  µ- ® ___ + `ne + nµ 

7. Is strangeness conserved in the following 
reactions? 

 (a) p+ + p+ ® S+ + K+ 

 (b) K+ + p+ ® S+ + p+ 

 (c) Ko + no ® L+ + po 

8. Determine the quark composition of the 
neutron (use table 24-4 in the text). 

9. Knowing that the Lo particle has 
strangeness -1 and charge 0, determine its 
quark composition (use table 24-4 in the 
text). 

10. The quark composition of the Xo particle 
is uss. Determine the strangeness, baryon 
number, and charge of this particle. 

11. If the quark composition of the W- is sss, 
Determine the charge, baryon number, 
and strangeness of this particle. 

12. The S- particle has charge -1, baryon 
number +1, and strangeness -1. What is 
its quark composition?
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25  Unifying Physics 
 

 

 

Chapter Summary 
• Symmetry is an important concept in modern physics. An interchange in the position of two 

particles is an example of what a physicist calls symmetry. When a system remains unchanged 
after some operation is performed on it we say that the system is invariant under that particular 
operation. The interchange of two identical particles is an example of an operation that keeps 
the system invariant or unchanged. 

• The connection between symmetry and the laws of physics was stated in Nöther’s theorem: 

For every continuous symmetry in the laws of physics there exists a corresponding 
conservation law. 

 A continuous symmetry is one in which the corresponding transformation can be varied 
continuously, as in a rotation. 

• Physical theories that remain invariant under changes taking place everywhere in the universe 
are said to obey a global gauge symmetry. When the changes are different at every point in 
space, the theory is said to obey a local gauge symmetry. To maintain a local symmetry, in 
which different changes take place at different points or to different objects, a compensating 
change must take place. 

• The theory of electromagnetism and Einstein’s theory of gravity—the general theory of 
relativity—obey local gauge symmetries. All four forces of nature can be generated from local 
gauge symmetries. 

• While neither electricity nor magnetism alone exhibits local symmetry, the unified theory of 
electromagnetism does exhibit this more powerful local gauge symmetry. This prompted 
physicists to look for local symmetries in their attempt to unify the forces of nature. 

• In their attempt to unify electromagnetism with the weak interaction, physicists had to 
introduce compensating fields that described a set of massless particles. One of those particles 
was identified with the photon. The spontaneous symmetry breaking mechanism gives mass to 
the other three through the introduction of the Higgs field. These particles, the W+, W-, and the 
Zo, are the mediators of the weak interaction. 

• The strong force arises from the interaction between quarks. Quarks possess a kind of charge 
called color charge: red, green and blue. All hadrons are color-neutral or white. The theory 
that explains the color interactions between quarks is called quantum chromodynamics or 
QCD, and is modeled after quantum electrodynamics or QED. 
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• The local gauge symmetry associated with QCD is the invariance in the local transformations 
of color. New compensating fields are introduced to balance the local change. The messenger 
particles of these fields are called gluons, of which there are eight, one for each compensating 
field. 

• An early attempt at a Grand Unified Theory or GUT tries to unify the electroweak and strong 
forces into the same grand force. The local gauge symmetry required in this grand unified 
theory is supposed to be compensated by the introduction of twenty-four new fields. These 
fields have not been observed. In addition, the model requires the decay of the proton, which 
has not been experimentally observed, despite many efforts. The failure of these experiments 
has made it difficult for physicists to accept this particular attempt at unification. 

• The electroweak theory and quantum chromodynamics constitute what is known as the 
Standard Model of particle physics. The Standard Model is a complete description of the 
particle and forces that make up the universe. 

 
 

Questions 
Symmetry 

1. Would the rotation of a snowflake 
through an angle of 30º be a symmetric 
operation? Explain. 

2. If you rotate a long cylinder through an 
angle of 23º around its long axis, would 
this be a symmetric operation? How 
about a rotation of 50º? Explain. 

3. Give examples of symmetric operations 
that can be performed on the objects 
shown in figure E25-1. 

 
Figure E25-1.  Perform symmetric operations of these three objects. See question 3. 

 
Global and Local Symmetries 

4. If you rotate a cube through an angle of 
20º around one of its three axes you will 
not get the original orientation. What 
compensating change can you perform to 
restore the symmetry? 

5. Suppose that one morning you wake up 
and, due to some hypothetical 

phenomenon, the dimensions of 
everything in the city where you live 
have been reduced by one half. Since you 
were also reduced by one half, you don’t 
notice any changes. Is this a local or a 
global change? Explain. 

6. If a symmetric operation performed on a 
system leaves the system unchanged, 
how can we have local symmetries? 
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Shouldn’t all symmetric operations be 
global? 

7. We have stated that electricity does not 
contain local symmetries. Since an 
arbitrary local change in the electric 
potential can be compensated by a local 
change in the magnetic potential, can we 
say that electromagnetism contains local 
symmetries? 

The Electroweak Unification 

8. If every proton in the universe were 
changed into an electron, would the 
electric force remain invariant? Explain. 

9. The original massless charged particles 
predicted by the Yang-Mills theory could 
not be the mediators of the weak 
interaction. Explain why. 

10. Rotating an ice cube through any 
arbitrary angle does not maintain its 
symmetry at the molecular level, because 

the water molecules in ice form a 
hexagonal lattice. What spontaneous 
symmetry breaking mechanism takes 
place in this case to restore they 
symmetry; that is, to allow for a rotation 
through any angle and still maintain the 
symmetry at the molecular level? 

The Color Force 
11. Why should particles composed of 

quarks (hadrons) be color-neutral or 
white? 

12. Do electrons carry color charge? 
Explain. 

An Attempt at a Third Unification 

13. Why is it a requirement for any attempt 
at the unification of the electroweak 
force with the strong interaction that a 
mechanism that converts quarks into 
leptons be provided? 
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26  Superstrings 
 

 

 

Chapter Summary 
• The Standard Model the elementary particles gain their masses from their interactions with 

the Higgs particle. The mass of the Higgs particle itself comes from the interaction with the 
virtual sea of Higgs particles and from its interaction with virtual fermions and bosons. 
Calculations show that the total contribution of all the particles to the Higgs mass results in a 
value that is 16 orders of magnitude too large. This discrepancy is known as the hierarchy 
problem. 

• Supersymmetry introduces a powerful gauge symmetry that unites quarks and leptons (the 
matter particles) with the messenger particles that carry the forces. Supersymmetry brings 
together all quantum particles as components of a single master superfield. Supersymmetry 
connects fermions and bosons and promises to unify all the nongravitational forces. 
Supersymmetric theories are formulated in more than four space-time dimensions 

• Superstring theory, the best candidate of a supersymmetric theory, is a remarkable new theory 
that promises to provide a unified description of all the forces of nature, including gravity. 
According to this theory, all elementary particles are represented by strings—open or 
closed—no longer than 10-35 m. 

• After the introduction of superstring theory, physicist realized that supersymmetry could be 
incorporated into this new theory in five distinct ways. These different implementations of 
the theory are called Type I, Type IIA, Type IIB, Heterotic-O, and Heterotic-E. The Type I 
theory is the only one to include both open and closed strings. 

• In 1995, physicists showed that the five superstring theories were actually versions of the 
same single theory. This new encompassing theory was called M-theory. 

• In M-theory, the fundamental constituents of matter may not be one-dimensional strings but 
multi-dimensional membranes or branes. Branes can have dimensions up to ten. Charged 
force carriers may reside on these branes. 

• According to M-theory, photons, the uncharged carriers of the electromagnetic force, are open 
string vibrations that reside on three-branes. Photons, then, are confined to move only within 
our three-dimensional space. That would mean that the three-brane where our three spatial 
dimensions reside is transparent to photons, and would be invisible to us. 

• Superstring theory associates closed strings with the graviton, the carrier of the gravitational 
force. Since closed strings cannot be attached to branes, they must exist in the full ten-
dimensional space. According to M-theory, gravity acts throughout all space, inside and 
outside brane space. 
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• Using M-theory, the physicists Petr Hořava and Edward Witten of the Institute for Advanced 
Studies in Princeton developed a model of an 11-dimensional universe with two ten-
dimensional branes enclosing an 11-dimensional bulk. Six of the ten spatial dimensions are 
rolled up into a tiny space, resulting in a four-dimensional brane with three space dimensions 
and one of time that encloses a five-dimensional bulk. 

• In the Hořava-Witten model, the Standard Model particles exist on one of the branes, the weak 
brane with the graviton, the carrier of the gravitational model exists in the fifth-dimensional 
bulk between the branes. 

• Using the Hořava-Witten approach, physicists are trying to solve the hierarchy problem. 
 

Questions 
1. As a simple illustration of the fine-tuning 

required to achieve a complete cancellation 
of the energies contributed to the mass of the 
Higgs boson by the virtual particles, imagine 
that you are given $100 to spend at a store 
with the stipulation that you must spend the 
entire $100 on a specific aisle in the store 
where there are several samples of only four 
items. These four items have the following 
prices each: $19.80, $3.20, $8.80, and $9.00. 
Can you come up with the right combination 
of these four items to purchase so that the 
total cost comes out to exactly $100.00? 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

2. What is the reason for stating that gravity 
acts throughout all space, both inside and 
outside the branes? 

3. Why do scientists think the brane where our 
three special dimensions reside can perhaps 
be detected though the gravitational force? 
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27  The Origin of the Universe 
 

 

 

Chapter Summary 
• The developments in M-Theory have allowed scientists to obtain a better understanding of the 

question of the origin of the universe. During the first few moments after the universe began, 
matter and energy were under extremely high pressure and energy. Under those conditions, all 
the forces of nature were unified. 

• In our cold universe, the four forces have different strengths. The strengths of the forces are 
determined by interactions between particles and depends on how fast they are moving. These 
interacting particles are surrounded by a cloud of virtual particles that are allowed to exist by 
the Heisenberg uncertainty principle. These clouds shield the particle from other particles in 
the vicinity, reducing the strength of their interaction. But if the interacting particles are very 
energetic, the approaching particle can penetrate the cloud, changing the strength of the 
interaction.  

• Calculations with the supersymmetric Standard Model indicate that at a very high energy, the 
four interactions have the same strength. For the electromagnetic, weak, and strong interaction, 
this energy is about 1016 GeV. At energies even higher, which happened when the universe 
was less than 10-43 s old, gravity was unified with the three other forces, and only one force 
existed. 

• The stars, galaxies, and interstellar dust that make up the visible universe account for only 
4.6% of what the universe is made of. Almost a quarter of the universe, 24%, is made out of 
an unknown type of matter called dark matter. We do not yet know what dark matter is made 
of. Several candidates have been proposed. Weakly Interactive Massive Particles or WIMPs 
were predicted by one of the supersymmetric theories. These particles have never been found. 
In addition, WIMP theories predict a higher density of dark matter than it is observed in some 
galaxies. Another candidate is the axion, proposed to explain a broken symmetry mechanism 
in the strong force. Although axions have not been found yet in several experiments, scientists 
are developing more sensitive experiments to search for these particles. 

• There is still a large fraction of the universe—71.4%—that has not been accounted for. A 
leading candidate to explain the missing component of the universe is dark energy. Several 
explanations for this mysterious component of the universe exist. One is a field that opposes 
gravity called quintessence. Scientists have not been able to integrate this new field with the 
rest of physics. A more viable candidate is dark energy, the energy of the vacuum, which is 
the same as the cosmological constant introduced by Einstein. The repulsive gravity of the 
cosmological constant remains the same regardless of distance. Dark energy explains the 
observations of the slowing down of the expansion of the universe that occurred 5 billion years 
ago. Several experiments are ongoing to understand better the nature of dark energy. 
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Questions 
 
The Origin of the Universe 

1. Where does the energy for the creation of 
the virtual particles that surround 
electrons and quarks come from? 

2. At a large distance from an electron, 
another electron senses the entire charge 
of the first electron. Why does the cloud 
of virtual particles surrounding each 
electron not shield the electronic charge 
in this case? 

3. Why is the interaction between quarks 
weaker at higher energies that at lower 
energies? 

4. Describe the two shielding clouds 
surrounding a W+ particle. 

5. What is the relationship between the anti-
screening effect or the virtual gluons 
surrounding a quark and the concept of 

asymptotic freedom? 
6. NASA’S Kepler telescope discovered 

over 4000 exoplanets. From this 
evidence, scientists think that most stars 
have planets in orbit around them. But 
scientists are not considering the mass of 
all those planets as contributing much to 
dark matter. Why do you think that is? 

Dark Energy 
7. Nine billion years after the Big Bang, the 

gravitational force acting on galaxy 
clusters that was slowing down the 
expansion of the universe became equal 
to the repulsive force exerted by dark 
energy. At that point, the net force acting 
on the expansion became zero? Why did 
the expansion of the universe not stop 
then?
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Answers to Problems 

Chapter 1 
1. 2.99792458 ´ 108 m/s 

2. 125 mph 

3. 3.15 ´ 107 s 

4. 431,688 years 
 

Chapter 2 
1. 0.97 m/s 

2. 8.3 min 
3. No. 120 km/h = 75 mph 

4. 9.5 trillion km 

5. 40 min 
6. 500 km/h 

7. 0.9 km/h 

8. 48 km/h 

9. 50.8 km/h 
11. 6 m, 4 m 

12. 40 min 

13. 1.4 km/h/s or 0.4 m/s2 

14. 94,600 m/s 
15. 10 m/s 

16. 44 m 

17. 3.5 s 

18. 7 m 
19. 0.57 s, 17 m 
 

Chapter 3 
1. 0.17 m/s2 

2. 9.8 N, 2.0 N; with m=60 kg: 590 N 

3. 2.000 m/s2, 1.765 m/s2 
4. 0.75 m/s2 

5. 360 N 

6. 4,000 N 

7. 0 
8. 20 N 

9. 350 N 

10. 6000 N in opposite direction. 
11. 181 N, 82 N 

12. 9.8 ´ 10-23 m/s2, assuming your mass to 
be 60 kg 

 

Chapter 4 

1. 1.6 ´ 10-12 J 

2. 120 kJ. 

3. 1500 J 

4. 3 m 
5. 2550 J 

6. 364 m/s 

7. 625 kJ 

8. 76 kJ 
9. 20 mph 
 

Chapter 5 
2. 50 J 

3. 100 J 

4. 1750 J, 1750 J. 

7. 3 m. 
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8. 1.5 m, 4 J. 

9. 280 ´ 103 J. 

10. 360 J, 120 J 
11. 390 J 

12. 6.3 m/s 

13. 74 N 

14. 24 m/s 
15. 560 kJ 

16. 1.8 W 

17. 0.25 J. 

18. 40% 
19. 3.1 J 

20. 29,385,200 J. 

21. 2.46 ´ 109 J. 

22. 600 boxes. 

23. 51 L 

24. $32.41 

25. 800 kg.m/s 

26. 40 N 

27. 0.63 kg.m/s 

28. 750 m/s 
29. 0.86 m/s 

30. 1.5 m/s in the opposite direction. 

31. 998,300 km/h 
32. 5.6 m/s 
 

Chapter 6 
1. 3600º 
2. 120º 

3. 36,000º 

4. 29.9 km/s or 108,000 km/h 
5. 464 m/s or 1670 km/h 

6. 1 rotation/s 
7. 330 million revolutions per day 

8. 31 kN 

10. 31 m/s, 20 s 

11. 280 N 
12. 7346 m/s or 26450 km/h, 1060N 

13. 27.4 days 

14. 1.89 yrs 

15. 3.58 ´ 1022 N 

16. 3.3 ´ 10-7 N, 21 billion times smaller 
than the weight of one 70-kg person. 

17. 98 N, weight on the moon is 1/6 weight 
on the earth 

18. 3.7 m/s2 

19. 2.4 m/s2 

20. 690 N, the same 

21. 2.6 N 
22. 7.91 km/s 

 

Chapter 7 

1. 1.1 ´ 10-34 J . s. 

2. 4.2 ´ 10-34 J . s 

3. 12.07 eV 

4. 12.07 eV 

5. 3.39 eV 

6. 1,5 ´ 10-16 s. 

9. 8.32 ´ 10-8 N 

 

Chapter 8 

1. 1.007825 amu, 1.67356 ´ 10-27 kg 

2. 511 keV 
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3. 39.2 MeV 
4. 2.224 MeV 

5. 8.48 MeV 

6. 2.83 MeV 

7. 2.57 MeV. 
 

Chapter 9 
1. 220 kg 

2. 13.5 kg 
3. 0.7032 g 

4. 16 cm3, 15 cm3 

5. 270 kPa, 1700 kPa, The person in the 
chair exerts a pressure some 6 times 
greater than the elephant. 

6. 1300 Pa, 230 Pa 
7. 690 Pa. The atmospheric pressure is 

101,300 Pa, much greater than the 
pressure of the water in the glass. This 
is why the water remains in the glass. 

8. 101.3 kPa, same as the atmospheric 
pressure 

9. 10.34 m 

10. 7.95 m 
11. 126 kPa 

12. 2.84 ´ 106 N, 28.4 kPa 

13. 49 N, this is equivalent to the weight of 
a 5.0 kg mass. 

14. 0.106 N 
15. 35 N 

16. 0.0029 N, which is greater than the 
0.00124 N that the needle weighs 

17. yes, the surface tension is 0.0010 N, 
smaller than the weight of the needle. 

18. yes, the surface tension is 0.0012 N, 
smaller than the weight of the needle 

19. Yes, the surface tension is 5.8 ´ 10-3 N, 
greater than the weight of the clip of 
5.0 ´ 10-3 N. 

20. 130/90 mm Hg. 

 

Chapter 10 
1. 39.7ºC 

2. 21ºC 

3. -40ºC 
4. 427ºC, 801ºF 

5. 273K, 373K 

6. -459.67ºF 

7. 38 Cal, 1% 
8. 252 cal 

9. 19 Cal 

10. 40 kcal 

11. 46 kcal 
12. 45 kcal 

13. 172 g 

14. Yes 

15. 215 ice cubes 
16. 356 m/s 

17. 12.92 g/m3 

18. 16ºC 

19. 3% 

20. 49% 

21. 6 mm, 10.8 mm 
22. 78 cm 

23. brass 

 

Chapter 11 
1. 12 atm. 
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2. 100 L 
3. -28ºC 

4. 30 psi 

5. 2.8 psi 

6. 1.1 atm 
7. 8.1 kJ 

8. 2300 J 

9. 272 kJ 

10. 13 MJ 
11. 18.4 J/K 

12. 6000 J/K 

13. -3600 J/K 

14. 100 J/K 
15. 57 kJ 

16. 1000 J/K, 3600 J/K 

17. 60 J/K 
18. 41 cm3 

 

Chapter 12 

1. 8.2 ´ 10-8 N 

2. 900 N 
3. 6 trillion 

4. 6 billion 

5. 60 N 

6. 160 µC 

7. 2.9 ´ 10-9 N 

8. F/4 
9. 0.8 N 

10. twice the original distance 

11. 25 ´ 106 N/C 

12. 5.1 ´ 1011 N/C 

13. 2.3 ´ 104 N/C 

14. 70 

15. 1 eV = 1.6 ´ 10-19 J 

16. 1 eV = 1.6 ´ 10-19 J 

17. In the opposiote direction to that of the 
field. 

 

Chapter 13 

1. 0.63 C, 3.9 ´ 1018 electrons 

2. 9.6 W 

3. 1.5 A 

4. 3.0 W 

5. 6.0 W 
6. 0.6 mA, 30 mA 

7. 0.5 W 

8. 2.1 W 

9. 1.2 kW 

10. 0.50 A, 240 W 
11. $6.30 

12. $1.89 

13. 2.5 ¢ 
14. $35.28 

15. $1.34 

16. 390 kcal 

17. No. The total power, 15.8 A, would 
exceed the maximum allowed by the 
fuse. 

 

Chapter 14 
1. 6 cm 

2. 0.4 mT, 0.04 mT, 0.004 mT 
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3. 5 A 
4. 2 cm 

5. 2.7 ´ 10-3 T, 54 times stronger than 
earth’s field; yes 

6. Into the page, 2 µT 

7. Towards bottom of page, 50 A 

8. 40 µT, upward, perpendicular to the 
line joining the wires 

9. 8 ´ 10-14 N 

10. 8 ´ 10-18 N 

 

Chapter 15 
1. 4 Hz, 25 cm 

2. 3.34 m 

3. 340 m/s 
4. 3.4 mm 

5. 67 cm 

6. 5.6 m  to 3.4 m (channels 2-6), 1.7 m to 
1.4 m (channels 7-13), 0.64 m to 0.34 
m (UHF) 

7. 2 cm, 8 cm, 0.5 s, 2 Hz; 3 cm, 4 cm, 2 
s, 0.5 Hz 

8. 50 cm/s 
9. 25 cm/s 

10. 56 times per second 

12. 660 nm 

13. 0.53 mm 
14. 0.028 mm 

15. 880 Hz 

16. 1010 m/s 
17. 110 Hz, 1 m 

18. 135 cm 

19. 11 cm, 44 cm 

20. 102 
21. 4 cm 

 

Chapter 16 
1. 354 m/s 
2. 1.5 km 

3. 58 ms 

4. 200 m 

5. 190 m 
6. 350 m 

7. 3.4 m 

8. 6.7 km 

9. 41 m 
10. 10,000 times 

11. 100 dB 

12. 1 student 

13. 18 
14. 2112 Hz 

15. G(1584), two octaves above octave for 
middle C 

16. 340 Hz, 690 Hz 
17. 143 Hz, 429 Hz 

18. 4.87 cm 

19. 93, from f1 = 214 Hz to f93 = 19,902 
Hz 

20. 3500 Hz. The ear is most sensitive to 
frequencies that are close to this value. 

21. 544 Hz 

22. 300 Hz 

23. 88.2 km/h 
24. 28.8 km/h 

25. 51.63 Hz 

26. 1670 km/h 
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27. Mach 2 
 

Chapter 17 
1. 30º with the normal to the second 

mirror. 
2. half your height 

3. 20º 

4. 8 m 

5. 25º 
6. 12 cm in front of mirror and inverted. 

7. Inverted, real image, 20 cm in front of 
the mirror 

8. Erect, virtual image, 10 cm in the back 
of the mirror 

9. 30 cm in front of the mirror 

10. Erect, virtual image, 6 cm in the back 
of the mirror 

11. 195,000 km/s 

12. ice 

13. 1.8 

14. 1.51 
15. 435 nm 

16. 4 ´ 1014 Hz 

17. 650 nm 

18. 13 units, in front of lens 

19. 5.0 cm on the back of lens 

20. 10 cm in front of the lens 
21. 1.5 times the focal length, on the back 

of the lens 

22. Yes. The image height is 23 mm 
23. The 200-mm lens gives an image 18.7 

mm tall, which fits in the 35 mm x 24 
mm film frame 

23. 19 mm 

 

Chapter 18 

1. 3.0 ´ 108 Hz 

2. 3.37 m 
3. 188 m to 566 m 

4. 2.78 m to 3.4 m 

5. 5.09 ´ 1014 Hz 

6. 3.87 ´ 105 km 

7. 4.1 ´ 1016 km 

8. 500 nm 

9. 8.4 mm 

10. 0.2 mm 

11. 5 ´ 1014 Hz 

12. 1.5 cm and 2.3 cm 

13. 0.83 mm 
14. 520 nm 

15. 5 

16. 45º 

17. 1/4 
18. 1/8 

19. 1/820. 0 

 

Chapter 19 
1. 203 km/h, west 

2. 57 km/h, west 

3. 5.1 km/h 

4. 2.6 m/s 
5. 15 km/h 

6. 4.87 µs 

7. 120 m 

8. 1 h 15 min 
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9. 11.3 yr, 10.3 yr 
10. 3 yr 

11. 0.996c, 11.8 yr 

12. 1670 m 

13. 20 km 
14. 20,000 l-y; 20,400 yr; 102,000 yr 

15. 0.86c 

16. -0.39c 

17. 0.976c 
18. 0.93c 

19. c 

20. 511 keV 

21. 939 MeV 

22. 3.74 ´ 10-26 kg, 22 times the mass of 
a proton at rest 

23. 10 

24. 7 

25. 23 ´ 10-31 kg 

26. 0.94c 

27. 1.4 MeV 

28. 19.2 ´ 1024 kg 

29. 939 MeV 

30. 104 

Chapter 20 

1. 4.827 ´ 10-14 

2. 2.2 ´ 10-15 Å 

3. 2.18 ´ 10-11, blue shift 

4. 11.2 km/s 

5. 2.38 km/s 

6. 5.1 km/s 

7. No. The escape velocity from Mercury 
is 3.17 km/s 

8. 3 km 

9. 9 mm 
10. .8 ´ 1019 kg/m3 
 

Chapter 21 
2. 2.5 eV. 

3. 5.50 ´ 1014 Hz 

4. 7.0 ´ 1014 Hz. 

5. 5.7 ´ 1014 Hz. 
6. 2.00 eV. 

7. 2.28 eV. 

8. No. The energy of the incident 
photons is only 2.76 eV while the 
work function of iron, from Table 21-
1, is 3.91 eV 

9. 0.05 eV 

10. 2.2 ´ 10-18 J 

11. 3.2 ´ 1015 Hz. 

12. 8 ´ 1014 Hz. 

13. 2. 

14. 5. 

15. 5.4 ´ 10-20 J. 

16. 0.17 nm. 

17. 2.2 ´ 10-33 m, a distance too small to 
be measured experimentally. 

 

Chapter 22 
1. 10 cm 

2. 1.16 mm 

3. 6.31 ´ 10-4 mm, or about 1800 times 
smaller than for the electron. 
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4. 5.3  ´ 10-35 mm, or about 1035 times 
smaller than that of the electron. 
Quantum effects for macroscopic 
objects are not measurable. 

5. 6.3 cm/s 

6. 7  ´ 10-33 m/s, an unmeasurable 
quantity. 

Chapter 23 
2. 209

80Hg, 1
1H 

3. 210
83Bi 

5. 206
81Tl 

10. 1/16 

11. 196 MeV 
12. 2.224 MeV 

13. 1/32 
 

Chapter 24 
1. 1.022 MeV 

2. 1.877 GeV 

3. 2 ´ 10-18 m 

8. udd 

9. uds 
10. -2, 1, 0 

11. -1, 1, -3 
12. dds 
 

Chapter 25 

1. 19 ´ 1015 GeV/c2 or 0.35 ´ 10-7 g  

2. 10-39 s



 

Ó  Carlos I. Calle 

Appendix 
Astronomical Data 

 Sun Earth Moon 
 Mass 1.99 x 1030 kg 5.98 x 1024 kg 7.36 x 1022 kg 
 Radius 6.96 x 108 m 6.38 x 106 m 1.74 x 106 m 
 Density 1460 kg/m3 5500 kg/m3 3340 kg/m3 
 Rotation Period 2.2 x 106 s 8.62 x 104 s 2.36 x 106 s 
 Revolution Period  3.16 x 107 s 2.36 x 106 s 
 Radius of Orbit  1.49 x 1011 m 3.84 x 108m 
 
 

Physical Constants 
 Speed of Light c 3.00 x 108 m/s 
 Gravitational Constant G 6.67 x 10–11 N.m2/kg2 
 Planck’s Constant h 6.63 x 10–34 J.s 
 Mass of electron me 9.11 x 10–31 kg 
 Mass of proton mp 1.6726 x 10–27 kg 
 Mass of neutron mn 1.6749 x 10–27 kg 
 Charge of electron e 1.60 x 10–19 C 
 Atomic mass unit amu 1.66 x 10–27 kg 
 
 

Conversion Factors 
 Length Mass 
 1 km = 1000 m 1 kg = 1000 g = 2.2046 lb 
 1 m = 100 cm = 1000 mm 1 lb = 453.59 g = 0.45359 kg 
  = 39.37 in = 3.28 ft 1 metric ton = 1 tonne = 1000 kg 
 1 Å = 10–10 m 
 1 ft = 30.48 cm = 0.3048 m Time 
 1 mi = 1.609 km = 5280 ft 1 solar day = 24 h = 1440 min = 86,400 s 
   1 yr = 365.25 day = 8766 h = 525,960 min 
 Volume   = 3.15576 x 107 s 
 1 liter (L) = 1000 mL = 1000 cm3 
  = 1.057 quart Angles 
 1 m3 = 1000 L 1 radian = 57.30º 
 1 cm3 = 1 mL 360º = 2p rad 
 
 Energy Power 
 1 joule (J) = 0.239 cal 1 watt (W) = 1 J/s = 0.2389 cal/s 
 1 cal = 4.186 J 1 horsepower (hp) = 746 W 
 1 kilowatt-hour = 3.60 x 106 J = 860 kcal 
 1 eV = 1.602 x 10–19 J Pressure 
   1 atm = 101.3 kPa 


