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Barron’s Essential (AP Physics

2) 5
As you review the content in this book

to work toward earning that 5 on your

AP Physics 2 exam, here are five

things that you MUST know above

everything else.

1

Review the key concepts of the AP

Physics 1 curriculum (e.g., review the

Essential 5 in Barron’s AP Physics 1). AP

Physics 2 is designed as a second-year

course, and the key ideas of AP Physics

1 provide the essential knowledge base

for the material for this exam.

2

Understand fields:

• Be able to visualize, draw, and

interpret the major fields: gravitational,

electric, and magnetic.

• Be able to make analogies between

electric and gravitational fields.

• Understand the difference between the

field strengths and the actual force

exerted on an object in that field.

• Understand the differences between

field potentials and the actual potential

energy present when an object is in the

field.



3
Know how and when to use the

various models for light:

• Model light and all electromagnetic

radiation as a wave for interactions

such as diffraction and interference,

and when describing it in terms of

amplitude and wavelength.

• Model light as a series of wave-front

rays for problems in optics (reflection,

refraction, mirrors, and lenses).

• Model light as individual particles

(photons) in atomic and modern

physics.

4

Understand the limiting cases for

capacitors in simple and complex

circuits:

• Although detailed questions about the

exponential nature of charging and

discharging capacitors will not be

asked, you must understand their

behavior and purpose when fully

charged or fully discharged in circuits.

5

Understand the energy

conservation roots of

thermodynamics and fluid

dynamics:

• Understand the specialized vocabulary

of thermodynamics and be able to

connect all operations to energy

transfers and transformations.



• Be able to go back and forth between

the macroscopic descriptions of fluids

and their microscopic behavior.



Preface

In this review book, you will find all the material needed to

review and prepare for the AP Physics 2 exam, a second-

year precalculus course. This book is an updated, targeted,

and enriched edition of an earlier edition of this book. This

book (and the test itself) assumes you have familiarity with

the material in the AP Physics 1 curriculum. AP Physics 2

should be seen not only as additional topics in physics but

as a continuation of AP Physics 1 topics.

Each chapter has review questions that vary in style and

level of difficulty. These are intended to test your level of

understanding of the review material. Some of these

chapter questions may be easier, harder, or of a slightly

different style than the actual AP exam as they are limited

to the content of that particular chapter. Likewise, each

chapter has a mix of traditional problem-solving examples

as well as the more text-based and conceptual questions

that also appear on the AP Physics 2 exam. The tests, on the

other hand, are broad in scope and draw from several

different content areas at once. Included in this book, as

well as online, are several full-length practice tests that

mirror the actual AP exams in style, content, and difficulty.

All questions have full solutions and explanations provided.

Before the review chapters is a diagnostic exam that can be

used for practice or to guide you specifically to certain

content areas you may need to review before taking the



test. Additional problem-solving strategies are provided

throughout the book.

Most important, I want to thank my wife, Irene, for her

support throughout this project.



Ken Rideout

Wayland, Massachusetts

May 2020



Introduction

KEY CONCEPTS

➜ UNITS

➜ RELATIONSHIPS AND REVIEW OF
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➜ TIPS FOR ANSWERING MULTIPLE-CHOICE
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QUESTIONS
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OF DATA
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➜ FUNDAMENTAL PARTICLES

➜ STUDY SKILLS AND SCHEDULING YOUR

REVIEW

STRUCTURE AND SCOPE OF THE AP PHYSICS

EXAMS



The College Board currently offers four AP Physics exams.

This book is for students preparing for the AP Physics 2

exam, which corresponds to a second-year algebra-based

college course. The other exams are AP Physics 1 (a first-

year algebra-based college course), AP Physics C Mechanics

(calculus based), and AP Physics C Electricity and

Magnetism (also calculus based). Note that the old AP

Physics B is a retired test and is no longer offered by the

College Board. Both the AP Physics 1 and AP Physics 2

exams focus on conceptual underpinnings and basic

scientific reasoning along with the traditional problem-

solving aspects of physics. In addition, both exams have

questions that require experiential lab understanding.

Although there are some calculation-oriented questions,

these two tests are designed explicitly to not be “plug and

chug” questions. If you do not thoroughly understand the

physics concepts behind the equations, you will find yourself

at a disadvantage.

TEST BASICS

■ 90 minutes for fifty multiple-choice questions,

including five multiple-correct questions (see page

5)

■ 90 minutes for four free-response questions

■ Calculator allowed throughout

■ Formula sheet and table of information provided

throughout

The AP Physics 1 exam focuses on mechanics, the three

conservation laws, electric charge and force, introductory



circuits, and mechanical waves (including sound). The AP

Physics 2 exam assumes you have already taken these

topics and understand this material. If you have not studied

these topics, it is highly recommended that you review

these topics (with Barron’s AP Physics 1, for example) before

using this book. The AP Physics 2 exam not only assumes

you have this background but covers overlapping topics

such as force fields, circuits (now including capacitors),

center of mass, and electromagnetic waves. Additional

topics unique to the AP Physics 2 exam are

thermodynamics, optics, fluids, modern physics, and

magnetism.

Formulas are provided for your use during the test (see

the appendix). However, it is important that you not only

know what the provided equations mean but also are able to

quickly determine in what situations they can and should be

used. Even if a question is conceptual, having a

corresponding equation in mind can guide thinking. The

equation sheet provides a solid foundation. A well-prepared

student will be able to find and understand every equation

on the equation sheet.

BREAKDOWN OF TOPICS ON THE MULTIPLE-

CHOICE SECTION OF THE EXAM BY PERCENTAGE

■ Fluids: 10–12%

■ Thermodynamics: 12–18%

■ Electric Force, Field, and Potential: 18–22%

■ Electric Circuits: 10–14%

■ Magnetism and Electromagnetic Induction: 10–

12%

■ Geometric and Physical Optics: 12–14%

■ Quantum, Atomic, and Nuclear Physics: 10–12%



Although you may not use your calculator often during

the exam, one is allowed throughout. (Check the College

Board website for an approved list of calculators. Generally,

though, all scientific and graphing calculators are allowed.)

Make sure your calculators are fully charged and that you

have extra batteries for your calculator during the exam. A

ruler is also permitted. Its usefulness is likely limited,

though, to drawing straight lines, if needed, during the free-

response section.

ORGANIZATION OF THIS BOOK

This introduction provides general background about the

test and is followed by a diagnostic exam. The diagnostic

exam is intended as a tool to help prepared students

determine if they have any weakness in content and to

direct them to the appropriate chapter in this book.

Although example problems and targeted questions appear

at the end of each chapter to reinforce the content, the full-

length practice exams are where you will find questions that

are most closely modeled after the actual AP Physics 2

exam. Each chapter covers a specific topic in physics, so the

questions in each chapter are limited to that specific

concept. The specific problem types on the AP Physics 2

exam are mirrored in the practice exams. For example,

“choose two” multiple-choice problems, experimental

design questions, paragraph-long explanations, and text-

heavy conceptual questions are all included.

Online Tests

In addition to the practice tests in this book, you can access

two practice tests online. These tests will be scored

automatically and will also provide you with complete



answer explanations. Use these tests to further strengthen

your ability to work through the problems and to understand

what it will take for you to ace the AP Physics 2 exam.

STUDY SKILLS AND TIPS

UNITS

Preparing for an AP exam takes time and planning. In fact,

your preparation should begin in September when you start

the class. If you are using this review book during the year,

the content review chapters should parallel what you are

covering in class. If you are using this review book a few

weeks prior to the exam in May, your strategy needs to

change. The review material should help you refresh your

memory as you work on the practice exams. In either case,

you should have a plan.

In this chapter, we will look at study skills and tips for

helping you do well on the Physics 2 exam. One of the most

important things to remember is that most physical

quantities have units associated with them. You must

memorize units since you can be asked questions about

them in the multiple-choice section. In the free-response

questions, you must include all units when using equations,

making substitutions, and writing final answers.

TIP

Make sure you set up a review schedule.

A list of standard fundamental (SI) units as well as a list of

some derived units are shown in the following two tables. As



you work through the different chapters, make a note (on

index cards, for example) of each unit.

TIP

Make sure you memorize all units. Be sure to

include them with all calculations and final

answers.

TABLE 1

Fundamental SI Units Used in

Physics

Quantity Unit

Name

Abbreviation

Length Meter m

Mass Kilogram kg

Time Second s

Electric

current

Ampere A

Temperature Kelvin K

Amount of

substance

Mole mol

Luminous Candela cd



intensity

TABLE 2

Some Derived SI Units Used in

Physics



RELATIONSHIPS AND REVIEW OF MATHEMATICS



Since AP Physics 2 is an algebra-based course, the appendix

reviews some essential aspects of algebra. In physics, we

often discuss how quantities vary using proportional

relationships. Four special relationships are commonly used.

REMINDER

These relationships are also useful for analyzing data

to answer laboratory-based questions. A laboratory-

based question is usually on the exam.

■ Direct relationship—This is usually represented by the

algebraic formula y = kx, where k is a constant. This is

the equation of a straight line, starting from the origin. An

example of this relationship is Newton’s Second Law of

Motion, 
→
a =

→
F net

m , which states that the acceleration of

a body is directly proportional to the net force applied.

■ Inverse relationship—This is usually represented by the

algebraic formula y = k
x . This is the equation of a

hyperbola. An example of this relationship can be seen in

a different version of Newton’s second law, 

→
F net = m

→
a

. In this version, if a constant net force is applied to a

body, the mass and acceleration are inversely

proportional to each other. Some special relationships,

such as gravitation and static electrical forces, are known

as inverse square law relationships. The forces are

inversely proportional to the square of the distances

between the two bodies.

■ Squared (quadratic) relationship—This is usually

represented by the algebraic formula y = kx2 and is the



equation of a parabola starting from the origin. An

example of this relationship can be seen in the

relationship between the displacement and uniform

acceleration of a mass from rest, 

→
d = 1/2

→
a t2

.

■ Square root relationship—This is usually represented by

the algebraic formula y = k√x and is the equation of a

“sideways” parabola. This relationship can be seen in the

relationship between the period of a simple pendulum

and its length, T = 2π√L/g.

TIPS FOR ANSWERING MULTIPLE-CHOICE

QUESTIONS

Without a doubt, multiple-choice questions can be tricky.

The AP Physics 2 exam asks multiple-choice questions that

can range from a simple recall of information to questions

about units, graphs, proportional relationships, formula

manipulations, and simple calculations (without a

calculator). The questions cover all areas of the course.

One tip to remember is that there is no penalty for wrong

answers. This means that you may want to try to answer all

questions. Instead of randomly guessing, however, you can

improve your chances of getting a correct answer if you can

eliminate at least two answer choices. Guess intelligently.

For the Physics 2 exam, all multiple-choice questions will

have four answer choices. A new question type has also

been added, the “multiple-correct items” question. These

five questions, at the end of the section, which ask you to

mark two correct responses, will be clearly indicated on the

exam and are introduced in this book.

When you read a multiple-choice question, try to get to

the essential aspects. You have ninety minutes for this part,

so do not waste too much time per question. Try to

eliminate two or three choices. If a formula is needed, you



may try to use approximations (or simple multiplication and

division). For example, the magnitude of the acceleration

due to gravity (g) can be approximated as 10 m/s2. You can

also use estimations or order of magnitude approximations

to see if answers make sense.

As you work on the multiple-choice questions in the

practice exams, look for distractors. These are choices that

may look reasonable but are incorrect. For example, if the

question is expecting you to divide to get an answer, the

distractor may be an answer obtained by multiplying. Watch

out for quadratics (such as centripetal force) or inverse

squares (such as gravitation).

If you cannot recall some information, perhaps another

similar question will cue you as to what you need to know.

(You may work on only one part of the exam at a time.)

When you read the question, try to link it to the overall

general topic, such as kinematics, dynamics, electricity.

Then narrow down the specific area and the associated

formula. Finally, you must know which quantities are vectors

and which quantities are scalars.

Each multiple-choice question in the practice exams is

cross-indexed with the general topic area of physics to guide

you on your review. As you work on the exams and check

your answers, you can easily go back to the topic area to

review. At the start of your review, you may want to work on

the multiple-choice questions untimed for the diagnostic

and first practice exam. A few days before the exam (see

the timeline schedule later in this chapter), you should do

the last practice exam timed.

TIPS FOR SOLVING FREE-RESPONSE QUESTIONS

The AP Physics 2 exam includes four free-response

questions. You have ninety minutes for this section. You may

use an approved calculator. (Check the College Board’s



website for details.) A formula sheet is provided. One of the

first things you may notice is that you are not given every

formula you ever learned. Some teachers may let you use a

formula sheet on their classroom exams, and some teachers

may require you to memorize formulas. Even if you get to

use a formula sheet on a classroom exam, you should

memorize derivations and variations of formulas.

The four free-response questions consist of one

experimental design question, one qualitative/quantitative

translation problem, and two short-answer questions (one of

which will require a paragraph-long argument).

Qualitative/quantitative translation problems emphasize

proportional and symbolic reasoning skills. These problems

also provide an opportunity for students to demonstrate

their ability to translate between multiple representations of

the same problem. Every exam has questions that require

students to “justify your response.” There is an expectation

that students will be able to write paragraph-long coherent-

argument answers involving multiple concepts in physics.

Students are expected to be able to read critically and write

precise and coherent responses. Experimental design

questions are addressed in the next section. All three free-

response question types are used in this book.

Since you are not given specific formulas for some

concepts, you should begin learning how these formulas are

derived starting at the beginning of the year. For example,

you are not given the specific formulas for projectile motion

problems since these are easily derived from the standard

kinematics equations. If you begin reviewing a few weeks

before the AP exam, you may want to make index cards of

formulas to help you to memorize them.

For the free-response questions, each question may be

worth a different amount. In fact, each subsection may be

worth a different amount. However, each part of the exam is

worth 50 percent of your grade to determine your “raw



score.” Keep in mind that the curve for the exam changes

from year to year.

You must read the entire question carefully before you

begin. Make sure you know where the formulas and

constants can be found on the supplied tables. Also, make

sure that you have a working calculator with extra batteries.

TIP

Make sure you show all of your work on Part II.

Include all formulas, substitutions with units,

and general concepts used. Remember to label

all diagrams. Communicate with the grader!

As you begin to solve the problem, make sure that you

write down the general concept being used; for example,

conservation of mechanical energy or conservation of

energy. Then, you must write down the equations you are

using. For example, if the problem requires you to use

conservation of mechanical energy (potential and kinetic

energies), write out those equations:

Initial total mechanical energy = Final total mechanical

energy

mghi +
1

2
mvi

2 = mghf +
1

2
mvf

2

When you are making substitutions, you must include the

units! For example, if you are calculating net forces on a

mass (such as a 2 kg mass that has an acceleration of 4

m/s2), you must write as neatly as possible:

ΣF = Fnet = ma = (2 kg)(4m/s2) = 8N



Include all relevant information. Communicate with the

grader by showing him/her that you understand what the

question is asking. You may want to make a few sketches or

write down your thoughts in an attempt to find the correct

solution path. If a written response is requested, make sure

that you write neatly and answer the question in full

sentences.

Sometimes the question refers to a lab experiment

typically performed in class or simulated data is given. In

that case, you may be asked to make a graph (refer to the

appendix). Make sure the graph is labeled correctly (with

axes labeled and units clearly marked), points plotted as

accurately as possible, and best-fit lines or curves used. Do

not connect the dots. Always use the best-fit line for

calculating slopes. Make sure you include your units when

calculating slopes. Always show all of your work.

If you are drawing vectors, make sure the arrowheads are

clearly visible. For angles, there is some room for variation.

TIP

Make sure you have pencils, pens, a calculator,

extra batteries, and a metric ruler with you for

the exam!

Since angles are measured in degrees, be sure your

calculator is in the correct mode. If scientific notion is used,

make sure you know how to input the numbers into your

calculator correctly. Remember, each calculator is different.

If you are asked to draw a free-body diagram, make sure

you include only actual applied forces. Do not include

component forces. Centripetal force is not an applied force

and should not be included on a free-body diagram.



What do you do if you are not sure how to solve a

problem? Follow these eleven tips.

1. Make sure you understand the general concepts

involved, and write them down.

2. Write down all appropriate equations.

3. Try to see how this problem may be similar to one you

may have solved before.

4. Make sure you know which information is relevant and

which information is irrelevant to what is being asked.

5. Rephrase the question in your mind. Maybe the

question is worded in a way that is different from what

you are used to.

6. Draw a sketch of the situation if one is not provided.

7. Write out what you think is the best way to solve the

problem. This sometimes triggers or cues a solution.

8. Use numbers or estimations if the solution is strictly

algebraic manipulation, such as deriving a formula in

terms of given quantities or constants.

9. Relax. Sometimes if you move on to another problem,

take a deep breath, close your eyes, and just relax for

a moment, the tension and anxiety may go away and

allow you to continue.

10. Do not leave anything out. Unlike on the multiple-

choice questions, you need to show all of your work to

earn credit.

11. Understand what you are being asked to do. The

Physics 2 exam wants you to respond in specific ways

to certain key words.

■ “Justify” or “Explain”: Support your answer with

words, equations, calculations, diagrams, or graphs.

■ “Calculate”: Provide numerical and algebraic work

leading to the final answer.



■ “What is” or “Determine”: Although showing work

is always desirable, it is not necessary for these

questions—you may simply state your answer.

■ “Derive”: Starting with a fundamental equation

(such as those given on the formula sheet),

mathematically manipulate it to the desired form.

■ “Sketch”: Without numerical scaling or specific

data points, draw a graph that captures the key

trend in the relationship (curvature, asymptotes,

and so on).

■ “Plot”: Specific data points should be placed onto a

scaled grid. Do not connect the dots (although

trends, especially linear ones, may be superimposed

on the graph).

EXPERIMENTAL DESIGN QUESTIONS

According to the College Board, there are seven “Science

Practices” that students should be familiar with when taking

the exam. Although students need to know these practices

throughout the exam, pay special attention to these when

answering the experimental design question.

1. Appropriate use of representations and models: Use

diagrams, graphs, and equations when explaining the

problem.

2. Appropriate use of mathematics: Define your

variables, show algebraic manipulations clearly, and

plug in only specific data at the very end of the

problem. Do not use more significant digits in your

answer than you have in the raw data.

3. Scientific questioning: All proposals must be testable

and easy to understand. Phrase proposals in terms of

specific relationships, such as “y will vary inversely

with increasing x-values.”



4. Planning and implementing data collection strategies:

Systematic testing of one possible factor at a time

while holding other factors constant is the key here.

5. Data analysis and evaluations: Graph the data when

possible, and explicitly address whether or not the

data are correlated (one variable has an effect on the

other). Is there a linear trend? What is the line of best

fit?

6. Work with scientific explanations and theories.

7. Connect and relate knowledge from various concepts,

scales, and representations.

Fold your existing knowledge of physics into your

experimental design. Can you make analogies to other

areas of physics? (“Like force causes linear acceleration; the

torques here will cause angular accelerations.”)

GRAPHS, FITS, AND THE LINEARIZATION OF

DATA

Graphs that are linear in nature are much easier to analyze,

especially by hand, than graphs of any other nature. Trends,

slopes, intercepts, and correlations of experimental results

to theoretical predications are readily obtained. For this

reason, if you are asked to graph your data, it will almost

always be advantageous to linearize it first. Specifically, if

the relationship is not linear to start, use a change of

variable to make the relationship linear.

For example, if asked to determine the spring constant K

of a system based on a collection of elastic potential

energies for various extensions of the spring, the relevant

equation is

EPE=
1

2
Kx2



This is a quadratic relationship, not a linear one. Before

graphing, make the following change of variable:

z = x2

So the relationship is now:

EPE=
1

2
Kz

Now when graphed and a line of best fit is applied, the slope

of the straight line will be ½K.

How can a line of best fit be generated by hand? If need

be, you can use a straightedge and draw one straight line

that has as many data points above the line as below it.

Once this line is drawn, all subsequent calculations should

be based on the slope and intercept of this best line fit

rather than on the original data. The idea here is that the fit

of the data is an average of the raw data and is inherently

better than any one particular point because the random

variations in data have been smoothed out by the fit. When

asked to analyze a graph of data, always use the fitted line

or curve rather than the individual data points for this same

reason.

SAMPLE PROBLEM

Determine K by graphing the following data provided

by another student.

EPE (J) x (cm)

0.058 2.5



0.196 4.6

1.117 11.0

2.081 15.1

Solution

Since the relationship between these variables is

quadratic, begin by squaring the given values for x.

Also change to the standard MKS units of meters as

well.

x (cm) z (m2)

2.5 0.000625

4.6 0.002116

11.0 0.0121

15.1 0.022801



Approximate slope = Δy/Δx = 2.5/0.03 = 100 J/m2 or 83

N/m (since J = N · m)

Note the labels (with units) on the x- and y-axes as well

as the title for the graph.

REMEMBER

For slope calculations, use two points on the

line, not two data points!

UNCERTAINTY AND PERCENT ERROR

In addition to respecting the number of significant digits in

measured or recorded data, you can also determine the

corresponding uncertainty in derived quantities. For

example, if the radius of a circle is measured and recorded

as 3.5 cm, there are only two significant digits in this

number. Therefore, the area of the circle (πr2) should be

truncated from the calculator result to two significant digits.

The area is 38 cm2. The rest of the digits are not significant

as they imply a precision in the radius that we do not have.

To take this analysis one step further, a percent error can

be associated with a measurement. For example, one could

write down the uncertainty in radius explicitly as r = 4.5 +/

− 0.05 cm. This implies that the true value is most likely

between 4.45 and 4.55 cm. This is a percent error of 1.1%.

0.05

4.5
× 100 = 1.1%

100×Uncertainty/Value=Percenterror



Percent errors are an easier way of comparing the relative

precision of different measurements. For example, a

measurement of 128 +/− 2 mm has a percent error of 1.6%

and is thus less precise than our original measurement that

has an error of 1.1%.

The College Board offers the following clarification on

their expectations on uncertainty: “On the AP Physics 2

exam, students may be expected to calculate uncertainty. In

general, multiple-choice questions on both exams will deal

primarily with qualitative assessment of uncertainty, while

free-response laboratory questions may require some

quantitative understanding of uncertainty.” Additionally,

students will need to use, reason, and support their answers

by properly using significant digits and percentage error.

However, they will not be expected to propagate errors,

calculate standard deviations, or carry out a formal linear

regression.

Conventions of AP Physics 2:

■ The frame of reference of any problem is

assumed to be inertial.

■ Positive work is defined as work done on a

system.

■ The direction of current is conventional current

(the direction positive charges would drift).

■ All batteries and meters are ideal (unless

otherwise stated).

■ Edge effects are assumed for the electric field of

a parallel plate capacitor.

■ For any isolated electrically charged object, the

electric potential is defined as zero out at infinity.



THE PARAGRAPH-LENGTH RESPONSE

According to the College Board, students should be “able to

both analyze a situation and construct a coherent,

sequenced, well-reasoned exposition that cites evidence

and principles of physics and that make sense on the first

reading.” Points may be deducted for responses consisting

primarily of equations, extraneous information, or

arguments not presented in the correct logical order. The

paragraph should not be overly long and should consist

mostly of prose. Use complete sentences and avoid using

bullet lists.

THE SEVEN BIG IDEAS

The College Board has identified seven “Big Idea” strands

that serve as the central organizing structure for the AP

Physics 1 and 2 exams. Although the tests have different

content, they both attempt to reinforce these central ideas

in ways that are appropriate to the subject matter.

■ Big Idea 1: “Objects and systems have properties

such as mass and charge. Systems may have internal

structure.”

■ Big Idea 2: “Fields existing in space can be used to

explain interactions.”

■ Big Idea 3: “The interactions of an object with other

objects can be described by forces.”

■ Big Idea 4: “Interactions between systems can result

in changes in those systems.”

■ Big Idea 5: “Changes that occur as a result of

interactions are constrained by conservation laws.”

■ Big Idea 6: “Waves can transfer energy and

momentum from one location to another without the

permanent transfer of mass and serve as a



mathematical model for the description of other

phenomena.”

■ Big Idea 7: “Probability can be used to describe

quantum systems.”

Use these Big Idea strands as a guide when studying for

the tests. They indicate what conceptual questions may

appear on the exam.

OBJECTS VS. SYSTEMS

An object is thought of as an isolated mass that is being

acted upon by outside forces. Any internal structure of the

object is ignored. The object is defined by its properties

(e.g., mass, charge). Strictly speaking, for a single object

being analyzed, it does not make sense to make use of

potential energy, Newton’s third law, thermal energy, or the

conserved quantities. Instead, when discussing a single

object, use the following relationships from mechanics:

A system, in contrast, is made up of objects that may

interact. It is within isolated systems that the conserved

quantities, canceling Newton’s third law forces (internal

forces), the heat capacity of the constituent parts, and the

potential energy of the relationship between interacting

objects are useful concepts. Within systems, conserved

quantities become the most useful lens through which to

view the situation:

→
F net = m

→
a

→
τ = I

→
α

→
F Δt = mΔ

→
v

FΔd = ΔKE



FUNDAMENTAL PARTICLES

A fundamental particle is a true object. In other words, if

an object is found to have no internal structure (i.e., it

cannot be broken into smaller pieces), then it is a

fundamental particle. Electrons and photons are

fundamental particles, whereas protons and neutrons are

not. Electrons and photons can be converted into energy but

cannot be broken into smaller pieces. Neutrons and protons,

however, can be broken into their constituent parts (quarks

and gluons, which are fundamental particles themselves).

Einstein’s famous m = E/c2 is the course for the majority of

mass contained within systems. (The binding energies

between the fundamental particles provide the energy.) The

search for mass belonging to some fundamental particles

themselves (rather than arising from the energy contained

within) culminated in the 2013 Nobel Prize in Physics’ being

awarded to two physicists who first proposed a mechanism

by which fundamental particles themselves acquire mass

(the Higgs field).

Modern theoretical physics (the standard model) is

predicated on this notion of a limited number of

fundamental particles combining in various ways to give rise

to all matter. These fundamental particles influence each

other by exchanging other fundamental particles of

interaction. Just as all molecules are made up of a limited

number of elements in the periodic table, so is everything in

the universe made up of a limited number of types of

(
→
p net)

i
= (

→
p net)

f

(
→
L net)

i

= (
→
L net)

f

MEi = MEf



interactions among a limited number of fundamental

particles.

STUDY SKILLS AND SCHEDULING YOUR REVIEW

Preparing for any Advanced Placement exam takes practice

and time. Effective studying involves managing your time so

that you efficiently review the material. Do not cram a few

days before the exam. Getting a good night’s sleep before

the exam and having a good breakfast the day of the exam

is a better use of your time than “pulling an all-nighter.”

Working in a study group is a good idea. Using index cards

to make your own flash cards of key concepts, units, and

formulas can also be helpful.

When you study, try to work in a well-lighted, quiet

environment, when you are well rested. Studying late at

night when you are exhausted is not an effective use of your

time. Although some memorization may be necessary,

physics is best learned (and studied) by actively solving

problems. Remember, if you are using this book during the

year, working through the chapter problems as you cover

each topic in class, memorizing the units, and familiarizing

yourself with the formulas at that time will make your

studying easier in the days before the exam.

If you are using this book in the weeks before the exam,

make sure you are already familiar with most (if not all) of

the units, equations, and topics to be covered. You can

either use the chapter review for a quick overview and

practice or dive right in to the diagnostic exam. You do not

need to take the diagnostic test under timed conditions. See

how you do, and then review the concepts for those

questions that you got wrong. You can use the end-of-

chapter questions (some of which may be more difficult

than the actual AP exam) to test your grasp of specific

topics and then work on the remaining practice exams.



Setting up a workable study schedule is also vital to

success. Each person’s needs are different. The following

schedule is just one example of an effective plan.

TABLE 3

Test Prep Schedule

September

1–April 15

As the year progresses, make sure

you memorize units and are

comfortable with formulas. If you are

using this book during the year, do

end-of-chapter problems as they are

covered in class. Make sure you

register for the exam, following

school procedures, and refer to the

College Board’s website for details:

www.collegeboard.com

Four

weeks

before the

exam

Most topics should be covered by

now in class. If you are using this

book for the first time, begin

reviewing concepts and doing the

end-of-chapter problems. Begin

reviewing units and formulas.

Devote at least thirty minutes each

day to studying.

Three

weeks

before the

exam

Start working on the diagnostic

exam. Go back and review topics

that you are unsure of or feel that

you answered incorrectly.

Two weeks Begin working on practice exams.

http://www.collegeboard.com/


before the

exam

You can access two additional

practice exams online. Continue to

review old concepts.

One week

before the

exam

Do the remaining practice exams

timed. Make sure you are

comfortable with the exam format

and know what to expect. Review

any remaining topics and units.

The day

before the

exam

Pack up your registration materials,

pens, pencils, calculator, extra

batteries, and metric ruler. Put them

by the door, ready to go. Get a good

night’s sleep.

The day of

the exam

Have a good breakfast. Make sure

you take all the items you prepared

the night before. Relax!

SUMMARY

■ Make sure you set up a manageable study schedule

well in advance of the exam.

■ Make sure you memorize all units and are familiar

with the exam format.

■ Multiple-choice questions do not have a penalty for

wrong answers, so do not skip any. If you are unsure

of the answer, try to eliminate as many choices as

you can, and then guess!

■ Do not leave any question out on the free-response

part! Show all of your work. Write down all

fundamental concepts, write all equations used, and



include units for all substitutions and in your final

answer.

■ Read each question carefully. Write your answers

clearly. On the multiple-choice questions, make sure

you have a #2 pencil and bubble in all information

carefully. Write out short-answer questions in full

sentences. Clearly label graphs with units and use

best-fit lines or curves.

■ Know the seven “Big Ideas” of physics as defined by

the College Board; they are helpful clues as to what

key concepts are emphasized on the exam.

■ An object can be represented as a single mass.

When exposed to external forces, it is best modeled

as experiencing changes in speed and/or direction.

■ A system is a group of objects that, if isolated, is

best modeled with conservation laws.

■ A fundamental particle has no internal structure.

■ Try to relax and do all of the practice exams. Work

on the chapter questions to review concepts as

needed.

■ Get a good night’s sleep before the exam.

■ On the day of the exam, bring all registration

materials with you, as well as pens, pencils,

calculators, extra batteries, and a metric ruler.

Relax and Good Luck!



Diagnostic Test

This section contains a short diagnostic test. The

purpose of this diagnostic exam is for you to identify

those conceptual areas most in need of review. The

relevant sections of the book (indicated in the answer

key) should be reviewed thoroughly before

attempting one of the full-length practice exams at

the end of this book or online.



Diagnostic Test

AP Physics 2

SECTION I: MULTIPLE-CHOICE

DIRECTIONS: Pick the best answer (or two best

answers when indicated) on each of the following

twenty-six multiple-choice questions as well as the

two free-response questions. The detailed answer

explanations will direct you to a specific chapter for

further review on the specific subject matter in that

question. You may use a calculator and make use of

the formula sheet provided in the appendix.

1. Compare the two columns of water pictured below. They

have the same height. Which of the following

statements compares the total weight and the pressure

at the bottom of the columns?



(A) Weight and pressure are greater for the wider

column.

(B) Weight and pressure are the same for both.

(C) Weight is greater for the wider column, while

pressure is the same.

(D) Weight is the same, while pressure is greater for

the wider column.

2. The exact same boat will ride higher (have more volume

exposed to the air) while floating on a fluid if

(A) the fluid’s density is raised

(B) the fluid’s temperature is raised

(C) the boat’s density is raised

(D) the boat shifts its cargo to a lower deck

3. Fluid is poured into an open U-shaped tube as shown

below. If a person blows across the top of the right-hand

side’s opening, what will happen to the fluid in the

tube?

(A) It will remain the same.

(B) It will rise on the right-hand side and lower on the

left-hand side.



(C) It will rise on both sides.

(D) It will rise on the left-hand side and lower on the

right-hand side.

4. The Sun’s rays strike a black surface that is directly on

top of a liquid. The liquid is then observed to swirl as it

transfers the heat to the bottom layers of the liquid.

The correct sequence of transfers in thermal energy in

this story is

(A) Radiative → convective → conductive

(B) Radiative → conductive → convective

(C) Convective → conductive → convective

(D) Convective → conductive → radiative

5. Which of the following is the best explanation of the

statement, “A roomful of neon gas has a lower average

speed than 1 mole of helium gas at the same

temperature and pressure.”

(A) This is not a correct statement.

(B) There is more than 1 mole of neon gas in an

average room.

(C) Helium atoms have more degrees of freedom than

do neon atoms.

(D) Helium has a lower mass per particle than neon.

6. Consider the following process for a gas. Which of the

following statements is true concerning this process?



(A) Path D (from point 4 to point 1) is isobaric.

(B) No work was done to or by the gas during path A

(from point 1 to point 2).

(C) No net work was done to or by the gas during the

entire cycle (from point 1 back to point 1 through A,

B, C, D).

(D) No work was done to or by the gas during path B

(from point 2 to point 3).

7. Two identical spheres originally in contact undergo

induced charge separation. The two spheres are slowly

separated until a gap of 12 cm is separating their

surfaces. The net force of attraction between the two

oppositely charged large spheres after they have been

separated by 12 cm is measured. The entire

experiment is then repeated with two smaller but

otherwise similar spheres.

The force between the smaller spheres compared with

the force between the larger spheres is best described

as

(A) the same since the charges and separations are the

same



(B) smaller since the charges on each small sphere are

closer together (C) bigger since the centers of the

spheres are closer

(D) the same since the average force felt by any one

particular charge is the same in both cases

8. One large conducting sphere with a net charge of +8

microcoulombs is put into contact with a slightly

smaller conducting sphere that initially has a charge of

–6 microcoulombs. Which statement best describes the

charge distribution after the two spheres are

separated?

(A) They are both neutral.

(B) The larger sphere has +8 microcoulombs of charge,

while the smaller retains –6 microcoulombs of

charge.

(C) Both spheres have +1 microcoulomb of charge.

(D) The larger sphere has slightly more than +1

microcoulomb of charge, while the smaller sphere

has slightly less than +1 microcoulomb of charge.

9. Which of the following pictures is an incorrect

representation of the electric field near various charged

conductors?

(A)

(B)



(C)

(D)

10. A standard RC (resistor-capacitor) circuit takes

approximately two seconds to charge the capacitor

fully. If the resistor is 100 ohms and the voltage across

the RC combination is 12 volts, what is the current

through the fully charged capacitor?

(A) One must know the capacitance of the capacitor in

order to answer this question.

(B) 0.12 A

(C) 0.06 A

(D) 0 A

11. If each of the batteries in the circuit below supplies a

voltage V and if each resistor has resistance R, what

will be the reading on the meter pictured?



(A) 0

(B) V/3

(C) 2V/3

(D) 2V/3R

12. The primary difference between a permanent magnet

(an object with identifiable north and south poles) and

magnetic material that does not have identifiable north

and south poles is

(A) electron configuration

(B) magnetic domain alignment

(C) magnetic materials have no poles at all

(D) magnetic materials are lacking one of the two poles

13. A very long wire carries a steady current. Which of the

following statements describes the magnetic field at a

distance of R from the wire?

(A) The magnetic field is zero.

(B) The magnetic field loops around the wire and gets

weaker proportional to 1/R2 as one moves to larger

R values.

(C) The magnetic field loops around the wire and gets

weaker proportional to 1/R as one moves to larger

R values.

(D) The magnetic field extends radially outward and

gets weaker proportional to 1/R2 as one moves to

larger R values.

14. Two parallel wires carrying current near each other

exert magnetic forces on each other. If the direction

and magnitude of the current in both wires is reversed

and doubled, what will happen to the magnetic forces?



(A) They will reverse directions and double in

magnitude.

(B) They will reverse directions and quadruple in

magnitude.

(C) They will remain in the same directions and double

in magnitude.

(D) They will remain in the same directions and

quadruple in magnitude.

15. A conducting loop of wire is held steady parallel to the

ground within a strong magnetic field directed upward.

The setup is viewed from above. As the loop of wire is

quickly pulled out of a magnetic field, what will the loop

experience?

(A) A temporary clockwise current that dies out soon

after the loop is out of the field (B) A temporary

counterclockwise current that dies out soon after

the loop is out of the field (C) A temporary

clockwise current that dies out as soon as the loop

is out of the field (D) A temporary counterclockwise

current that dies out as soon as the loop is out of

the field

16. A charge is accelerated by an electric field. While the

charge is accelerating, which of the following is

occurring?

(A) A static magnetic field is created.

(B) A new, static electric field is created.

(C) Only a varying magnetic field is created.

(D) An electromagnetic wave is created.

17. A light beam is traveling in a vacuum and then strikes

the boundary of another optically dense material. If the

light comes to the interface at an angle of incidence of



30 degrees on the vacuum side, it will emerge with an

angle of refraction

(A) equal to 30 degrees

(B) less than 30 degrees

(C) greater than 30 degrees

(D) The relative indices of refraction must be known in

order to find the solution.

18. A beam of light incident at 50 degrees travels from a

medium with an index of refraction of 2.5 into one with

an index of refraction of 1.1. The refracted angle of light

that emerges is

(A) 20 degrees

(B) 50 degrees

(C) 90 degrees

(D) There is no solution.

19. A radio telescope uses a curved reflecting material to

focus radio signals from orbiting satellites or distant

objects in space onto a detector. Which of the following

would be the biggest problem with designing a radio

telescope with a convex reflecting dish?

(A) The image produced is virtual.

(B) The image produced is inverted.

(C) The detection equipment would have to be placed

in the line of sight.

(D) There is no real problem with designing a convex

reflecting dish for radio waves.

20. When examining a two-slit diffraction pattern, which of

the following would you notice as the slits were brought

closer together?



(A) The interference pattern would contain more

maximums. They would be more closely spaced.

(B) The location of the central interference peak would

shift.

(C) The interference pattern would spread out.

(D) The interference peaks themselves would each

become sharper (narrower).

21. A radioactive isotope undergoes gamma decay.

Afterward, the nucleus

(A) contains fewer nucleons

(B) has the same number of nucleons but a different

ratio of protons/neutrons (C) has the same mass

number but a lower mass

(D) undergoes beta decay

22. When examining the spectrum for a specific element, a

bright spectral line with the highest frequency

represents

(A) an electron excited to the atom’s highest energy

state

(B) an electron falling from the highest energy state in

the atom to the next to highest state (C) an

electron excited from its ground state to the next to

lowest energy state (D) an electron falling from a

higher energy state to a much lower energy state

23. Some objects can be made to exhibit an interference

pattern with the two-slit experiment, and some objects

cannot. What is the difference between those that can

and those that cannot?

(A) Objects are either fundamentally a wave or

fundamentally a particle.



(B) All objects can exhibit either wave-like properties or

particle-like properties depending on the situation.

(C) Whether an interference pattern can be observed

depends on the object’s de Broglie wavelength.

(D) All objects can be made to exhibit an interference

pattern under the right circumstances.

24. For an RC circuit, which of the following is the correct

analogy for the instantaneous current behavior in a

pathway containing a capacitor? Choose the option that

would give the correct instantaneous current values in

the capacitor’s path.

25. Which of the following statements are true concerning

isolated fundamental particles? Select two answers.

(A) An isolated fundamental particle cannot have

charge.

(B) An isolated fundamental particle cannot have

potential energy.

(C) An isolated fundamental particle cannot have

internal energy.

(D) An isolated fundamental particle cannot have

mass.

26. A convergent lens can produce which of the following

from a single object in front of the lens? Select two

answers.



(A) Real and upright image

(B) Virtual and upright image

(C) Real and inverted image

(D) Virtual and inverted image

SECTION II: FREE-RESPONSE

1. Use the following circuit to answer the questions below.

(a) When the capacitor is still uncharged and the

switch is initially closed, how much current goes

through the battery? Explain your reasoning.

(b) After the capacitor has been fully charged, how

much current is being supplied by the battery?

Explain your reasoning.

(c) After the capacitor has been fully charged, the

battery is removed, leaving an open circuit where

the battery was just located. Determine: (i) The

direction of current through the 10-ohm resistor



(ii) The total amount of charge that passes through

the 10-ohm resistor (iii) The initial instantaneous

current after the battery has been removed (iv) The

approximate time for the capacitor to be half-

discharged

2. A student is provided with a solenoid attached to an

ammeter and with a bar magnet. The student monitors

the ammeter as she performs the following sequence of

events. Describe qualitatively her observation of the

ammeter (comparing current sign and magnitude) at

each step of her procedure.

(a) The student slowly inserts the north pole of the bar

magnet into the solenoid.

(b) She holds the magnet steady at this location.

(c) The student withdraws the magnet quickly from the

solenoid.

(d) She repeats the steps but uses the south pole of

the magnet.

What factors about this procedure and the equipment

affect the magnitude of current observed?

ANSWER

KEY

TOPIC AND CHAPTER TO

REFERENCE

1. (C) Pressure, Chapter 6

2. (A) Archimedes, Chapter 6

3. (B) Bernoulli, Chapter 6

4. (B) Thermal energy, Chapter 7

5. (D) Kinetic-molecular theory, Chapter 7

6. (D) P-V diagram, Chapter 7



7. (C) Coulomb’s law, Chapter 1

8. (D) Charge transfer, Chapter 1

9. (C) Electric fields near a conductor,

Chapter 1

10. (D) RC circuits, Chapter 2

11. (B) Kirchoff’s rules, Chapter 2

12. (B) Magnetic materials, Chapter 3

13. (C) Magnetic fields, Chapter 3

14. (D) Magnetic forces, Chapter 3

15. (D) Lenz’s law, Chapter 3

16. (D) Electromagnetic induction, Chapter 3

17. (B) Snell’s law, Chapter 5

18. (D) Total internal reflection, Chapter 5

19. (A) Reflection/mirrors, Chapter 5

20. (C) Diffraction patterns, Chapter 4

21. (C) Nuclear reactions, Chapter 8

22. (D) Light/matter interactions, Chapter 8

23. (C) Wave-particle duality, Chapter 8

24. (A) Capacitors, Chapter 2

25. (B)

and (C)

Fundamental particles, Introduction

26. (B)

and (C)

Lens and image, Chapter 5

 

ANSWERS EXPLAINED



Section I: Multiple-Choice

1. (C) Weight is greater for the wider column, while

pressure is the same. Although the wider column has a

greater volume of water and therefore more mass, the

fact that the height remains constant means any unit

area on the bottom of the column will experience the

same force/area (pressure).

2. (A) The fluid’s density is raised. The buoyancy force that

lifts the boat upward is proportional to the weight of the

fluid displaced. The boat will rise or sink until the

buoyant force and the boat’s weight cancel. Raising the

fluid’s temperature will usually make the fluid less

dense, requiring a greater displacement of water (i.e.,

the boat will ride lower). Raising the boat’s density will

increase its weight, requiring a greater displacement of

water. Finally, shifting the cargo around will have no

effect as the weight and shape of the boat remain

unaffected.

3. (B) It will rise on the right-hand side and lower on the

left-hand side. Blowing over the right-hand side will

lower the pressure at that height:

1

2
ρv2 + ρgh + P = constant

Remember that h remains the same while v is raised,

forcing P lower. This causes an imbalance in pressure

between the right-hand side (lower pressure) and left-

hand side (higher pressure). This difference in pressure

causes a net force pushing the fluid upward on the right

and downward on the left.

4. (B) Radiative → conductive → convective. Radiative

transfer is the transfer of energy via electromagnetic



radiation (such as sunlight). Conductive transfer is the

transfer of thermal energy via direct contact (such as a

floating object in contact with the water). Convective

transfer is the transfer of thermal energy due to the

movement of a fluid (like currents in the water).

5. (D) Helium has a lower mass per particle than neon.

Average kinetic energy is directly related to

temperature. Since both gases are at STP (standard

temperature and pressure), their average kinetic

energies are the same. However, since helium has a

lower mass, it must have a higher velocity to obtain the

same kinetic energy (½mv2).

6. (D) No work was done to or by the gas during path B

(from point 2 to point 3). The term isobaric indicates

constant pressure, so choice (A) is false. During path B,

the gas expands and therefore does work to its

surroundings. So choice (B) is false. Over the entire

process, the area of the enclosed area is the work done

by the gas. Since this area does not equal zero, choice

(C) is false. Process D involves an expansion or

contraction (displacement) of the gas. Therefore, no

work is done during the part of the process.

7. (C) Bigger since the centers of the spheres are closer.

Remember kq1q2/r2.

The charges (q1 and q2) are the same, and k is a

constant. So the only variation in the two situations is

the average r between the spheres. In the case of the

two smaller spheres, the average distance (represented

by the centers of the spheres) is actually closer.

Therefore, the force is stronger in that case.

8. (D) The larger sphere has slightly more than +1

microcoulomb of charge, while the smaller sphere has



slightly less than +1 microcoulomb of charge. When the

spheres contact each other, electrons move off of the

smaller sphere to the larger sphere and attempt to

neutralize both spheres. Since this is a net +2

microcoulombs of charge, the electrons distribute

themselves over both surface areas of the spheres,

keeping the positive charges as far from each other as

possible. Since the larger sphere has more surface

area, it captures a greater portion of the excess charge

than does the smaller sphere.

9. (C) Field lines should point away from the positive and

toward the negative, which all the pictures show. Field

lines should never cross, and none of these diagrams

has that. Field lines should also be perpendicular to the

surface of conductors. Picture (C) violates this principle.

10. (D) A fully charged capacitor cannot accept any more

charge; therefore, the current going into it is zero.

11. (B) V/3. The meter pictured is a voltmeter. The voltage

supplied by the battery will be split evenly among the

three identical resistors.

12. (B) Magnetic domain alignment. Electron configuration

is the difference between a nonmagnetic and a

magnetic material. Any magnetic material can be made

to have overall north and south poles by lining up all of

the individual magnetic domains within the material.

(Each domain has its own north and south poles.)

Magnetic poles do not exist in isolation as all magnetic

field lines loop back on themselves.

13. (C) The magnetic field loops around the wire and gets

weaker proportional to 1/R as one moves to larger R

values. The moving charges in the wire create loops of

magnetic field around them. As R increases, the field

strength decreases proportional to 1/R rather than 1/R2



because the source of the field is a line rather than a

point.

14. (D) They will remain in the same directions and

quadruple in magnitude. Reversing the direction of one

current will switch the direction of its magnetic field.

However, when using the right-hand rule and since the

direction of the moving charges within the reversed

field is also reversed, the same direction of force is

found. Doubling the source current will double the field

strength, which then is acting on twice as much current

and creating four times the force.

15. (D) A temporary counterclockwise current that dies out

as soon as the loop is out of the field. Only while the

flux of the field through the loop is changing will there

be an induced emf causing the current. The induced

current will be such that its magnetic field will oppose

the change. Since the magnetic field flux upward

through the loop is getting smaller as the loop is pulled

out, the induced current will create an additional

upward magnetic field. The right-hand rule for current

indicates a counterclockwise current is needed.

16. (D) An electromagnetic wave is created. When a charge

is accelerating, the changing velocity of the charge

creates a changing magnetic field. The changing

magnetic field induces a changing electric field. This

dual oscillation is self-perpetuating and is known as

electromagnetic radiation (or light when the frequency

of oscillation lies within the visible range).

BαI1

FαI2B

FαI1I2



17. (B) Less than 30 degrees. Since the second medium is

slower, it will have a larger n value, thereby requiring a

smaller sin θ value. So a smaller angle is needed: N1 sin

θ1 = N2 sin θ2

18. (D) There is no solution. This is a situation of total

internal reflection. Since 50 degrees is beyond the

critical angle for this pair of materials, all of the light

will be reflected and none will be refracted. Remember

that a 90-degree “refraction” happens right at the

critical angle.

19. (A) The image is virtual. Convex mirrors are diverging.

This means the real, reflected rays do not come to an

actual focus. The focus is virtual and located behind the

mirror. So any detection equipment placed at the focus

would not actually receive a signal!

20. (C) The interference pattern would spread out.

D sin θ = mλ

Wavelength does not change. So as D gets smaller, sin

θ must increase. Therefore, the locations of the bright,

constructive interference fringes (integer m’s) are

found at greater angles.

21. (C) The nucleus has the same mass number but a lower

mass. Since the nucleus has emitted a photon of

electromagnetic energy, the net charge on the nucleus

must remain the same. Since energy left the nucleus,

the mass of the nucleus as a whole must be decreased

by E/c2.

22. (D) An electron falling from a higher energy state to a

much lower energy state. Light is emitted (bright

spectral line) when an electron falls from an excited

state to a lower energy state. The greater the energy



difference is (as opposed to the starting energy state),

the higher the frequency of light emitted (E = hf).

23. (C) Whether an interference pattern can be observed

depends on the object’s de Broglie wavelength. The de

Broglie wavelength is the connection between

classically particle-like objects and their wave-like

properties. Interference patterns have been

successfully shown for many particles. Macroscopic

objects, however, have such large masses that their de

Broglie wavelengths make observing a diffraction

pattern impossible: λ = h/p

24. (A) Uncharged capacitor—closed switch; fully charged

capacitor—open switch. An uncharged capacitor will

initially appear to be a simple wire as the first charge to

hit one side of the capacitor draws its opposite on the

other side. On the other hand, a fully charged capacitor

accepts no additional charges and blocks any current

from entering its pathway. These two states are

connected by an exponential function: I = (V/R) e−t/RC

Remember to compare t = 0 to t >> RC.

25. (B) and (C) An isolated fundamental particle cannot

have potential energy. An isolated fundamental particle

cannot have mass. Potential energies are energies of

relationship and therefore cannot belong to an isolated

particle with no internal structure. Likewise, internal

energy refers to energies (both kinetic and potential)

carried by the various internal constituents of

nonfundamental particles.

26. (B) and (C) The image is virtual and upright, or it is

inverted and real. If the distance of the object is less

than one focal length from the convergent lens, the

image is virtual and upright. If the distance of the



object is more than one focal length from the

convergent lens, the image is inverted and real.

Section II: Free-Response

1. This is an electric circuit problem (see Chapter 2 for

more information).

(a) Initially the top path acts as a simple 5-ohm resistor

because the capacitor is uncharged and will act as if

current is passing right through it. The 10-ohm

resistor is in parallel with the capacitor, resulting in

an equivalent resistance of 10/3 ohms:

Ohm’s law gives us a 3-amp current coming from

the battery:

(b) After the capacitor has been fully charged, it will

act as an open circuit, no longer allowing charge to

flow through the upper path. Equivalent resistance

for the circuit will now be 10 ohms:

1/5 + 1/10 = 1/R

2/10 + 1/10 = 1/R

3/10 = 1/R

R = 3Ω

V = IR

10 = I (10/3)

I = 3A



(c) (i) The direction of current is constant throughout

the problem, from right to left, whether the

current is being supplied by the battery or by

the capacitor.

(ii)

The entire 10 V is on the capacitor at the end

because the 5-ohm resistor is not using any

voltage (I = 0): Q = 50 μC

(iii) Initially, the 10 volts of the capactor will be

driving current through an equivalent

resistance of 15 ohms (5 + 10 in series): V = IR

10 volts = I (15 ohms)

I = 0.67 amps

Note that right away, the voltage will begin to

decrease across the capacitor as it discharges,

therefore driving increasingly smaller currents

through the resistors.

(iv) As an exponential decreasing function, the

time constant of RC provides an approximate

time for losing about half the charge:

V = IR

10V=I (10Ω)

I = 1A

C = Q/V

5μF = Q/10V



2. This is a magnetism and electromagnetism problem (see

Chapter 3 for more information).

(a) The student will see a modest current in one

direction as the bar magnet enters the solenoid.

Note that without knowing the actual orientation of

the loops, the magnet, and the ammeter, the actual

sign of the current cannot be determined.

(b) She will observe no current while the magnet is

being held still.

(c) The student will observe a current in the opposite

direction as it is withdrawn. The magnitude of this

current will be larger as the change in magnetic flux

is happening quicker.

(d) The same as described above but with opposite

signs for the current. The number of coils, the total

resistance of the coils, the strength of the magnet,

the speed at which the magnet is moved, and

possibly the orientation of the magnet relative to

the cross-sectional area of the solenoid all affect the

magnitude of the observed current.

RC = (15ohms) (5microfarads)

= 75microseconds



Review and Practice



Electric Fields and Potentials

1

KEY CONCEPTS

➜ THE NATURE OF ELECTRIC CHARGES

➜ THE DETECTION AND MEASUREMENT OF

ELECTRIC CHARGES

➜ COULOMB’S LAW

➜ THE ELECTRIC FIELD

➜ ELECTRIC POTENTIAL

➜ CAPACITANCE

THE NATURE OF ELECTRIC CHARGES

The ancient Greeks used to rub pieces of amber on wool or fur. The

amber was then able to pick up small objects that were not made of

metal. The Greek word for amber was elektron—hence the term

electric. The pieces of amber would retain their attractive property

for some time, so the effect appears to have been static. The

amber acted differently from magnetic ores (lodestones), naturally

occurring rocks that attract only metallic objects.

In modern times, hard rubber, such as ebonite, is used with cloth

or fur to dramatically demonstrate the properties of electrostatic

force. If you rub an ebonite rod with cloth (charging by friction) and

then bring it near a small cork sphere painted silver (called a “pith

ball”) and suspended on a thin thread, the pith ball will be attracted

to the rod. When the ball and rod touch each other, the pith ball will

be repelled. If a glass rod that has been rubbed with silk is then

brought near the pith ball, the ball will be attracted to the rod. If

you touch the pith ball with your hand, the pith ball will return to its

normal state. This is illustrated in Figure 1.1.



Figure 1.1 Electrostatic Attraction

In the nineteenth century, chemical experiments to explain these

effects showed the presence of molecules called ions in solution.

These ions possessed similar affinities for certain objects, such as

carbon or metals, placed in the solution. These objects are called

electrodes. The experiments confirmed the existence of two types

of ions, positive and negative. The effects they produce are

similar to the two types of effects produced when ebonite and glass

are rubbed. Even though both substances attract small objects,

these objects become charged oppositely when rubbed, as

indicated by the behavior of the pith ball. Further chemical

experiments coupled with an atomic theory demonstrated that in

solids it is the negative charges that are transferred. Additional

experiments by Michael Faraday in England during the first half of

the nineteenth century suggested the existence of a single

fundamental carrier of negative electric charge, which was later

named the electron. The corresponding carrier of positive charge

was termed the proton.

THE DETECTION AND MEASUREMENT OF ELECTRIC

CHARGES

When ebonite is rubbed with cloth, only the part of the rod in

contact with the cloth becomes charged. The charge remains

localized for some time (hence the name static). For this reason,

among others, rubber, along with plastic and glass, is called an

insulator. A metal rod held in your hand cannot be charged

statically for two reasons. First, metals are conductors; that is,



they allow electric charges to flow through them. Second, your body

is a conductor, and any charges placed in the metal rod are

conducted out through you (and into the earth). This effect is called

grounding. The silver-coated pith balls mentioned in the first

section of this chapter can become statically charged because they

are suspended by thread, which is an insulator. They can be used to

detect the presence and sign of an electric charge, but they are not

very helpful in obtaining a qualitative measurement of the

magnitude of charge they possess.

An instrument that is often used for qualitative measurement is

the electroscope. One form of electroscope consists of two

“leaves” made of gold foil (Figure 1.2a). The leaves are vertical

when the electroscope is uncharged. As a negatively charged rod is

brought near, the leaves diverge. If we recall the hypothesis that

only negative charges move in solids, we can understand that the

electrons in the knob of the electroscope are repelled down to the

leaves through the conducting stem. The knob becomes positively

charged, as can be verified with a charged pith ball, as long as the

rod is near but not touching (Figure 1.2b). If you take the rod away,

the leaves will collapse as the electroscope is still neutral overall.

Upon contact, electrons are directly transferred to the knob,

stem, and leaves. The whole electroscope then becomes negatively

charged (Figure 1.2c). The extent to which the leaves are spread

apart is an indication of how much charge is present (but only

qualitatively). If you touch the electroscope, you will ground it, and

the leaves will collapse together.

Figure 1.2 Charging by Contact



The electroscope can also be charged by induction. If you touch

the electroscope shown in Figure 1.2b with your finger when the

electroscope is brought near (see Figure 1.3a), the repelled

electrons will be forced out into your body. If you remove your

finger, keeping the rod near, the electroscope will be left with an

overall positive charge by induction (Figure 1.3b).

Figure 1.3 Charging by Induction

Finally, we can state that electric charges, in any distribution,

obey a conservation law. When we transfer charge, we always

maintain a balanced accounting. Suppose we have two charged

metal spheres. Sphere A has +5 elementary charges, and sphere B

has +1 elementary charge (thus both are positively charged). The

two spheres are brought into contact. Which way will charges flow?

Excess charges are always spaced out as far apart as possible since

they repel each other. When charges are allowed to flow, electrons

do the moving even if the net charge on both objects is positive.

Note that the vast majority of charge is not moving! If the two

spheres are of equal size, they will each have a +3 charge after

enough electrons move from the +1 sphere to the +3 sphere in this

case. If one object is bigger than the other, the larger object will

wind up with more of the net excess charge after those excess

charges have all spread out as evenly as possible around the outer

surfaces of the combined object.

COULOMB’S LAW



From the first two sections of this chapter, we can conclude that like

charges repel each other while unlike charges attract (see Figure

1.4). The electrostatic force between two charged objects can act

through space and even a vacuum. This property makes

electrostatic force similar to the force of gravity.

Figure 1.4 Similar Charges Repel

THINK ABOUT IT

Coulomb’s law is an inverse square law that is very similar

to Newton’s law of gravitation. However, the electrostatic

force can be neutralized, while gravity is always present.

Additionally, with the electrostatic force, there can be

repulsion as well as attraction.

In the SI system of units, charge is measured in coulombs (C),

and one elementary charge is designated as e and has a magnitude

of 1.6 × 10−19 C. In the late eighteenth century, the nature of the

electrostatic force was studied by French scientist Charles Coulomb.

He discovered that the force between two point charges

(designated as q1 and q2), separated by a distance r, experienced a

mutual force along a line connecting the charges that varied

directly as the product of the charges and inversely as the square of

the distance between them. This law, known as Coulomb’s law, is,

like the law of gravity, an inverse square law acting on matter at a

distance. Mathematically, Coulomb’s law can be written as



F =
kq1q2

r2

The constant k has the value 8.9875 × 109 ≈ 9 × 109 N · m2/C2.

Coulomb’s law, like Newton’s law of universal gravitation, is a

vector equation. The direction of the force is along a radial vector

connecting the two point sources. It should be noted that Coulomb’s

law applies only to one pair of point sources (or to sources that can

be treated as point sources, such as charged spheres). If we have a

distribution of point charges, the net force on one charge is the

vector sum of all the other electrostatic forces. This aspect of force

addition is sometimes termed superposition.

Coulomb’s constant k can be written more formally as

k =
1

4πε0

where ε0 is the electrical permittivity of free space (that is, a

vacuum).

SAMPLE PROBLEM

Calculate the static electric force between a +6.0 × 10−6 C

charge and a −3.0 × 10−6 C charge separated by 0.1 m. Is this

an attractive or repulsive force?

Solution

We use Coulomb’s law:



The negative sign (opposite charges) indicates that the force is

attractive.

THE ELECTRIC FIELD

Another way to consider the force between two point charges is to

recall that the force can act through free space. If a charged sphere

has charge +Q, and a small test charge (small enough to have no

effect on the existing electric field) +q is brought near it, the test

charge will be repelled according to Coulomb’s law. Everywhere, the

test charge will be repelled along a radial vector out from charge

+Q. We can state that, even if charge +Q is too small to be visible,

the influence of the electrostatic force can be observed and

measured (since charges have mass and 

→
E = m

→
a  as usual).

In this way, charge +Q is said to set up an electric field, which

pervades the space surrounding the charge and produces a force on

any other charge that enters the field (just as a gravitational field

does). The strength of the electric field, 

→
E , is defined to be the

measure of the force per unit charge experienced at a particular

location. In other words,

TIP

Compare this formula for the electric field to the

formula for the gravitational field strength 

→
g =

→
F /m.

F =
kq1q2

R2

F =
(9×109N⋅m2/C2)(+6.0×10−6C)(−3.0×10−6C)

(0.1m)
2 = −16.2N



→
E =

→
F

q

and the units are newtons per coulomb (N/C). The electric field

strength 

→
E  is a vector quantity since it is derived from the force (a

vector) and the charge (a scalar). The direction of the electric field

is defined to be the direction of the force on a positive charge at

that location.

An illustration of this situation is given in Figure 1.5. Charge + Q

is represented by a charged sphere drawn as a circle. A small

positive test charge, +q, is brought near and repelled along a radial

vector 
→
r  drawn outward from charge +Q. In fact, anywhere in the

vicinity of charge +Q, the test charge will be repelled along an

outward radial vector. We therefore draw these force field lines as

radial vectors coming out from charge +Q.

By convention, we always consider the test charge to be positive.

Since the force varies according to Coulomb’s law, the electric field

strength 

→
E  will also vary, depending on the location of the test

charge.

REMEMBER

The electric field lines show which way an imaginary positive

test charge would move.



Figure 1.5 Drawing Electric Field Lines

We can also interpret field strength by observing the density of

field lines per square meter. With point charges, the radial nature of

their construction causes the field lines to converge near the

surface of the charge, Q, indicating a relative increase in field

strength. In the next section, we will encounter a configuration in

which the field strength remains constant throughout.

There are several other configurations of electric field lines that

we can consider. In Figure 1.6, the field between two point charges,

with different arrangements of signs, is illustrated. Notice for a

conductor that the field lines are always perpendicular to the

“surface” of the source and that they never cross each other. This

fact can be extended to the idea that the electric field inside a

hollow conducting sphere is zero, and all of the charges reside on

the surface of the sphere.

The arrows on the field lines always indicate the direction in

which a positive test charge would move.

Figure 1.6 Examples of Electric Fields

SAMPLE PROBLEM



What is the force acting on an electron placed in an external

electric field E = 100 N/C?

Solution

We know that 

→
E =

→
F /q

Thus,

→
F =

→
E q = (100N/C)(−1.6 × 10−19C) = −1.6 × 10−17N

ELECTRIC POTENTIAL

Remember that gravity is a conservative force. Any work done by or

against gravity is independent of the path taken. Recall that the

work done is measured as a change in the gravitational potential

energy and that work is equal to the magnitude of force times

displacement, W = F Δx. Suppose that the force is acting on a

charge q in an electric field 

→
E . The work done by the electric field,

which is also a conservative field, is given by

W = EqΔr(whereΔristhedisplacementinthedirectionof
→
E )

Since the electrostatic force is conservative, the work done

should be equal to the change in the electrical potential energy

between two points, A and B.

Many points can have the same electrical potential energy.

Consider the original electric field diagram in Figure 1.5. If test

charge +q is a distance r from source charge +Q, it will experience

a certain radial force whose magnitude is given by Coulomb’s law.

At any position around the source, at a fixed distance r, we can

observe that the test charge will experience the same force. The

localized potential energy will be the same as well. The set of all



such positions defines a circle of radius r (actually a sphere in three

dimensions), called an equipotential surface.

Figure 1.7 shows a series of equipotential “curves” of varying

radii. Since the electric field is conservative, work is done by or

against the field only when a charge is moved from one

equipotential surface to another. To better understand this effect,

we define a quantity called the electric potential, which is a

measure of the magnitude of electrical potential energy per unit

charge at a particular location in the field. Thus, the work done per

unit charge, in moving from equipotential surface A to equipotential

surface B, is a measure of what is called the potential difference

or voltage.

TIP

Try not to confuse electric potential (J/C) with electric

potential energy (J).

Figure 1.7 Equipotentials in an Electric Field

We thus define electric potential difference (V or ΔV) to be the

potential difference between two points (VB – VA). Note that voltage

or emf (electromotive force) are sometimes used as synonyms for

“electric potential difference.” Since electric potential difference is

the work per charge, the units of potential difference are

joules/coulomb or volts:

Units of electric field potential = volt = V = J/C = N · m/C



Sometimes it is convenient to speak of the potential at a point.

This implies that a zero-volt point has already been chosen and all

the other electric potential differences are relative to that point.

Frequently, zero voltage is taken at infinity. At other times, it is

taken to be at the closest grounding point or the negative terminal

of a battery in a simple circuit.

If there exists a constant, uniform electric field (see below), then

rearranging the definition of electric potential difference shown

above yields the following relationship between electric field (a

proxy for electric force) and potential difference (a proxy for

electrical potential energy):

Units of electric field = N/C = V/m

Therefore, if we have a uniform electric field, the electric potential

difference between two points is simply the electric field times the

distance between the two points in the direction of the field. One

way to produce such a uniform electric field is between two charged

parallel plates that are separated by a distance d. If each side is

oppositely charged (see Figure 1.8), the electric field will be

uniform. Therefore, a test charge within this field would feel the

same force at any point in between the plates. Compare this to the

gravitational field g near Earth’s surface. A test mass in the location

experiences the same force mg anywhere in this area. Note in

Figure 1.8 that the electric field loses its uniformity near the edges

of the plates. This phenomenon is known as the fringe effect. It is

due to the fact that the charge distribution is no longer uniform at

the edges.

Figure 1.8 Constant Electric Field Between Plates

Recall that work done by a conservative force is the negative of

the change in potential energy. By combining our definition of



electric potential difference with our work relationship to potential

energy:

W = qΔV = −ΔPE

If the moving charge is positive, a positive ΔV results in negative

work (the charge is losing energy). However, if the moving charge is

negative, a positive ΔV results in positive work (the charge is

gaining energy). Just as positive and negative charges will

experience opposite forces when placed into the same electric field,

so one will gain energy when the other loses energy. Generally

speaking, positive charges move from high electric potential

differences to low electric potential differences, whereas negative

charges move from low electric potential differences to high ones.

Going back to our gravitational analogy, negative mass (if it

existed) would experience an upward force. By moving up, it would

lower its gravitational potential energy by raising its gravitational

potential. In this analogy, height is electric potential difference

while the ground is the negative plate. The negative mass is

certainly gaining height (greater electric potential difference) by

responding to the upward force. Since its mass is negative, its

gravitational potential energy is decreasing.

Another convenient unit of electrical energy is the electron volt

(eV). By definition, if one elementary charge experiences a

potential difference of 1 volt, its energy (or the work done to

transfer the charge) is equal to 1 electron volt. Consequently, we

can state that 1 electron volt = 1.6 × 10−19 joule.

SAMPLE PROBLEM

Given that the charge on a proton is +1.6 × 10−19 C,

(a) Calculate the electric potential at a point 2.12 × 10−10 m

from the proton.

(b) If an electron (and no other charges) is placed at that

point, what will be its electric potential energy? Assume

that the potential energy at infinlty is equal to zero.



Solution

(a) For the proton, we use the work done from Coulomb’s law

to obtain the expression for the voltage around a point charge

Q:

(b) For the electron, the potential energy

U = qV = (−1.6 × 10−19 C)(6.79 V) = −1.09 × 10−18 J

Although abstract in nature, electrical force and energy fields can

often be more easily understood by analogy with the more familiar

fields for gravity. The underlying algebraic similarity is shown in the

chart below. Figure 1.9 shows the structural similarities between the

electrical and gravitational fields.

Similarities in Uniform Gravitational and

Electrical Formulas

Gravitational Electrical

Forces mg qE

Potential Energy Differences mgΔh qEΔx

V = kQ
r

V =
(9×109N⋅m2/C2)(1.6×10−19C)

2.12×10−10m
= 6.79V



Figure 1.9 Similarities in Gravitational and Electrical Fields

CAPACITANCE

When there are two charged parallel metal plates in a configuration

called a capacitor, there is a proportional relationship between the

potential difference and the total charge. As the external voltage

supply pushes a charge onto one side of the capacitor, that side will

become charged. This charge will push the same amount and sign

of charge out of the capacitor on the opposite side. Thus the

capacitor gains an equal but opposite amount of charge on each

side, maintaining an overall neutral state. As the charges

accumulate, it becomes increasingly difficult to add more charge,

and the charging of the capacitor exponentially levels off. Because

of this, the voltage across and the current through the capacitor

also level off exponentially. As the charge and voltage increase, the

current will decrease. The capacitance, C, of a capacitor is defined

to be the ratio of the charge on either conductor and the potential

difference between the conductors:

c =
Q

V



This is a positive scalar quantity that is essentially a measure of the

capacitor’s ability to store charge. The reason is that, for a given

capacitor, the ratio Q/V is a constant since potential difference

increases as the charge on either capacitor increases.

The SI unit of capacitance is the farad (F). The types of

capacitors typically used in electronic devices have capacitances

that range from microfarads to picofarads. The capacitance of a

given object is a property of the materials used and the geometry

of the two surfaces upon which the two oppositely charged

distributions will be induced when a voltage is supplied. For simple

parallel plate capacitors, it can be shown that

C = Q/V = ε0A/d

where A is the cross-sectional area of the plates and d is the

separation between them. Note that the capacitance is not affected

by either the amount of charge or the voltage, but, instead, is fixed

by its construction.

The parallel plate capacitor is one of the simplest ways to

achieve a uniform electric field. In Figure 1.10 below, note the

regularly spaced parallel lines of the electric field pointing from the

positive plate to the negative one. The equipotential surfaces are

indicated by the vertical lines. Any charge will have the same

electrical potential energy on one of the surfaces.

Figure 1.10 Equipotential Lines in a Constant Electric Field



The energy stored in a capacitor can be studied by recognizing

that the definition of capacitance can be written as Q = CV. This

direct relationship between plate charge and voltage will produce a

diagonal straight line if we plot a graph of charge versus voltage

(see Figure 1.11).

Note that the fields are uniform only near the center. Near

the edges, the fields become nonuniform, known as the

fringe effect.

Figure 1.11 Energy in Capacitors

Notice that the units of QV are joules (the units of work). The area

under the diagonal line is equal to the amount of energy stored in

the capacitor. This energy is given by E = (½)CV2.

SAMPLE PROBLEM

A point charge +Q is fixed at the origin of a coordinate system.

A second charge −q is uniformly distributed over a spherical

mass m and orbits around the origin at a radius r and with a

period T. Derive an expression for the radius.

Solution

If we neglect gravity and other external forces, the orbit is due

to the electrostatic force between the charges. This sets up a

centripetal force for the mass m.



Thus, we can write

Simplifying and solving for r gives

r = (
KQqT 2

4π2m
)1/3

SUMMARY

■ There are two kinds of electric charges: positive and

negative.

■ Electrons are the fundamental carriers of negative charge.

■ Protons carry a positive charge equal in magnitude to that

of the electron.

■ Like charges repel, while unlike charges attract.

■ An electroscope can be used to detect the presence of static

charges.

■ Objects become charged through the transfer of electrons.

■ Coulomb’s law describes the nature of the force between

two static charges. It states that the force of either attraction

(−) or repulsion (+) is proportional to the product of the

charges and inversely proportional to the square of the

distance between them. This is similar to Newton’s law of

gravitation.

■ The electrical potential difference is defined to be equal to

the work done per unit charge (in units of joules per coulomb

or volts).

Fc = m V 2

r

K
Qq

r2 = m
( 2πr

T
)2

r



■ A capacitor is a device that can store charge and energy.

The capacitance of a capacitor is defined as the amount of

charge stored per unit volt (C = Q/V).

■ Electric field lines indicate the direction of electric force on

positive charges. They come out of positive source charges

and go into negative source charges. They never cross, and

their relative spacing indicates the strength of the field.

■ Equipotential lines indicate regions of constant electrical

potential. The lines (surfaces, actually) intersect the electric

field lines at right angles and have their highest values near

positive source charges and their lowest values near

negative source charges.

Problem-Solving Strategies for Electrostatics

The preceding sample problem reminds us that we are dealing

with vector quantities when the electrostatic force is involved.

Drawing a sketch of the situation and using our techniques from

vector constructions and algebra were most effective in solving

the problem.

Be sure to keep track of units. If a problem involves potential

or capacitance, remember to maintain the standard SI system

of units, which are summarized in the appendices.

Remember that electric field lines are drawn as though they

followed a “positive” test charge and that Coulomb’s law

applies only to point charges. The law of superposition allows

you to combine the effects of many forces (or fields) using

vector addition. Additionally, symmetry may allow you to work

with a reduced situation that can be simply doubled or

quadrupled. In this aspect, a careful look at the geometry of the

situation is called for.

If the electric field is uniform, the charges in motion will

experience a uniform acceleration that will allow you to use

Newtonian kinematics to analyze the motion. Electrons in

oscilloscopes are an example of this kind of application.

Potential and potential difference (voltage) are scalar

quantities usually measured relative to the point at infinity in

which the localized potential is taken to be zero. In a practical



sense, it is the change in potential that is electrically significant,

not the potential itself.

PRACTICE EXERCISES

1. An insulated metal sphere, A, is charged to a value of +Q

elementary charges. It is then touched and separated from an

identical but neutral insulated metal sphere, B. This second

sphere is then touched to a third identical and neutral insulated

metal sphere C. Finally, spheres A and C are touched and then

separated. Which of the following represents the distribution of

charge on each sphere, respectively, after the above process

has been completed?

(A) Q/3, Q/3, Q/3

(B) Q/4, Q/2, Q/4

(C) 3Q/8, Q/4, 3Q/8

(D) 3Q/8, Q/2, Q/4

2. A parallel-plate capacitor has a capacitance of C. If the area of

the plates is doubled, while the separation between the plates

is halved, the new capacitance will be

(A) 2C

(B) 4C

(C) C/2

(D) C

3. What is the capacitance of a parallel-plate capacitor made of

two aluminum plates, 4 cm in length on a side and separated

by 5 mm?

(A) 2.832 × 10−11 F

(B) 2.832 × 10−10 F

(C) 2.832 × 10−12 F

(D) 2.832 × 10−9 F



4. If 10 J of work is required to move 2 C of charge in a uniform

electric field, the potential difference present is equal to

(A) 20 V

(B) 12 V

(C) 8 V

(D) 5 V

5. Which of the following diagrams represents the equipotential

curves in the region between a positive point charge and a

negatively charged parallel plate?

(A)

(B)

(C)

(D)

6. An electron is placed between two charged parallel plates as

described below. Which of the following statements are true?

I: The electrostatic force is greater at A than at B.

II: The work done from A to B to C is the same as the work

done from A to C.

III: The electrostatic force is the same at points A and C.

IV: The electric field strength decreases as the electron is

repelled upward.

(A) I and II

(B) I and III

(C) II and III

(D) II and IV



7. How much kinetic energy is given to a doubly ionized helium

atom due to a potential difference of 1,000 V?

(A) 3.2 × 10−16 eV

(B) 1,000 eV

(C) 2,000 eV

(D) 3.2 × 10−19 eV

8. Which of the following is equivalent to 1 F of capacitance?

(A)
C2⋅s2

kg⋅m2

(B)
kg⋅m2

C2⋅s2

(C)
C

kg⋅s

(D)
C⋅m
kg2⋅s

9. An electron enters a uniform electric field between two parallel

plates vertically separated with 

→
E = 400N/C. The electron

enters with an initial velocity of 4 × 107 m/s. The length of

each plate is 0.15 m.

(a) What is the acceleration of the electron?

(b) How long does the electron travel through the electric

field?

(c) If it is assumed that the electron enters the field level with

the top plate, which is negatively charged, what is the

vertical displacement of the electron during that time?

(d) What is the magnitude of the velocity of the electron as it

exits the field?

10. A 1-g cork sphere on a string is coated with silver paint. It is in

equilibrium, making a 10° angle in a uniform electric field of

100 N/C as shown below. What is the charge on the sphere?



11. An electrostatically charged rod attracts a small, suspended

sphere. What conclusions can you make about the charge on

the suspended sphere?

12. Why is it safer to be inside a car during a lightning storm?

ANSWERS EXPLAINED

1. (C) We use the conservation of charge to determine the answer.

Sphere A has +Q charge, and B has zero. When these spheres

are touched and separated, each will have one-half of the total

charge, which was +Q. Thus, each now has +Q/2.

When B is touched with C, which also has zero charge, we

again distribute the charge evenly by averaging. Thus, B and C

will now each have +Q/4, while A still has +Q/2.

Finally, when A and C are touched, we take the average of

+Q/4 and +Q/2, which is +3Q/8.

The final distribution is therefore 3Q/8, Q/4, 3Q/8.

2. (B) The formula for the capacitance of a parallel-plate capacitor

is C = ε0A/d. Therefore, if the area is doubled and the

separation distance halved, the capacitance increases by four

times and is equal to 4C.

3. (C) We use the formula from question 3, but first all

measurements must be in meters or square meters. Converting

the given lengths yields 4 cm = 0.04 m and 5 mm = 0.005 m.

Then A = (0.04)(0.04) = 0.0016 m2 and d = 0.005 m. Using the



formula and the value for the permittivity of free space given in

the chapter, we get C = 2.832 × 10−12 F.

4. (D) Potential difference is the work done per unit charge. Thus

V =
W

q
=

10

2
= 5V

5. (C) The equipotential curves around a point charge are

concentric circles. The equipotential curves between two

parallel plates are parallel lines (since the electric field is

uniform). The combination of these two produces the diagram

shown in choice C.

6. (C) The electric field is the same at all points between two

parallel plates since it is uniform. Thus the force on an electron

is the same everywhere. Also, we stated in the chapter that the

electric field, like gravity, is a conservative field. This means

that work done to or by the field is independent of the path

taken. Thus both statements II and III are true.

7. (C) One electron volt is defined to be the energy given to one

elementary charge through 1 V of potential difference. A

doubly ionized helium atom has +2 elementary charges. Since

the potential difference is 1,000 V, the kinetic energy is 2,000

eV. When using electron-volt units, we eliminate the need for

the small numbers associated with actual charges of particles.

8. (A) One farad is defined to be 1 C/V. One volt is 1 J/C. One joule

is 1 kg · m2/s2. The combination results in

C2 ⋅ s2

kg ⋅ m2

9. (a) Since the electron is in a uniform electric field, the

kinematics of the electron follows the standard kinematics

of mechanics. Since

→
F = m

→
a and

→
F = −e

→
E ,

→
a = −e

→
E /m



(the negative sign is needed since an electron is

negatively charged). Using the information given in the

problem and the values for the charge and mass of the

electron from the Appendix, we get

a =
−(1.6 × 10−19) (400)

9.1 × 10−31
= −7.03 × 1013m/s2

(b) The electron is subject to a uniform acceleration in the

downward direction. The path will therefore be a parabola,

and the electron will be a projectile in the field. The initial

horizontal velocity remains constant, and therefore the

time is given by the expression

t =
ℓ

v0
=

0.15

4 × 107
= 3.75 × 10−9s

(c) If we take the initial entry level as zero in the vertical

direction, the electron has initially zero velocity in that

direction. Thus, the vertical displacement is given by y =

(1/2)at2. Using the information from parts (a) and (b), we

get

y = −(1/2)(7.03 × 1013)(3.75 × 10−9)2 = −4.94 × 10−4 m

(d) The magnitude of the velocity as the electron exits the

field, after time t has elapsed, is given by the vector nature

of two-dimensional motion. The horizontal velocity is the

same throughout the encounter and is equal to 4 × 107

m/s. The vertical velocity is given by vy = −at since there is

no initial vertical velocity. Using the information from the

previous parts, we find that

vy = −(7.03 ×1013)(3.75 × 10−9) = −2.6 × 105 m/s

Now the magnitude of the velocity is given by the

Pythagorean theorem since the velocity is the vector sum



of these two component velocities:

v = √(4 × 107)2 + (2.6 × 105)2 = 40, 000, 845m/s ≈ 4 × 107m/s

The result is not a significant change in the magnitude of

the initial velocity. There is of course a significant change

in direction. The angle of this change can be determined

by the tangent function if desired.

10. If the sphere is in equilibrium, the vector sum of all forces

acting on it must equal zero. There are several forces involved.

Mechanically, gravity acts to create a tension in the string. This

tension has an upward component that directly balances the

force of gravity (mg) acting on the sphere. A second horizontal

component acts to the left and counters the horizontal

electrical force established by the field and the charge on the

sphere. A free-body diagram looks like this:

From the diagram, we see that T cos θ = mg, where θ =

10° and m = 1 g = 0.001 kg. Thus, T = 0.00995 N, using

our known value for the acceleration due to gravity, g.

Now, in the horizontal direction, T sin θ = Eq and E = 100

N/C. Using all known values given and derived, we arrive

at

q = 1.75 × 10−5 C

11. The only conclusion you can make is that the sphere is either

“neutral” or oppositely charged compared to the rod.



12. If your car is hit by lightning, the charges are distributed around

the outside and then dissipated away. In a sense, this acts like

an electrostatic shield.



Steady-State Circuits

2

KEY CONCEPTS

➜ CURRENT AND ELECTRICITY

➜ ELECTRIC RESISTANCE

➜ ELECTRIC POWER AND ENERGY

➜ KIRCHHOFF’S RULES

➜ COMBINATION CIRCUITS

➜ CAPACITORS IN CIRCUITS

➜ ELECTRICAL ENERGY IS POTENTIAL

ENERGY

CURRENT AND ELECTRICITY

In Chapter 1, we observed that if two points have a potential

difference between them and they are connected with a

conductor, negative charges will flow from a higher

concentration to a lower one. This aspect of charge flow is

very similar to the flow of water in a pipe due to a pressure

difference.

Moving electric charges are referred to as electric

current, which measures the amount of charge passing a

given point every second. The units of measurement are

coulombs per second (C/s). These are defined as an ampere

or “amp.” Algebraically, we designate current by the capital

letter I and state that



I =
ΔQ

Δt

In electricity, it is the battery that supplies the potential

difference needed to maintain a continuous flow of charge.

In the nineteenth century, physicists thought that this

potential difference was an electric force, called the

electromotive force (emf), that pushed an electric fluid

through a conductor. Today, we know that an emf is not a

force, but rather a potential difference measured in volts. Do

not be confused by the designation emf in the course of

reviewing or of solving problems!

From chemistry, recall that a battery uses the action of

acids and bases on different metals to free electrons and

maintain a potential difference. In the process, two

terminals, designated positive and negative, are created.

When a conducting wire is attached and looped around to

the other end, a complete circle of wire (a circuit) is

produced, allowing for the continuous flow of charge. The

battery acts like an elevator, raising electrons from the

positive side up to the negative side using chemical

reactions (see Figure 2.1). These electrons can then do work

by transforming their electric potential energy into other

forms of energy. This work is the electricity with which we

have become so familiar in our modern world.



Figure 2.1 A Simple Circuit

The diagram in Figure 2.1 shows a simple electric circuit.

The direction of the conventional current, like electric fields,

is from the positive terminal. To maintain a universal

acceptance of concepts and ideas (recall our earlier

discussions of concepts and labels), schematic

representations for electrical devices were developed and

accepted by physicists and electricians worldwide. These

schematics are used when drawing or diagramming an

electric circuit, and it is important that you be able to

interpret and draw them to fully understand this topic. In

Figure 2.2, schematics for some of the most frequently

encountered electrical devices are presented.

Figure 2.2 Electrical Schematic Diagrams

The simple circuit shown in Figure 2.1 can now be

diagrammed schematically as in Figure 2.3.



Figure 2.3 A Simple Circuit Schematic

A switch has been added to the schematic; of course the

charge would not flow unless the switch was closed. An open

switch stops the flow by breaking the circuit.

In Figure 2.2, three schematics appear that we have not

yet discussed. A resistor is a device whose function is to

use up voltage. We will investigate resistors in more detail in

the next section.

An ammeter is a device that measures the current. You

can locate the water meter in your house or apartment

building and notice that it is placed within the flow line. The

reason is that the meter must measure the flow of water per

second through a given point. An ammeter is placed within

an electric circuit in much the same way. This is referred to

as a “series connection,” and it maintains the singular

nature of the circuit. In practical terms, you can imagine

cutting a wire in Figure 2.3, and hooking up the bare leads to

the two terminals of the ammeter. Ammeters have very low

resistance.

A voltmeter is a device that measures the potential

difference, or voltage, between two points. Unlike an

ammeter, the voltmeter cannot be placed within the circuit

since it will effectively be connected to only one point. A

voltmeter is therefore attached in a “parallel connection,”

creating a second circuit through which only a small amount

of current flows to operate the voltmeter. In Figure 2.4, the

simple circuit is redrawn with the ammeter and voltmeter

placed. Voltmeters have very high resistance.



A volt is the unit of electric potential; 1 volt = 1

joule/coulomb. A volt represents the amount of energy

per charge relative to either a predetermined

“ground” (V = 0) or between two points. Voltage,

potential, potential difference, electromotive force

(emf), voltage drop, and electric potential are all terms

used for this important concept in electricity (recall

that gravitational potential energy works similarly).

Potential difference is the preferred term on the AP

Physics 2 test.

Figure 2.4 A Simple Circuit with Voltmeter and

Ammeter

For simple circuits, there will be no observable difference

in readings if the ammeter and voltmeter are moved to

different locations. However, there is a slight difference in

the emf across the terminals of the battery when the switch

is closed versus when it is open. The first emf reflects the

work done by the battery not only to move charge through

the circuit but also to move charge across the terminals of

the battery. This is sometimes referred to as the terminal

emf or internal emf.



When a battery dies, it doesn’t run out of volts or

charge. It runs out of energy. The battery’s voltage

rating is a measure of how much energy it will give up

to each coulomb of charge that passes through it. The

battery will continue to give up its energy until it runs

out of energy. When you recharge a battery, you are

replenishing its energy!

ELECTRIC RESISTANCE

In Figure 2.4, a simple electric circuit is illustrated with

measuring devices for voltage and current. If a lightbulb is

left on for a long time, two observations can be made. First,

the bulb gets hot because of the action of the electricity in

the filament. The light produced by the bulb is caused by the

heat of the filament. Second, the current in the ammeter will

begin to decrease.

These two observations are linked to the idea of electrical

resistance. The interaction of flowing electrons and the

molecules of a wire (or bulb filament) creates an electrical

resistance. This resistance is temperature dependent since,

from the kinetic theory, an increase in temperature will

increase the molecular activity and therefore interfere to a

greater extent with the flow of current. Electrical potential

energy is being converted to thermal energy.

In the case of a lightbulb, it is this resistance that is

desired in order for the bulb to do its job. Resistance along a

wire or in a battery, however, is unwanted and must be

minimized. In more complicated circuits, a change in current

flow is required to protect devices, and so special resistors

are manufactured that are small enough to easily fit into a

circuit. While resistance is the opposite of conductance, we

do not want to use insulators as resistors since insulators

will stop the flow altogether. Therefore, a range of materials,



indexed by “resistivity,” is catalogued in electrical

handbooks to assist scientists and electricians in choosing

the proper resistor for a given situation.

If the temperature can be maintained at a constant level,

a simple relationship between the voltage and the current in

a circuit is revealed: as the voltage is increased, a greater

flow of current is observed. This direct relationship was

investigated theoretically by a German physicist named

Georg Ohm and is called Ohm’s law (see Figure 2.5).

Figure 2.5 Ohm’s law

Ohm’s law states that in a circuit at constant temperature

the ratio of the voltage to the current remains constant. The

slope of the line in Figure 2.5 represents the resistance of

the circuit, which is measured in units of ohms (Ω).

Algebraically, we can write Ohm’s law as

R =
V

I
orV = IR

Not all conductors obey Ohm’s law. If an object does not

have a linear relationship between voltage and current, it is



known as “nonOhmic.” Lightbulbs, semiconductors, and

liquid conductors, for example, do not.

Other factors also affect the resistance of a conductor. We

have already discussed the effects of temperature and

material type (resistivity). Resistivity is designated by the

Greek letter ρ (rho). In a wire, electrons try to move through,

interacting with the molecules that make up the wire. If the

wire has a small cross-sectional area, the chances of

interacting with a bound molecule increase and thus the

resistance of the wire increases. If the length of the wire is

increased, the greater duration of interaction time will also

increase the resistance of the wire. In summary, these

resistance factors all contribute to the overall resistance of

the circuit.

Algebraically, we may write these relationships (at

constant temperature) in the following form:

R =
ρL

A

where L is the length in meters and A is the cross-sectional

area in units of m2. The material-specific resistivity (ρ) is

measured in units of ohm · meters (Ω · m) and is usually

rated at 20 degrees Celsius.

In Table 2.1, the resistivities of various materials are

presented. Since the ohm is a standard (SI) unit, be sure

that all lengths are in meters and areas are in square

meters.

Table 2.1



Resistivities of Selected Materials at 20°C*

Substance Resistivity, ρ (Ω · m)

Air ∼2 × 1014

Aluminum 2.83 × 10−8

Carbon 3.5 × 10−5

Copper 1.69 × 10−8

Glass ∼1 × 1013

Gold 2.44 × 10−8

Quartz 7 × 1017

Silicon 6.4 × 102

Silver 1.59 × 10−8

Tungsten 5.33 × 10−8

Wood ∼1 × 1015

*Note: Just by looking at the order of magnitude of these

resistivities, it is easy to pick out good materials for

conductors and insulators.



SAMPLE PROBLEM

Copper wire is being used in a circuit. The wire is 1.2 m

long and has a cross-sectional area of 1.2 × 10−8 m2 at

a constant temperature of 20°C.

(a) Calculate the resistance of the wire.

(b) If the wire is connected to a 10-V battery, what

current will flow through it?

Solution

(a) We use

(b) Now, we use Ohm’s law

I =
V

R
=

10V

1.69Ω
= 5.9A

ELECTRIC POWER AND ENERGY

Electrical energy can be used to produce light and heat.

Electricity can do work to turn a motor. Having measured the

voltage and current in a circuit, we can determine the

amount of power and energy being produced in the

following way. The units of voltage (potential difference) are

joules per coulomb (J/C) and are a measure of the energy

supplied to each coulomb of charge flowing in the circuit.

R = ρL/Awhere in this case, ρ is the resistivity at 20°C

R =
(1.69×10−8Ω⋅m)(1.2m)

1.2×10−8m2 = 1.69Ω



The current, I, measures the total number of coulombs per

second flowing at any given time. The product of the voltage

(V) and the current (I) is therefore a measure of the total

power produced since the units will be joules per second

(watts):

p = V I

Unit analysis

(
J

c
) × (

c

s
) =

J

s
= watt

Derivation

The electrical energy expended in a given time t (in

seconds) is simply the product of the power and the time:

Energy = pt = V It

P = work
time

= qV
t

= ( q
t )v

= IV



SAMPLE PROBLEM

How much energy is used by a 10-Ω resistor connected

to a 24-V battery for 30 minutes?

Solution

We know that the energy is given by E = VIt = (V2/R)t,

where t must be in seconds.

Thus,

E =
(24V )2 (1, 800s)

10Ω
= 1, 036, 800J

TIP

Many problems in physics have an assumption

of constant voltage. For example, any appliance

that is deriving its electrical power from a wall

plug has a set voltage (120V in the United

States). Any appliance being run on batteries

will also have the fixed voltage of the battery at

all times. So, although in general the voltages

may vary, oftentimes the voltage can be

assumed to be fixed in a given problem.



KIRCHHOFF’S RULES

Two very important conservation laws underlie all of the

circuit analysis that this chapter is about to explore:

conservation of charge and conservation of energy. Gustav

Kirchhoff first applied these to circuits and gave us the

following rules for circuits:

1. The junction rule: The total current coming into a

junction must equal the total current leaving the

junction. (Charge must be conserved.)

2. The loop rule: The total voltage drops and gains must

total to zero as you travel around any closed loop of a

circuit. (Energy must be conserved.) Traveling across a

resistor with the current is a voltage drop, against the

current a gain. Traveling across a battery from negative

to positive is a voltage gain and from positive to

negative is a voltage drop.

SAMPLE PROBLEM

What is the current in the top path of the following

section of a circuit?

Solution

Since the current coming into junction A on the left is 9

amps, a total of 9 amps must be leaving. Since the



other two branches are carrying away 8 amps total, 1

amp is left for the missing pathway.

SAMPLE PROBLEM

How much voltage drops across each resistor in this

picture?

Solution

If we trace a loop starting at the bottom right-hand

corner and go counterclockwise, we encounter the

following voltage changes, which must sum to zero:

+9 V + R1 − 5 V + 2 V = 0

Solving for R1 gives us −6 V. This means current is

going from right to left in this resistor, as we traced

through this resistor from right to left to obtain the

decrease in voltage result. (Recall that current goes

from high voltage to low voltage.)



Series Circuits

A series circuit consists of two or more resistors sequentially

placed within one circuit. More generally, elements on the

same path within a more complicated circuit are “in series

with each other.” An example is seen in Figure 2.6.

Figure 2.6 Series Circuit

We need to ask two questions. First, what is the effect of

adding more resistors in series to the overall resistance in

the circuit? Second, what effect does adding the resistors in

series have on the current flowing in the circuit?

One way to think about this circuit is to imagine a series

of doors, one after the other. As people exit through one

door, they must wait to open another. The result is to drain

energy out of the system and decrease the number of

people per second leaving the room. In an electric circuit,

adding more resistors in series decreases the current (with

the same voltage) by increasing the resistance of the circuit.

Algebraically, all of these observations can be

summarized as follows. In resistors R1, R2, and R3, we have

currents I1, I2, and I3. Each of these three currents is equal to

each other current and to the circuit current I:



I = I1 = I2 = I3

However, the voltage across each of these resistors is less

than the source voltage V. If all three resistors were equal,

each voltage would be equal to one-third of the total source

voltage. In any case, we have

V = V1 = V2 = V3

Using Ohm’s law (V = IR), we can rewrite this expression as

IR = I1R1 + I2R2 + I3R3

However, the three currents are equal, so they can be

canceled out of the expression. This leaves us with

R = R1 = R2 = R3

In other words, when resistors are added in series, the

equivalent resistance of the circuit increases as the sum of

all the resistances. This fact explains why the current

decreases as more resistors are added. In our example, the

equivalent resistance of the circuit is

1 Ω + 2 Ω + 3 Ω = 6 Ω



Since the source voltage is 12 V, Ohm’s law provides for a

circuit current of 12/6 = 2 A. The voltage across each

resistor can now be determined from Ohm’s law since each

gets the same current of 2 A. Thus,

The voltages in a series circuit add up to the total, and not

unexpectedly we have

2 V + 4 V + 6 V = 12 V

It should be noted that, when batteries are connected in

series (positive to negative), the effective voltage increases

additively as well.

Parallel Circuits

A parallel circuit consists of multiple pathways connected

from one point to another, all experiencing the same

potential difference. An example of a parallel circuit is seen

in Figure 2.7.

Figure 2.7 Parallel Circuit

V1 = (1)(2) = 2V; V2 = (2)(2) = 4V; V3 = (3)(2) = 6V



In this circuit, a branch point is reached in which the

current I is split into I1 and I2. Since each resistor is

connected to a common potential point, experiments verify

that the voltage across each resistor equals the source

voltage V. Thus, in this circuit it is the current that is shared;

the voltage is the same. Another feature of the parallel

circuit is the availability of alternative paths. If one part of

the circuit is broken, current can flow through the other

path. While each branch current is less than the total circuit

current I, the effect of adding resistors in parallel is to

increase the effective circuit current by decreasing the

circuit resistance R.

To understand this effect further, imagine a set of doors

placed next to each other along a wall in a room. Unlike the

series connection (in which the doors are placed one after

the other), the parallel-circuit analogy involves placing the

doors next to each other. Even though each door will have

fewer people per second going through it at any given time,

the overall effect is to allow, in total, more people to exit

from the room. This is analogous to reducing the circuit

resistance and increasing the circuit current (at the same

voltage).

Algebraically, we can express these observations as

follows. We have two resistors, R1 and R2, with currents I1

and I2. Voltmeters placed across the two resistors would

indicate voltages V1 and V2, which would be essentially

equal to the source voltage V; that is, in this example,

V = V1 = V2



Ammeters placed in the circuit would reveal that the circuit

current I is equal to the sum of the branch currents I1 and I2;

that is,

I = I1 = I2

Using Ohm’s law, we see that

V

R
=

V1

R1
+

V2

R2

Since all voltages are equal, they can be canceled from the

expression, leaving us with the following expression for

resistors in parallel:

1

R
=

1

R1
+

1

R2

This expression indicates that the equivalent resistance is

determined “reciprocally,” which in effect reduces the

equivalent resistance of the circuit as more resistors are

added in parallel. If, for example, R1 = 10 Ω and R2 = 10 Ω,

the equivalent resistance is R = 5 Ω (in parallel)! It should be

noted that connecting batteries in parallel (positive to

positive and negative to negative) has no effect on the

overall voltage of the combination.



SAMPLE PROBLEM

A 20-Ω resistor and a 5-Ω resistor are connected in

parallel. If a 16-V battery is used, calculate the

equivalent resistance of the circuit, the circuit current,

and the amount of current flowing through each

resistor.

Solution

We know that the equivalent resistance is given by

1

Req
=

1

R1
+

1

R2
=

1

20Ω
+

1

5Ω

In this case, it is easily seen that Req = 4 Ω.

Thus, using Ohm’s law,

I =
V

Req
=

16V

4Ω
= 4A

To find the current in each branch, we recall that the

voltage drop across each resistor is the same as the

source voltage. In this case:

Notice that the total current is equal to 4 A as expected.

I20 = 16V
20Ω = 0.8A

I5 = 16V
5Ω = 3.2A



COMBINATION CIRCUITS

SAMPLE PROBLEM

In Figure 2.8, a circuit that consists of resistors in series

and parallel is presented. The key to reducing such a

circuit is to decide whether it is, overall, a series or

parallel circuit. In Figure 2.8, an 8-Ω resistor is placed in

series with a parallel branch containing two 4-Ω

resistors. The problem is to reduce the circuit to only

one resistor and then to determine the circuit current,

the voltage across the branch, and the current in each

branch.

Figure 2.8

Solution

To reduce the circuit and find the circuit resistance R,

we must first reduce the parallel branch. Thus, if Re is

the equivalent resistance in the branch, then

1

Re
=

1

4
+

1

4



This implies that Re = 2 Ω of resistance. The circuit can

now be thought of as a series circuit between a 2-Ω

resistor and an 8-Ω resistor. Thus,

R = 2 Ω + 8 Ω = 10 Ω

Since the circuit voltage is 20 V, Ohm’s law states that

the circuit current is

I =
V

R
=

20

10
= 2A

In a series circuit, the voltage drop across each resistor

is shared proportionally since the same current flows

through each resistor. Thus, for the branch,

V = IRe = (2)(2) = 4 V

To find the current in each part of the parallel branch,

we recall that in a parallel circuit the voltage is the

same across each resistor. Thus, since the two resistors

are equal, each will get half of the circuit current; thus,

each current is 1 A. Note how we used Kirchhoff’s rule.

CAPACITORS IN CIRCUITS

Capacitors in Series

We know from Chapter 1 that the capacitance of a parallel-

plate capacitor is given by C = Q/V. Suppose we have a

series of capacitors connected to a potential difference V as

shown in Figure 2.9.



Figure 2.9 Capacitors in Series

In this circuit, the magnitude of the charge must be the

same on all plates, so that portion must remain neutral. In

order to remain neutral, any negative charges drawn to the

right-hand side of C1 will leave an equivalent amount of

positive charge on the left-hand side of C2. Additionally, the

voltage across each capacitor is shared proportionally so

that V1 + V2 = V (just like the situation with resistors in

series). Thus,

Q

C1
+

Q

C2
=

Q

C

and

Note that this is the opposite of the relationship for resistors

in series. Be sure not to confuse them!

Capacitors in Parallel

A parallel combination of capacitors is shown in Figure 2.10.

1
C1

+ 1
C2

= 1
C

(for a series combination)



Figure 2.10 Capacitors in Parallel

In this circuit, the current branches off, and so each

capacitor is charged to a different total charge, Q1 and Q2.

The equivalent total charge is Q = Q1 + Q2, and the voltage

across each capacitor is the same as the source emf

voltage. Thus,

CV = C1V + C2V

and

Note that this is the opposite of the relationship for resistors

in parallel.

Capacitors and Resistors in a Circuit

If there is both a capacitor and a resistor in a circuit, then

there is a time-varying current as the capacitor “charges up”

or “discharges.” A typical RC circuit consists of a resistor and

C = C1 + C2 (for a parallel combination)



a capacitor connected in series together with a switch and a

battery (see Figure 2.11).

Figure 2.11 An RC Circuit

When the switch is closed, current flows through the

resistor given by Ohm’s law:

I =
VBattery

R

As the capacitor (with capacitance C) becomes charged, a

potential difference (VC) appears across it because of the

charge on the capacitor (QC), given by

VC =
QC

C

The current begins to decrease as the potential difference

across the capacitor increases since there is less voltage

available for the resistor. (Recall from Kirchhoff that VBattery

= VR + VC.) A graph of the increase in charge versus time for

the capacitor is sketched in Figure 2.12.



Figure 2.12 Charging of a Capacitor

SAMPLE PROBLEM

What is the equivalent capacitance of a 5-F capacitor

and a 15-F capacitor connected in parallel?

Solution

We recall that in parallel, the total capacitance is equal

to the sum of the individual capacitances:

CT = C1 + C2 = 5F + 15F = 20 F

On the AP Physics 2 exam, students are required to solve

steady-state RC circuits. So students must understand

current and voltage everywhere once any charging or

discharging of capacitors is complete. This simplifies matters

considerably as a fully charged capacitor does not allow any

current to flow through the pathway it is on as it can no

longer accept any additional charges.

SAMPLE PROBLEM



Given the values for the circuit components arranged as

above, determine the steady-state solution for (a)

charge on, (b) potential difference across, and (c)

current through for each component.

DC power supply = 9 V R1 = 4.5 ohms C1 = C2 = 18

μF C3 = 9 μF

Solution

Once the capacitors are fully charged, no current will be

flowing through the central wires to the capacitors,

allowing us to solve part (c) quickly:

I (for any of the capacitors) = 0 A

Since no current is flowing through any of the

capacitors, the resistor and power supply are effectively

in series.

IR1 = Ipower supply = V /R = 9/4.5 = 2A

Capacitor C1 is in parallel with the power supply, so C1

will receive the full 9 V (as does R1). Capacitors C2 and

C3 must split the 9 volts between them.

VR1 = VC1 = VC2 + VC3 = 9 V

Resistors never accumulate charge, so QR1 = 0.



Knowing the voltage across C1 allows us to solve for its

charge quickly:

QC1 = CV = (18 μF)(9 V) = 162 μC

Recall that μ is simply the metric prefix micro-, which

equals 10−6. For C2 and C3, we must first determine

their equivalent capacitance

This equivalent capacitance would draw an amount of

charge of:

Q = CV = (6 μF)(9 V) = 54 μC

Since this is the amount of charge drawn into the

pathway containing both C2 and C3, the top plate of C2

and the bottom plate of C3 must receive exactly this

much charge, giving us:

QC2 = QC3 = 54 μC

This result allows us to figure out how the 9 volts are

distributed across C2 and C3:

V = Q/C

VC2 = 54 μC/18 μF = 3 V

VC3 = 54 μC/9 μF = 6 V

1
Cequ

= 1
C2 + 1

C3 = 1
18 + 1

9

Cequ = 6μF



ELECTRICAL ENERGY IS POTENTIAL ENERGY

Many students of physics can get confused about the basic

fact that the current going into a resistor is the same as the

current coming out of the resistor. How can this be when the

electrons have lost energy as the resistor heated up or gave

off light? The conflict arises because many students are

imagining the energy of the moving electrons as being

kinetic energy. The energy in circuits, however, is electrical

potential energy! The electrical potential energy is carried in

the electric and magnetic fields associated with the moving

charges. The electrons going into the resistor are spaced

differently going into the resistor than they are when they

are coming out. Even though the number of electrons

passing per second, and hence their average speed (drift

velocity), is the same before and after, the fields associated

with their relative positions are completely different. Recall

that all potential energies are energies of physical

relationship between two or more interacting objects. Just as

five fully extended rubber bands moving past you at 5 mph

have more total energy than the same five slack rubber

bands moving past you at the same speed, the slightly

closer-spaced electrons before they enter the resistor have

more energy than the slightly farther apart electrons leaving

the resistor.

The purest example of this field energy for electricity is in

electromagnetic radiation (or light). The light travels without

any charges (or mass for that matter). Yet the light is

demonstrably carrying energy in its fields as it goes from

one place to another. Parallels can be made with other

potential energies. The gravitation potential of a rock held

above the ground is not actually stored within the rock itself

but, rather, in the gravitational field between the rock and

Earth. The elastic energy of a stretched spring does not

belong to the block at the end of the spring but is in the

stretched or compressed spring itself. The nuclear energy



released or absorbed in nuclear reactions is not contained in

the individual nucleons but in the fields exchanged between

them in the form of the strong nuclear forces binding them

together.

Almost all of the energy-releasing reactions we rely on in

life come from a system moving from a state of negative

potential energy (a weak bond) to a more negative potential

energy state (a stronger bond). See Figure 2.13.

Figure 2.13 Binding Energies Are Negative

EXAMPLES:

GRAVITATIONAL ENERGY: A falling rock is gaining

kinetic energy as it moves from being farther away from

Earth to being closer to Earth (a strong gravitational

bond).

CHEMICAL ENERGY: An exothermic reaction releases

energy by moving from a weak chemical bond (small

negative electrical potential energy) to a stronger

chemical bond (bigger negative electrical potential

energy).



NUCLEAR ENERGY: An energy-releasing fusion or fission

reaction is one in which the daughter nuclei have strong

nuclear bonds (larger negative nuclear potential energies)

than the original nuclei did.

SUMMARY

■ Electric current is a measure of the flow of charge in

units of amperes (1 A = 1 C/s).

■ The conventional current is based on the direction of

positive charge flow.

■ Ohm’s law states that at constant temperature the

ratio of voltage and current is a constant in a

conductor (V/I = R).

■ Electrical resistance is based on the material used

(“resistivity”), the length, and the cross-sectional area

at constant temperature (R = ρL/A).

■ Ammeters measure current and are placed “in

series” within the circuit.

■ Voltmeters measure potential difference (voltage)

and are placed in parallel (across segments of the

circuit).

■ A closed path and a source of potential difference

are needed for a simple circuit.

■ Resistors connected in series have an equivalent

resistance equal to their numerical sum (Req = R1 +

R2).

■ Resistors connected in parallel have an equivalent

resistance equal to their reciprocal sum [1/Req =

(1/R1) + (1/R2)].

■ If capacitors are connected in series, then their

equivalent capacitance is equal to their reciprocal



sum (the opposite of resistors).

■ If capacitors are connected in parallel, then their

equivalent resistance is equal to their numerical sum

(the opposite of resistors).

■ In the steady state of being fully charged, capacitors

act as an open circuit stopping current from flowing

down their pathway.

■ Kirchhoff’s rules describe the flow of current in circuit

branches and the changes in voltage around loops.

Problem-Solving Strategies for Electric Circuits

Several techniques for solving electric circuit problems

have been discussed in this chapter. For resistances with

one source of emf, we use the techniques of series and

parallel circuits. Ohm’s law plays a big role in measuring

the potential drops across resistors and the

determination of currents within the circuit.

When working with a combination circuit, try to reduce

all subbranches first, as well as any series combinations.

The goal is to be left with only one equivalent resistor

and then use Ohm’s law to identify the various missing

quantities. Drawing a sketch of the circuit (if one is not

already provided) is essential. Also, the direction of

current is taken from the positive terminal of a battery.

This is opposite to the way that electrons actually move!

PRACTICE EXERCISES

1. How many electrons are moving through a current of 2

A for 2 s?

(A) 3.2 × 10−19

(B) 6.28 × 1018



(C) 4

(D) 2.5 × 1019

2. How much electrical energy is generated by a 100-W

lightbulb turned on for 5 min?

(A) 20 J

(B) 500 J

(C) 3000 J

(D) 30,000 J

3. What is the equivalent capacitance of the circuit shown

below?

(A) 2 F

(B) 5 F

(C) 8 F

(D) 10 F

Answer questions 4 and 5 based on the circuit below:



4. If the current in the battery above is 4 A, then the power

consumed by resistor R is

(A) 6 W

(B) 7 W

(C) 18 W

(D) 24 W

5. What is the value of resistor R in the circuit above?

(A) 4 Ω

(B) 3 Ω

(C) 5 Ω

(D) 6 Ω

6. A 5-Ω and a 10-Ω resistor are connected in series with

one source of emf of negligible internal resistance. If the

energy produced in the 5-Ω resistor is X, then the

energy produced in the 10-Ω resistor is

(A) X

(B) 2X

(C) X/2

(D) X/4

7. Four equivalent lightbulbs are arranged in a circuit as

shown below. Which bulb(s) will be the brightest?



(A) A

(B) B

(C) C

(D) D

8. A 60-Ω resistor is made by winding platinum wire into a

coil at 20°C. If the platinum wire has a diameter of 0.10

mm, what length of wire is needed?

9. Based on the circuit shown below:

(a) Determine the equivalent resistance of the circuit.

(b) Determine the value of the circuit current I.

(c) Determine the value of the reading of ammeter A.

(d) Determine the value of the reading of voltmeter V.



10. Compare the brightness of two identical bulbs

connected in series to their brightness when connected

in parallel to the same battery. How does the power

consumption of the battery compare?

11. You have five 2-Ω resistors. Explain how you can

combine them in a circuit to have equivalent

resistances of 1, 3, and 5 Ω.

12. A laboratory experiment is performed using lightbulbs

as resistors. After a while, the current readings begin to

decline. What can account for this?

ANSWERS EXPLAINED

1. (D) By definition, 1 A of current measures 1 C of charge

passing through a circuit each second. One coulomb is

the charge equivalent of 6.28 × 1018 electrons. In this

question, we have 2 A for 2 s. This is equivalent to 4 C

of charge or 2.5 × 1019 electrons.

2. (D) Energy is equal to the product of power and time. The

time must be in seconds; 5 min = 300 s. Thus

Energy = (100)(300) = 30,000 J

3. (A) We reduce the parallel branch first. In parallel,

capacitors add up directly. Thus, C1 = 4 F. Now, this

capacitor would be in series with the other 4-F

capacitor. In series, capacitors add up reciprocally; thus

the final capacitance is

1

C
=

1

4
+

1

4



This implies that C = 2 F.

4. (A) In a parallel circuit, all resistors have the same

potential difference across them. The branch currents

must add up to the source current (4 A, in this case).

Thus, using Ohm’s law, we can see that the current in

the 2-Ω resistor is I = 6/2 = 3 A. Thus, the current in

resistor R must be equal to 1 A. Since P = VI, the power

in resistor R is

P = (6)(1) = 6 W

5. (D) Using Ohm’s law, we have,

R =
V

I
=

6

1
= 6Ω

6. (B) In a series circuit, the two resistors have the same

current but proportionally shared potential differences.

Thus, since the 10-Ω resistor has twice the resistance of

the 5-Ω resistor in series, it has twice the potential

difference. Therefore, with the currents equal, the 10-Ω

resistor will generate twice as much energy, that is, 2X,

when the circuit is on.

7. (D) The fact that all the resistors (bulbs) are equal means

that the parallel branch will reduce to an equivalent

resistance less than that of resistor D. The remaining

series circuit will produce a greater potential difference

across D than across that equivalent resistance. With

the currents equal at that point, resistor D will generate

more power than the equivalent resistance. Thus, with

the current split for the actual parallel part, even less

energy will be available for resistors A, B, and C. Bulb D

will be the brightest.

8. The formula we want to use is



R =
ρL

A

From Table 2.1, the resistivity of platinum at 20°C is

equal to

ρ = 10.4 × 10−8 Ω · m

The resistance needed is R = 60 Ω. We need the cross-

sectional area. The diameter of the wire is 0.10 mm, so

the radius of the wire must be equal to

r =
diameter

2
= 0.05mm = 0.00005m

The cross-sectional area is

A = πr2 = π(0.00005m)2 = 7.85 × 10−9m2

The length of the wire is therefore

9. (a) The first thing we need to do is to reduce the series

portion of the parallel branch. The equivalent

resistance there is 8 Ω + 2 Ω = 10 Ω. Now, this

resistance is in parallel with the other 10-Ω resistor.

The equivalent resistance is found to be 5 Ω for the

entire parallel branch. This equivalent resistance is

in series with the other 5-Ω resistor, making a total

equivalent resistance of 10 Ω.

60Ω =
(10.4×10−8⋅Ω⋅m)/L

(7.85×10−9m2)

L = 4.53m



(b) We can determine the circuit current using Ohm’s

law:

I =
V

R
=

40

10
= 4A

(c) To determine the reading of ammeter A, we must

first understand that the potential drop across the

5-Ω resistor on the bottom is equal to 20 V since

V = IR = (4)(5) = 20

Now, the equivalent resistance of the parallel branch

is also 5 Ω, and therefore across the entire branch

there is also a potential difference of 20 V (in a

series circuit, the voltages must add up—in this

case, to 40 V). In a parallel circuit, the potential

difference is the same across each portion. Thus, the

10-Ω resistor has 20 V across it. Using Ohm’s law,

we find that this implies a current reading of 2 A for

ammeter A.

(d) If, from part (c), ammeter A reads 2 A, the top

branch must be getting 2 A of current as well (since

the source current is 4 A). Thus, using Ohm’s law,

we can find the voltage across the 8-Ω resistor:

V = IR = (2)(8) = 16 V

10. Bulb brightness is determined by the power consumed,

P = IV, for each bulb.

The two bulbs in series will have to split the voltage of

the battery. Also, the two bulbs in series will receive half

the current since they have doubled the resistance of

their path. Combining these two effects, the power



(brightness) of each bulb is one fourth that of a single

bulb attached to the same battery.

The two bulbs in parallel will each have the full voltage

of the battery and the full current of the battery.

Therefore each bulb burns just as bright as a single bulb

attached to the same battery.

Since the bulbs in parallel are four times brighter, the

battery will lose energy at four times the rate.

11. An equivalent resistance of 1 Ω can be achieved by

connecting two 2-Ω resistors in parallel. An equivalent

resistance of 3 Ω can be achieved by connecting two 2-

Ω resistors in parallel and then connecting this system

to one 2-Ω resistor in series. The addition of one more

2-Ω resistor in series to the combination above achieves

an equivalent resistance of 5 Ω.

12. Lightbulbs produce their luminous energy by heating up

the filament inside them. Thus, after a while, this

increase in temperature reduces the current flowing

through them since the resistance has increased.



Magnetism and Electromagnetism

3

KEY CONCEPTS

➜ MAGNETIC FIELDS AND FORCES

➜ MAGNETIC FORCE ON A MOVING CHARGE

➜ MAGNETIC FIELDS DUE TO CURRENTS IN WIRES

➜ MAGNETIC FORCE BETWEEN TWO WIRES

➜ INDUCED MOTIONAL EMF IN A WIRE

➜ MAGNETIC FLUX AND FARADAY’S LAW OF

INDUCTION

MAGNETIC FIELDS AND FORCES

When two statically charged point objects approach each other, each

exerts a force on the other that varies inversely with the square of

their separation distance. We can also state that one of the charges

creates an electrostatic field around itself, and this field transmits

the force through space.

When we have a wire carrying current, we no longer consider the

effects of static fields. A simple demonstration reveals that, when we

arrange two current-carrying wires parallel to each other so that the

currents are in the same direction, the wires will be attracted to each

other with a force that varies inversely with their separation distance

and directly with the product of the currents in the two wires. If the

currents are in opposite directions, the wires are repelled. Since this

is not an electrostatic event, we must conclude that a different force

is responsible.

The nature of this force can be further understood when we

consider the fact that a statically charged object, such as an amber

stone, cannot pick up small bits of metal. However, certain naturally

occurring rocks called lodestones can attract metal objects. The



lodestones are called magnets and can be used to magnetize

metal objects (especially those made from iron or steel).

If a steel pin is stroked in one direction with a magnetic lodestone,

the pin will become magnetized as well. If an iron rail is placed in the

earth for many years, it will also become magnetized. If cooling steel

is hammered while lying in a north-south line, it too will become

magnetized (heating will eliminate the magnetic effect). If the

magnetized pin is placed on a floating cork, the pin will align itself

along a general north-south line. If the cork’s orientation is shifted,

the pin will oscillate around its original equilibrium direction and

eventually settle down along this direction. Finally, if another magnet

is brought near, the “compass” will realign itself toward the new

magnet. This is illustrated in Figure 3.1.

Figure 3.1 Lining Up with Magnetic Fields

Each of these experiences suggests the presence of a magnetic

force, and we can therefore consider the actions of this force through

the description of a magnetic field (

→
B ). If a magnet is made in the

shape of a rectangular bar (see Figure 3.2), the orientation of a

compass, moved around the magnet, demonstrates that the

compass aligns itself tangentially to some imaginary field lines that

were first discussed by English physicist Michael Faraday. In general,

we label the north-seeking pole of the magnet as N and the south-

seeking pole as S. We also observe that these two opposite poles

behave in a similar way to opposite electric charges: like poles repel,

while unlike poles attract.

A fundamental difference between these two effects is that

magnet poles never appear in isolation. If a magnet is broken in two

pieces, each new magnet has a pair of poles. This phenomenon

continues even to the atomic level. There appear, at present, to be

no magnetic monopoles naturally occurring in nature. (New atomic



theories have postulated the existence of magnetic monopoles, but

none has as yet been discovered.)

Figure 3.2 Magnetic Fields Around a Bar Magnet

REMEMBER

A compass needle will align itself tangent to the external

magnetic field.

Small pieces of iron (called “filings”) can be used as miniature

compasses to illustrate the characteristics of the magnetic field

around magnets made of iron or similar alloys. The ability of a metal

to be magnetized is called its permeability; substances such as iron,

cobalt, and nickel have among the highest permeabilities. These

substances are sometimes called ferromagnets.

In Figure 3.3, several different magnetic field configurations are

shown. By convention, the direction of the magnetic field is taken to

be from the north pole of the magnet to the south pole. Note that

magnetic field lines always form complete loops even if only the

external fields are shown in pictures.



Figure 3.3 Magnetic Fields Between Magnets

To really understand the source of these magnetic fields and

forces, we must examine the nature of the fields and forces

themselves. The sources of all magnetic fields are moving charges.

These magnetic fields, in turn, exert forces on only other moving

charges. In the following sections, we will explore how magnetic

forces are exerted on moving charges and then how the fields

themselves are generated by moving source charges. Are the

magnets discussed above somehow different? No, their magnetic

properties arise from the microscopic movement of charges with the

individual atoms within (specifically, both the intrinsic angular

momentum of the electron itself and its angular momentum about

the nucleus). Charges give rise to both electric and magnetic fields:

Charge Produces

All charges Electric fields

Moving

charges

Magnetic fields

Accelerating

charges

Changing electric and magnetic fields

(electromagnetic radiation)

MAGNETIC FORCE ON A MOVING CHARGE

If a moving electric charge enters a magnetic field, it will experience

a force that depends on its velocity, charge, and orientation with

respect to the field. The force will also depend on the magnitude of

the magnetic field strength (designated as B algebraically). The



magnetic field is a vector quantity, just like the gravitational and

electrical field strengths.

Experiments with moving charges in a magnetic field reveal that

the resultant force is a maximum when the velocity, v, is

perpendicular to the magnetic field and zero when the velocity is

parallel to the field. With this varying angle of orientation θ and a

given charge Q, we find that the magnitude of the magnetic force is

given by:

F = BQv sin θ

For a current-carrying wire (I) of length ℓ:

F = BIℓ, sin θ

Figure 3.4 illustrates the right-hand rule.

Figure 3.4 Magnetic Forces Are Perpendicular

NOTE

Magnetic force and magnetic field are not in the same

direction.



SAMPLE PROBLEM

A wire 1.2 m long and carrying a current of 60 A is lying at right

angles to a magnetic field B = 5 × 10−4 T. Calculate the

magnetic force on the wire.

Solution

We use

F = BIℓ sin (90°) = (5 × 10−4 T)(60 A)(1.2 m)(1) = 0.036 N

Since the units of force must be newtons, the units for the

magnetic field strength B must be newton · seconds per coulomb ·

meter (N · s/C · m). Recall that the newton · second is the unit for an

impulse. We can think of the magnetic field as a measure of the

impulse given to 1 coulomb of charge moving a distance of 1 meter

in a given direction. Additionally, if we have a beam of charges, we

effectively have an electric current. The units (seconds per coulomb)

can be interpreted as the reciprocal of amperes, and so the strength

of the magnetic field in a current-carrying wire is given in units of

newtons per ampere · meter (N/A · m).

In the SI system, this combination is called a tesla; 1 tesla is equal

to 1 newton per ampere · meter. Thus, an electric current carries a

magnetic field. This is consistent with the earliest experiments by

Hans Oersted, who first showed that an electric current can influence

a compass. Oersted’s discovery, in 1819, established the new

science of electromagnetism.

The direction of the magnetic force is given by a “right-hand

rule” (Figure 3.5): Open your right hand so that your fingers point in

the direction of the magnetic field and your thumb points in the

direction of the velocity of the charges (or the current if you have a

wire). Your open palm will show the direction of the force.



Figure 3.5 Right-Hand Rule for Magnetic Force

Figure 3.6 illustrates that, if the velocity and magnetic field are

perpendicular to each other, the path of the charge in the field is a

circle of radius R. The direction, provided by the right-hand rule, is

the direction that a positive test charge would take. Thus, the

direction for a negative charge would be opposite to what the right-

hand rule predicted.

The circular path arises because the induced force is always at

right angles to the deflected path when the velocity is initially

perpendicular to the magnetic field. This path is similar to the

circular path of a stone being swung in an overhead horizontal circle

while attached to a string. Magnetic forces, like other centripetal

forces, can do no work because of their perpendicularity.

The force vectors in Figure 3.5 are actually coming out of the

page (straight toward the reader). It is hard to draw vectors

unambiguously showing direction in this third direction. There

is a convention to show arrows pointed straight out of the

page and into the page:

⊙ means out of the page

⊗ means into the page

In Figure 3.6, the magnetic field is out of the page (pointed

toward the reader), as indicated by the field of dots.



Figure 3.6 Magnetic Forces Can Be Centripetal

This relationship is given by:

Fc = mac = m
v2

R
= BQv

where m is the mass of the charge.

This relationship can be used to determine the radius of the path:

R = m
v

QB

We can use this expression to find the mass of the charge (as used

in a mass spectrograph):

m =
RQB

v



One way to determine the velocity of the charge, independent

from the mass, is to pass the charge through both an electric and a

magnetic field, as in a cathode ray tube. As shown in Figure 3.7,

careful adjustment of both fields (keeping the velocity perpendicular

to the magnetic field) can lead to a situation where the effect of one

field balances out the effect from the other and the charges remain

undeflected. In that case, we can write that the magnitudes of the

electric and magnetic forces are equal (FE = FB):

Eq = Bqv, which implies that the velocity v = E/B (independent of

mass)!

Figure 3.7 Combining Electric and Magnetic Forces

If the velocity is not perpendicular to the magnetic field when it

first enters, the path will be a spiral because the velocity vector will

have two components. One component will be perpendicular to the

field (and create a magnetic force that will try to deflect the path into

a circle), while the other component will be parallel to the field

(producing no magnetic force and maintaining the original direction

of motion). This situation is illustrated in Figure 3.8.



Figure 3.8 Spiraling in a Magnetic Field

SAMPLE PROBLEM 1

An electron (m = 9.1 × 10−31 kg) enters a uniform magnetic

field B = 0.4 T at right angles and with a velocity of 6 × 107 m/s.

(a) Calculate the magnitude of the magnetic force on the

electron.

(b) Calculate the radius of the path followed.

Solution

(a) We use

(b) We use

r =
(mv)

(Bq)
=

(9.1 × 10−31kg) (6 × 107m/s)

(0.4T) ( − 1.6 × 10−19C)
= 8.5 × 10−4m

SAMPLE PROBLEM 2

What is the magnetic force (magnitude and direction) of a

uniform length of wire of which only 50 cm is immersed in a

uniform magnetic field, as shown below? The current is 0.75 A,

while the magnetic field has a strength of 0.25 T. The wire and

the magnetic field intersect at an angle of 105 degrees.

Fm = Bqv

Fm = (0.4T) ( − 1.6 × 10−19C) (6 × 107m/s) = 3.8 × 10−12N



Solution

For the magnitude, use the formula

For the direction, use the right-hand rule to determine whether

the force is upward or downward. (Note: Magnetic forces must

always be perpendicular to both the field and the force. So up

and down are the only two options in this case.)

The magnetic force on the current-carrying wire is up.

MAGNETIC FIELDS DUE TO CURRENTS IN WIRES

A Long, Straight Wire

If a compass is placed near a long, straight wire carrying current, the

magnetic field produced by the current will cause the compass to

align tangent to the field. Placing the compass at varying distances

reveals that the strength of the field varies inversely with the

distance from the wire and varies directly with the amount of

current.

The shape of the magnetic field is a series of concentric circles

(Figure 3.9) whose rotational direction is determined by a right-hand

F = BIℓsinθ

F = (0.25) (0.75) (0.50)sin (105°) = 0.091N



rule: Grasp the wire with your right hand. If your thumb points in the

direction of the current, your fingers will curl around the wire in the

same direction as the magnetic field.

Figure 3.9 Magnetic Fields Around a Current

The magnitude of the magnetic field strength at some distance r

from the wire is given by

B =
μI

2πr

where μ is the permeability of the material around the wire in units

of newtons per square ampere (Tm/A). In air, the value of µ is

approximately equal to the permeability of a vacuum:

μ0 = 4π × 10−7 Tm

A

This equation is therefore usually written in the form

B =
μOI

2πr

TIP



Only μ0 will be used on the AP Physics 2 exam.

A Loop of Wire

Imagine a straight wire with current that has been bent into the

shape of a loop with radius r. Each of the circular magnetic fields

now interacts in the center of the loop. In Figure 3.10, we see that

the sum or superpositioning of all these contributing magnetic fields

produces one concentrated field, pointing inward or outward in the

middle.

Figure 3.10 Right-Hand Rule for Currents

The general direction of the emergent magnetic field is given by a

right-hand rule: Point the thumb of your right hand in the direction of

the current. Your fingers will curl in the direction of the magnetic field

lines as they circle around the current.

If the loop consists of N turns of wire, the magnetic field strength

will be increased N times. The magnitude of the field strength, at the

center of the loop (of radius r), is given by

B =
μ0NI

2r



The strength of the field can also be increased by changing the

permeability of the core. If the wire is looped around iron, the field is

stronger than if the wire were looped around cardboard. Also, if the

loop’s radius is smaller, the field is more concentrated at the center

and thus stronger.

If the loop described in Figure 3.10 is stretched out to a length L, in

the form of a spiral, we have what is called a solenoid (Figure 3.11).

This is the basic form for an electromagnet, in which wire is wrapped

around an iron nail and then connected to a battery. The strength of

the field will increase with the number of turns, the permeability of

the core, and the amount of current in the wire. The field inside the

solenoid is uniform and given by:

B = μ0
N

L
I

Figure 3.11 Right-Hand Rule for Solenoids

The direction of the magnetic field is given by another right-hand

rule: Grasp the solenoid with your right hand so that your fingers curl

in the same direction as the current. Your thumb will point in the

direction of the emergent magnetic field.



SAMPLE PROBLEM

What is the strength of the magnetic field at a point 0.05 m

away from a straight wire carrying a current of 10 A?

Solution

We use

B =
μ0I

2πr
=

(4π × 10−7N/A2) (10A)

(2π) (0.05m)
= 4 × 10−5T

Multiple Sources of Magnetism

What if there are several sources of magnetism in the same

problem? The principle of superposition applies. Just like finding the

net force, the net electric field, or the net gravitational field in a

multiple-force problem, you must add (vector addition!) the fields

from each source to find the net field at that location. This net

magnetic field is the one used to determine any forces being applied

to moving charges in the region. Recall that magnetic sources cannot

apply magnetic forces to themselves!

MAGNETIC FORCE BETWEEN TWO WIRES

Imagine that you have two straight wires with currents going in the

same direction (Figure 3.12). Each wire creates a circular magnetic

field around itself so that, in the region between the wires, the net

effect of each field is to weaken the other field relative to the other

side. Although the resulting field around the two wires is found by

adding the two magnetic fields produced by the two wires, each wire

feels a force due to the other wire’s magnetic field alone. Use the

right-hand rule twice in a row to determine the force on each wire:

thumb in direction of current, finger curl in direction of B-field. The

first time is to determine the direction of the magnetic field in which

the wire is immersed. The second time is to determine the force the



wire feels in response to that magnetic field (see Figure 3.5). Note

that the two wires form a Newton’s third law pair, and their mutual

magnetic forces are equal and opposite.

TIP

Currents in the same direction will attract; opposite

currents will repel.

Figure 3.12 Magnetic Forces Between Currents

If the current in one wire is reversed, both forces will change

directions, and the wires will repel each other.

The magnitude of the force between the wires, at a distance r, can

be determined if we consider the fact that one wire sets up the

external field that acts on the other. If we want the magnetic force on

wire 2 due to wire 1, we can write

B1 =
μ0I1

2πr

Since F = BIL, we can write



F12 =
μ0I1I2L

2πr

where r is the distance between the wires.

INDUCED MOTIONAL EMF IN A WIRE

We know from Oersted’s experiments, mentioned previously, that a

current in a wire generates a magnetic field. We also know that the

field of a solenoid approximates that of an ordinary bar magnet. A

third fact is that the magnetic property of a material (called its

permeability) influences the strength of its magnetic field.

Additionally, the interactions between fields lead to magnetic forces

that can be used to operate an electric meter or motor.

A question can now be raised: Can a magnetic field be used to

induce a current in a wire? The answer, investigated in the early

nineteenth century by French scientist Andre Ampere, is yes.

However, the procedure is not as simple as placing a wire in a

magnetic field and having a current “magically” arise!

A simple experimental setup is shown in Figure 3.13. A horseshoe

magnet is arranged with a conducting wire attached to a

galvanometer. When the wire rests in the magnetic field, the

galvanometer registers zero current. If the wire is then moved

through the field in such a way that its motion “cuts across” the

imaginary field lines, the galvanometer will register the presence of a

small current. If, however, the wire is moved through the field in such

a way that its motion remains parallel to the field, again no current is

present. This experiment also reveals that a maximum current, for a

given velocity, occurs when the wire moves perpendicularly through

the field (which suggests a dependency on the sine of the orientation

angle).



Figure 3.13 Induced Current from Motion

The phenomenon described above is known as electromagnetic

induction. The source of the induced current is the establishment of

a motional emf due to the change in something called the

magnetic flux, which we will define shortly.

If the wire is moved up and down through the field in Figure 3.13,

the galvanometer shows that the induced current alternates back

and forth according to a right-hand rule. The fingers of the right hand

point in the direction of the magnetic field; the thumb points in the

direction of the velocity of the wire. Finally, the open palm indicates

the direction of the induced current.

Now, since a parallel motion through the field implies no induced

current, if the wire is moved at any other angle, only the

perpendicular component contributes to the induction process. Recall

that, if v is a perpendicular velocity component, F = Bqv is the

expression for the magnitude of the induced magnetic force on a

charge q. Now, the wire in our situation contains charges that will

experience a force F if we can get them to move through an external

field. Physically moving the entire wire accomplishes this task. The

direction of the induced force, determined by the right-hand rule, is

along the length of the wire. If we let Q represent the total charge

per second, we can write

F = BQv

The charges experience a force as long as they are in the magnetic

field. This situation occurs for a length ℓ, and the work done by the

force is given by W = Fℓ. Thus



W = BQvℓ

The induced potential difference (emf) is a measure of the work done

per unit charge (W/Q), which gives us

emf = Bℓv

This emf is sometimes called a “motional emf,” since it is due to the

motion of a wire through a field.

An interesting fact about electromagnetic induction is that the

velocity in the above expression is a relative velocity; that is, the

induced emf can be produced whether the wire moves through the

field or the field changes over the wire! Additionally, an emf can be

induced even if there is no relative velocity as long as the magnetic

field is changing.

Figure 3.14 is a simple illustration of this effect.

Figure 3.14 Induction

In Figure 3.14, a bar magnet is thrust into and out of a coil in which

there are N turns of wire. The number of coils is related to the overall

length ℓ , in equation 1. The galvanometer registers the alternating

current in the coil as the magnet is inserted and withdrawn. Varying



the velocity affects the amount of current as predicted. Moving the

magnet around the outside of the coils generates only a weak

current. The concept of relative velocity is illustrated if the magnet is

held constant and the coil is moved up and down over the magnet.

In summary, an emf (or Δv) can be induced by any of the following:

ΔB, Δθ, or Δℓ

SAMPLE PROBLEM

What is the induced emf in a wire 0.5 m long, moving at right

angles to a 0.04-T magnetic field with a velocity of 5 m/s?

Solution

We use

MAGNETIC FLUX AND FARADAY’S LAW of Induction

In Figure 3.15, there is a circular region of cross-sectional area A. An

external magnetic field 

→
B  passes through the region at an angle θ to

the region. The perpendicular component of the field is given by

emf = Bℓv

emf = (0.04T) (0.5m) (5 m/s) = 0.1V



Figure 3.15 Magnetic Flux

What is flux? Imagine the loop pictured in Figure 3.15 as the

opening of a bucket and the field lines as streams of rain

coming down. The flux would be the measure of how much

water the bucket is actually capturing. Clearly, the amount of

rain (field strength), the size of the opening (area), and the

angle between them (determining the effective cross-

sectional area) are the determining factors!

The magnetic flux, Φ, is defined as the product of the perpendicular

component of the magnetic field and the cross-sectional area A:

Φ = BA cosθ

The unit of magnetic flux is the weber (Wb); 1 weber equals 1 tesla

per square meter.

On the basis of these ideas, the magnetic field strength is

sometimes referred to as the magnetic flux density and can be

expressed in units of webers per square meter (Wb/m2).

English scientist Michael Faraday demonstrated that the induced

motional emf (ε) was due to the rate of change of the magnetic flux.

We now call this relationship Faraday’s law of electromagnetic

induction and express it in the following way:

emf = ε = −(
ΔΦ

Δt
)

The negative sign is used because another relationship, known as

Lenz’s law, states that an induced current will always flow in a

direction such that its magnetic field opposes the magnetic field that

induced it. Lenz’s law is just another way of expressing the law of

conservation of energy. Consider the experiment in Figure 3.14.

When the magnet is inserted through the coil, an induced current

flows. This current, in turn, produces a magnetic field that is directed

either into or out of the coil, along the same axis as the bar magnet.

If the current had a direction such that the “pole” of the coil

attracted the pole of the bar magnet, more energy would be derived



from the effect than is possible in nature. Thus, according to Lenz’s

law, the current in the coil will have a direction so that the new

magnetic field will oppose the magnetic field of the bar magnet. The

more one tries to overcome this effect, the greater it becomes. The

opposition of fields in this way prevents violation of the conservation

of energy and can generate a large amount of heat in the process. If

the flux is decreasing, the induced emf (voltage) will be such that its

own magnetic field will add to the flux. If, on the other hand, the flux

is increasing, the induced emf will be such that its own magnetic

field will decrease the flux.

If there are N turns of wire in the coil, Faraday’s law becomes:

ε = −N (
ΔΦ

Δt
)

SAMPLE PROBLEM

A coil is made of 10 turns of wire and has a diameter of 5 cm.

The coil is passing through the field in such a way that the axis

of the coil is parallel to the field. The strength of the field is 0.5

T. What is the change in the magnetic flux? Also, if an average ε

of 2 V is observed, for how long was the flux changing?

Solution

The change in the magnetic flux is given by

ΔΦ = −BA = −Bπr2 = −(0.5)(3.14)(0.0025)2 = −9.8×10−4 Wb

The time is therefore given by

Δt = N (
ΔΦ

ε
) = 10(

9.8 × 10-4

2
) = 4.9 × 10-3s



SUMMARY

■ Magnets consist of both north and south poles.

■ Isolated magnetic poles do not exist (no monopoles of

magnets).

■ The ability of a metal to become magnetized is called

permeability.

■ Iron, cobalt, and nickel are metals with the highest

permeabilities. Magnets made from these materials are called

ferromagnets.

■ Magnetic field lines go from north to south and loop back on

themselves.

■ An electric charge moving in an external magnetic field has a

force induced on it. The direction of that force is determined

by a right-hand rule.

■ The path of a charged particle, traveling at right angles to an

external magnetic field, is a circle.

■ Metal wires carrying current generate magnetic fields. The

magnetic field directions around wires can be found using a

right-hand rule.

■ Two wires carrying current can become attracted or repelled,

depending on the directions of the currents.

■ The forces induced on wires with currents can be used to

make loops of wires spin in a motor or be controlled in an

electric meter.

■ A wire moving across an external magnetic field will have an

emf induced in it.

■ The induced ε will be a maximum if the wire cuts across the

magnetic field at right angles to it.

■ A wire moving parallel through an external magnetic field will

not have an ε induced in it.

■ Faraday’s law states that the induced ε is equal to the rate of

change of magnetic flux.

■ Lenz’s law states that an induced current will always flow in a

direction such that its magnetic field opposes the change in

magnetic flux that induced it.



Problem-Solving Strategies for Magnetism

The key to solving magnetic and electromagnetic field problems

is remembering the right-hand rules. These heuristics have been

shown to be useful in determining the directions of field

interaction forces. Memorize each one and become comfortable

with its use. Some rules are familiar in their use of fingers,

thumb, and open palm. Make sure, however, that you know the

net result. Drawing a sketch always helps.

Keeping track of units is also useful. The tesla is an SI unit and

as such requires lengths to be in meters and velocities to be in

meters per second (forces are in newtons). Most force

interactions are angle dependent and have maximum values

when two quantities (usually velocity and field or current and

field) are perpendicular. Be sure to read each problem carefully

and to remember that magnetic field 

→
B  is a vector quantity!

Problem-Solving Strategies for Electromagnetic Induction

When solving electromagnetic problems, keep in mind that

vector quantities are involved. The directions of these vectors are

usually determined by the right-hand rules. Additionally,

remember Lenz’s law: An induced current will always flow in

a direction such that its magnetic field opposes the

change in magnetic flux that induced it, which plays a role

in many applications.

When solving problems in electromagnetic induction, it is

important to remember the right-hand rules. Also, keep in mind

that the induced emf is proportional to the change in the

magnetic flux, not the magnetic field.

PRACTICE EXERCISES

1. A charge moves in a circular orbit of radius R due to a uniform

magnetic field. If the velocity of the charge is doubled, the

orbital radius will become

(A) 2R

(B) R



(C) R/2

(D) 4R

2. Inside a solenoid, the magnetic field

(A) is zero

(B) decreases along the axis

(C) increases along the axis

(D) is uniform

3. An electron crosses a perpendicular magnetic field as shown

below. The direction of the induced magnetic force is

(A) to the right

(B) to the left

(C) out of the page

(D) into the page

4. Three centimeters from a long, straight wire, the magnetic field

produced by the current is determined to be equal to 3 × 10−5 T.

The current in the wire must be

(A) 2.0 A

(B) 4.5 A

(C) 1.5 A

(D) 3 A

5. Magnetic field lines determine

(A) only the direction of the field

(B) the relative strength of the field

(C) both the relative strength and the direction of the field



(D) only the configuration of the field

6. What is the direction of the magnetic field at point A above the

wire carrying current?

(A) Out of the page

(B) Into the page

(C) Up the page

(D) Down the page

7. A bar magnet is pushed through a flat coil of wire. The induced

emf is greatest when

(A) the north pole is pushed through first

(B) the magnet is pushed through quickly

(C) the magnet is pushed through slowly

(D) the south pole is pushed through first

8. The magnetic flux through a wire loop is independent of

(A) the shape of the loop

(B) the area of the loop

(C) the strength of the magnetic flux

(D) the orientation of the magnetic field and the loop

9. A flat, 300-turn coil has a resistance of 3 Ω. The coil covers an

area of 15 cm2 in such a way that its axis is parallel to an

external magnetic field. At what rate must the magnetic field

change in order to induce a current of 0.75 A in the coil?

(A) 0.0075 T/s

(B) 2.5 T/s

(C) 0.0005 T/s

(D) 5 T/s

10. When a loop of wire is turned in a magnetic field, the direction of

the induced emf changes every



(A) one-quarter revolution

(B) two revolutions

(C) one revolution

(D) one-half revolution

11. A wire of length 0.15 m is passed through a magnetic field with

a strength of 0.2 T. What must be the velocity of the wire if an

emf of 0.25 V is to be induced?

(A) 8.3 m/s

(B) 6.7 m/s

(C) 0.0075 m/s

(D) 0.12 m/s

12. An electron is accelerated by a potential difference of 12,000 V

as shown in the following diagram. The electron enters a

cathode ray tube that is 20 cm in length, and the external

magnetic field causes the path to deflect along a vertical screen

for a distance y.

(a) What is the kinetic energy of the electron as it enters the

cathode ray tube?

(b) What is the velocity of the electron as it enters the cathode

ray tube?

(c) If the external magnetic field has a strength of 4 × 10−5 T,

what is the value of y? Assume that the field has a negligible

effect on the horizontal velocity.

13. A straight conductor has a mass of 15 g and is 4 cm long. It is

suspended from two parallel and identical springs as shown

below. In this arrangement, the springs stretch a distance of 0.3

cm. The system is attached to a rigid source of potential

difference equal to 15 V, and the overall resistance of the circuit



is 5 Ω. When current flows through the conductor, an external

magnetic field is turned on, and it is observed that the springs

stretch an additional 0.1 cm. What is the strength of the

magnetic field?

14. Explain why a bar magnet loses its magnetic strength if it is

struck too many times.

15. A horizontal conducting bar is free to slide along a pair of

vertical bars, as shown below. The conductor has length ℓ and

mass M. As it slides vertically downward under the influence of

gravity, it passes through an outward-directed, uniform

magnetic field. The resistance of the entire circuit is R. Find an

expression for the terminal velocity of the conductor (neglect

any frictional effects due to sliding).

16. A small cylindrical magnet is dropped into a long copper tube.

The magnet takes longer to emerge than the predicted free-fall

time. Give an explanation for this effect.



ANSWERS EXPLAINED

1. (A) The formula is

R =
mv

qB

If the velocity is doubled, so is the radius.

2. (D) Inside a solenoid, the effect of all the coils is to produce a

long, uniform magnetic field.

3. (D) Using the right-hand rule, we place the fingers of the right

hand along the line of the magnetic field and point the thumb in

the direction of the velocity. The palm points outward. However,

since the particle is an electron, and the right-hand rule is

designed for a positive charge, we must reverse the direction

and say that the force is directed inward (into the page).

4. (B) The formula is

B =
μ0l

2πr
=

(2 × 10−7)l

r

Recalling that r = 3 cm = 0.03 m, we substitute all the given

values to obtain I = 4.5 A.

5. (C) Magnetic field lines were introduced by Michael Faraday to

determine both the direction of the field and its relative strength

(a stronger field is indicated by a greater line density).

6. (A) As per the right-hand rule, point the thumb of your right hand

to the right (in the direction of the current) and notice that your

fingers will curve out of the page above the wire and into the

page below the wire.

7. (B) The motional emf is equal to Bℓv, where v is the velocity of

the bar magnet. Thus, the induced emf is greatest when the

magnet is pushed through quickly.

8. (A) The magnetic flux is independent of the shape of the wire

loop.



9. (D) The formula for the rate of change of magnetic flux is emf =

−N(ΔΦ/Δt). Using the given values and Ohm’s law, we get for

the magnitude of the flux change

(
ΔΦ

Δt
) =

(0.75) (3)

300
= 0.0075Wb/s

Our question concerns the rate of change of the magnetic field.

In a situation in which the axis of the coil is parallel to the

magnetic field, Φ = BA, where A = 0.0015 m2. Thus ΔB/Δt = 5

T/s.

10. (D) In an AC generator, the emf reverses direction every one-

half revolution. The flux through the loop switches from getting

bigger to getting smaller (Lenz’s law).

11. (A) The motional emf is given by emf = Bℓv. Thus, using the

given values, we find that v = 8.3 m/s.

12. (a) The kinetic energy of the electron is the product of its charge

and potential difference. Thus,

KE = (1.6 × 10−19) (12,000) = 1.92 × 10−15J

(b) The formula for the velocity, when the mass and kinetic

energy are known, is

v = √ 2KE

m
= √ (2) (1.92) × 10−15

9.1 × 10−31
= 6.5 × 107m/s

(c) The magnetic force will cause a downward uniform

acceleration, which can be found from Newton’s second law,

F = ma. The force will be due to the magnetic force, F =

qvB. Thus, a = qvB/m. Using our known values, we get

a = 4.57 × 1014m/s2

Now, for linear motion downward (recall projectile motion), y =

(1/2)at2. The time to drop y meters is the same time required to



go 20 cm (0.20 m), assuming no change in horizontal velocity.

Thus,

t =
x

v
=

0.20

6.5 × 107
= 3 × 10−9s

This implies that, upon substitution, y = 0.00205 m = 2.05 mm.

13. The effect of the conductor is to stretch both springs. Since we

have two parallel springs of equal force constant k, we know

from our work on oscillatory motion that the effective spring

constant is equal to 2k. Thus:

F = 2kΔx

where Δx = 0.003 m. Thus, the weight of the conductor is

W = mg = (0.015)(9.8) = 0.147 N

and k = 24.5 N/m. Now, the magnetic force, F = BIℓ (sin 90°), is

responsible for another elongation, x. Since F = kx, we have

(with both springs attached)

BIℓ = (24.5)(24.5) = 0.0490 N

The length of the conductor is 4 cm = 0.04 m; and using Ohm’s

law, we know that the current is I = 15/5 = 3 A. Thus, we find

that

B (3)(0.04) = 0.0490 implies B = 0.4 T

14. Striking a bar magnet or even heating it disrupts the magnetic

domains that have aligned to magnetize it, causing the magnet

to lose its strength.

15. Initially, the bar is accelerated downward by the force of gravity,

given by F = Mg. The resistance R, in conjunction with the

induced current I, produces an emf equal to IR and also to the

product Bℓv. The magnetic force due to the current I is given by

BIℓ. Combining all these ideas, we get that at terminal velocity

Mg = IℓB and I =
Bℓv

R



Thus

vt =
MgR

ℓ2B2

16. Copper is not highly magnetic. However, because of Lenz’s law,

the currents set up in the tube produce a magnetic field

opposing the new field carried by the magnet. The result is to

slow down the magnet’s terminal velocity, as compared to the

normal uniformly accelerated motion.
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KEY CONCEPTS

➜ ELECTROMAGNETIC WAVES

➜ REFLECTION

➜ REFRACTION

➜ APPLICATIONS OF LIGHT REFRACTION

➜ INTERFERENCE AND DIFFRACTION OF

LIGHT

ELECTROMAGNETIC WAVES

In Chapter 3, we reviewed aspects of electromagnetic

induction. In one example, we observed how the changing

magnetic flux in a solenoid can induce an electric field. This

mutual induction involves the transfer of energy through

space by means of an oscillating magnetic field.

Experiments in the late nineteenth century by German

physicist Heinrich Hertz confirmed what Scottish physicist

James Clerk Maxwell had asserted theoretically in 1864: that

oscillating electromagnetic fields travel through space as

transverse waves and that they travel with the same speed

as does light. See Figure 4.1.

TIP



Electromagnetic waves do not need a medium

through which to propagate. All

electromagnetic waves travel with the velocity

of light in a vacuum.

Figure 4.1 Electromagnetic Waves

Light is just one form of electromagnetic radiation that

travels in the form of transverse waves. We know that these

waves are transverse because they can be polarized (see

page 109). The speed of light in a vacuum is approximately

equal to 3 × 108 meters per second and is designated by

the letter c.

Recall that every portion of a traveling wave can be

modeled as a simple harmonic oscillator with its amplitude

(A) and frequency (f), such that its displacement, x, has the

motion of a sinusoidal function: x = A cos(2πft)

Frequency, period (T), and angular frequency (ω) are all

different ways of describing how quickly the oscillations

happen. They are related and result in two additional ways

of writing the function above:

Experiments by Sir Isaac Newton in the seventeenth

century showed that “white light,” when passed through a

prism, contains the colors red, orange, yellow, green, blue,

ω = 2πf and f = 1/T



and violet (abbreviated as ROYGBV). Each color of light is

characterized by a different wavelength and frequency. The

wavelengths range from about 3.5 × 10−7 meters for violet

light to about 7.0 × 10−7 meters for red. For short

wavelengths, the units nanometers (nm) are used; 1

nanometer is equal to 1 × 10−9 meters.

Unlike other electromagnetic waves, such as radio waves,

X rays, and infrared waves, light occupies a special place in

the electromagnetic spectrum because we can “see” it.

A sample electromagnetic spectrum is presented in Figure

4.2.

TIP

Make sure you know the correct order of the

electromagnetic spectrum.



Figure 4.2 Electromagnetic Spectrum

Since electromagnetic waves are “waves,” they all obey

the relationship

c = fλ



where c is the speed of light, discussed above. With this in

mind, gamma rays have frequencies in the range of 1025

hertz and wavelengths in the range of 10−13 meters. These

properties make gamma rays very small but very energetic.

REFLECTION

Reflection is the ability of light to seemingly bounce off a

surface. There are two kinds of reflections: specular and

diffuse. Specular reflections are reflections off of a smooth

surface. They preserve the relative orientation of incoming

light rays and are the primary type of reflection studied in

physics. If the surface is rough and uneven, the reflection is

said to be diffuse. The rays of incoming light are scattered in

different directions. Note that each reflected light ray in a

diffuse reflection is obeying the law of reflection. However,

the overall effect is the light diffuses because of the

microscopic variation in surface orientation. This

phenomenon does not reveal the wave nature of light, and

the notion of wavelength or frequency rarely enters into a

discussion of reflection. If light is incident on a flat mirror,

the angle of incidence is measured with respect to a line

perpendicular to the surface of the mirror and called the

normal.

In Figure 4.3, the law of reflection, which states that the

angle of incidence equals the angle of reflection, is

illustrated. Note that the angles of incidence and reflection

and the normal are all coplanar.

REMEMBER

The law of reflection states that the angle of incidence

is equal to the angle of reflection. Remember that the

angles are measured relative to the normal line.



Figure 4.3 Law of Reflection

Reflection helps explain the colors of opaque objects.

Ordinary light contains many different colors all blended

together (so-called white light). A “blue” object looks blue

because of the selective reflection of blue light due to the

chemical dyes in the painted material. White paper assumes

the color of the light incident on it because “white” reflects

all colors. Black paper absorbs all colors (and of course

nothing can be painted a “pure” color). If light of a single

wavelength can be isolated (using a laser, for example), the

light is said to be monochromatic. If all of the waves of

light are moving in phase, the light is said to be coherent.

Waves that match up peak to peak and trough to trough are

said to be in phase (referring to the phase offset in

sinusoidal functions). The fact that laser light is both

monochromatic and coherent contributes to its strength and

energy. (The word laser is an acronym for light amplification

by the stimulated emission of radiation.) REFRACTION

Place a pencil in a glass of water and look at the pencil from

the side. The apparent bending of the pencil is due to

refraction (Figure 4.4a). As with all waves, wave speed

depends on the medium. If light rays change speed as they

pass from one medium to another medium, the light

appears to bend toward or away from the normal. If there is

no change in speed, as when light passes from benzene to

Lucite, for example, there will be no refraction at any angle

(Figure 4.4b). If the light is incident at an angle of zero

degrees to the normal, there will again be no refraction,



whether or not there is a change in speed (Figure 4.4c),

since the entire wave front speeds up or slows down at the

same time.

Figure 4.4 Refraction Requires Angle and Change in

Speed

TIP

When light refracts, its frequency does not

change.

When light goes from one medium to another and slows

down, at an oblique angle, the angle of refraction will be

less than the angle of incidence, and we say that the light

has been refracted toward the normal. Notice, in Figure

4.4(a), that when the light reemerges into the air, it will be

parallel to its original direction but slightly offset. This is due

to the fact that the light is speeding up when it reenters the

air. In that case, the angle of refraction will be larger than

the angle of incidence, and we say that the light has been

refracted away from the normal. Remember that, if the

optical properties of the two media through which light

passes are the same, no refraction occurs since there is no



change in the speed of the light. In that case, the angle of

incidence will be equal to the angle of refraction (no

deviation).

The extent to which a medium is a good refracting

medium is measured by how much change there is in the

speed of light passing through it. This “physical”

characteristic is manifested by a “geometric” characteristic,

namely, the angle of refraction. The relationship between

these quantities is expressed by Snell’s law. With the angle

of incidence designated as θi and the angle of refraction as

θr, and with v1 the velocity of light in medium 1 (equal to c if

medium 1 or 2 is air) and v2 the velocity of light in medium

2, Snell’s law states that

sinθi
sinθr

=
V1

V2
=

N2

N1

The absolute index of refraction, N, is defined by

N = c/v

where v is the wave speed in medium N and c is the speed

of light in a vacuum (3.0 × 108 m/s). This gives us the usual

formula for Snell’s law:

N1 sin θ1 = N2 sin θ2



Note that when a change in medium dictates a change in

speed, the light’s frequency remains unchanged. The

frequencies of all waves are dictated by the source of the

wave. The wave speed and wavelength are determined by

the medium (see Table 4.1). The light’s wavelength is what

changes (to a new λN) to accommodate the new velocity

and to keep the wave equation true:

λNf = v

λN = λ/N

where λ is the wavelength in a vacuum.

Table 4.1

Absolute Indices of Refraction of

Selected Media

Substance Index of Refraction

Air (vacuum) 1.00

Water 1.33

Alcohol 1.36

Quartz 1.46

Lucite 1.50



Benzene 1.50

Glass  

Crown 1.52

Flint 1.61

Diamond 2.42

The particular colors of visible light all have specific

frequencies. When these colors are used in a refraction

experiment, they produce angles of refraction since they

travel at different speeds in media other than air (or a

vacuum). Substances that allow the frequencies of light to

travel at different speeds are called dispersive media. This

aspect of refraction explains why a prism allows one to see

a colored, “continuous” spectrum and, additionally, why red

light (at the low-frequency end) emerges on top (see Figure

4.5).

Figure 4.5 Prismatic Dispersion of Light

SAMPLE PROBLEM

A ray of light is incident from the air onto the surface of

a diamond (N = 2.42) at a 30° angle to the normal.



(a) Calculate the angle of refraction in the diamond.

(b) Calculate the speed of light in the diamond.

Solution

(a) We use Snell’s law:

b) We use

TOTAL INTERNAL REFLECTION

When light is refracted from a medium with a relatively

large index of refraction to one with a low index of

refraction, the angle of refraction can be quite large.

Figure 4.6 illustrates a situation in which the angle of

incidence is at some critical value θc such that the angle of

refraction equals 90 degrees (ray D). This can occur only

when the relative index of refraction is less than 1.00, i.e.,

the light is moving from a slower to a faster medium.

If the angle of incidence exceeds this critical value, the

angle of refraction will exceed 90 degrees and the light will

be 100% internally reflected, a phenomenon aptly called

total internal reflection (ray E). The ability of diamonds

to sparkle in sunlight is due to total internal reflection and a

N1sinθ1 = N2sinθ2

(1.00)sin (30°) = (2.42)sinθ2

θ2 = 12°

v = c
N

v =
3×108m/s

2.42 = 1.2 × 108m/s



relatively small critical angle of incidence (due to a

diamond’s high index of refraction). Fiber optics

communication, in which information is processed along

hair-thin glass fibers, works because of total internal

reflection.

Figure 4.6 Critical Angle and Total Internal Reflection

The critical angle can be determined from the relationship

If θ > θc, total internal reflection occurs.

SAMPLE PROBLEM

(a) Find the critical angle of incidence for a ray of light

going from a diamond to air.

(b) Find the critical angle of incidence for a ray of light

going from a diamond to water.

Solution

(a) We use



(b) We again use

INTERFERENCE AND DIFFRACTION OF LIGHT

When a wave encounters a boundary, the wave appears to

bend around the corners of the boundary. This effect, known

as diffraction, occurs because at the corners the wave

behaves like a point source and creates circular waves.

These waves, because of their shape, reach behind the

corners, and this continuous effect gives the illusion of wave

bending. In Figure 4.7(a), we observe a series of straight

waves, made in a water tank, and the resulting diffraction at

a corner. Figure 4.7(b) shows the diffraction of waves as

they pass through a narrow opening. “Narrow” is relative to

the wavelength of the wave present. Waves do not show

significant diffraction through openings much larger than

their wavelength. This is why it is not common to observe

the diffraction of visible light.

sinθc = N2

N1

sinθc = 1.00
2.42 = 0.4132

θc = 24°

sinθc = N2

N1

sinθc = 1.33
2.42 = 0.5496

θc = 33°



Figure 4.7 Diffraction

The ability of light to diffract and exhibit an interference

pattern is evidence of the wave nature of light. Light

interference can be observed by using two or more narrow

slits. Multiple-slit diffraction is achieved with a plastic

“grating” onto which over 5,000 lines per centimeter are

scratched.

Figure 4.8 shows that if white light is passed through the

grating, a series of continuous spectra appears.

Interestingly, this continuous spectrum is reversed from the



way it appears in dispersion. The reason for this difference

is that diffraction is wavelength dependent. Red, which has

the longest wavelength, has to travel farther in order to

experience constructive interference.

Figure 4.8 Multiple-Slit Diffraction

With monochromatic light, an alternating pattern of bright

and dark regions appears. If a laser is used, the pattern

appears as a series of dots representing regions of

constructive and destructive interference (see Figure 4.9).

The dots are evenly spaced throughout.

Figure 4.9 Monochromatic Diffraction Pattern

The origin of this pattern can be understood if we

consider a water-tank analogy. Suppose two point sources

are vibrating in phase in a water tank. Each source produces

circular waves that overlap in the region in front of the



sources. Where crests meet crests, there is constructive

interference; where crests meet troughs, destructive

interference. This situation is illustrated in Figure 4.10.

Figure 4.10 Double-Slit Intererference

Notice in Figure 4.10 a central maximum built up by a line

of intersecting constructive interference points. This line lies

along the perpendicular bisector of the line connecting

sources S1 and S2. The symmetrical interference pattern

consists of numbered “orders” that are evenly separated by

a distance x. The distance from the sources to the screen

along the perpendicular bisector is labeled L. The

wavelength of each wave, measured by the spacing

between each two concentric circles, is of course

represented by λ, and the separation between the sources is

designated as d.

In Young’s double-slit experiment, the two explicit sources

in the water tank are replaced by two narrow slits in front of

a monochromatic ray of light. Each slit acts as a new point

source of light that interferes with the waves from the other

slit in much the same way as Figure 4.10 illustrates (this is

known as Huygen’s principle). The central maximum is

called the “0-order maximum” because the path length

difference from the two sources (slits) is zero at this point.



Each successive constructive interference point (n = 0, 1,

2 in Figure 4.10) is caused by the path length difference

between the path from the higher slit (L1) to that point of

constructive interference and the path from the lower slit

(L2). Any time the difference in path length is exactly 1

wavelength, the two waves arrive in phase and

constructive interference occurs:

L2 – L1 = mλ

where m is an integer. This m value is precisely the number

of the order in the diagram. Note that half-integer values

give points of destructive interference (dark fringes) as the

wave arrives at exactly half a wavelength or out of phase.

Don’t forget that since light is a wave, it can also

undergo Doppler shifts due to moving sources or

receivers. However, since the speed of light is much

larger than the speed of sound, Doppler shifts for light

are not as common in our everyday lives. Speeds of

cars and clouds, however, are frequently found via

Doppler radar. (Radar is simply low-frequency light!)

This path length difference (L2 − L1) for the parallel slits

interference pattern can be shown geometrically to be d sin

θ where d is the distance between slits and θ is the angle

from the n = 0 ray in Figure 4.10 and the location x on the

screen from Figure 4.8. The conditions for interference

fringes is now



d sin θ = mλ

If the angle is small enough, then sin θ may be

approximated as the ratio of x/L where L is the distance

from the slits to the interference pattern:

d (x/L) = mλ

SAMPLE PROBLEM

A ray of monochromatic light is incident on a pair of

double slits separated by 8 × 10−5 m. On a screen 1.2

m away, a set of dark and bright lines appear

separated by 0.009 m. What is the wavelength of the

light used?

Solution

We use

POLARIZATION OF LIGHT

λ = dx
L

λ =
(8×10−5m)(0.009m)

1.2m = 6 × 10−7m



In a transverse wave, the vibrations must be perpendicular

to the direction of apparent motion. However, if we cut a

plane containing the directions of vibration, we find that

there are many possible three-dimensional orientations in

which the vibrations can still be considered perpendicular to

the direction of travel. Thus, we can select one or more

planes containing our chosen vibrational orientation. For

example, a sideways vibration is just as “transverse” as an

up-and-down or diagonal vibration. This selection process,

known as polarization (see Figure 4.11), applies only to

transverse waves.

In a longitudinal wave, there is only one way to make the

vibrations parallel to the direction of travel. Special devices

have been developed to test for polarization in mechanical

and electromagnetic waves. Since all electromagnetic

waves can be polarized, physicists conclude that they must

be transverse waves. However, sound waves, being

longitudinal, can not be polarized.

Figure 4.11 Polarization of Light

SAMPLE PROBLEM

What are the advantages of wearing polarized

sunglasses over wearing regular sunglasses? Support



your answer in a paragraph format with supporting

diagrams as needed.

Solution

Both regular sunglasses and polarized sunglasses

reduce the overall intensity of light entering your eyes,

making it easier to see under bright conditions.

However, the polarized sunglasses preferentially block

the glare of reflected light from horizontal surfaces. The

reason for this is that reflected light is partially (or, in

some cases, completely) polarized horizontally

compared with the unpolarized, unreflected light. By

the use of a polarizing material on the lenses of the

polarized sunglasses that blocks horizontally oriented

light, not only will 50 percent of ambient light be

eliminated but the reflected light will be almost entirely

eliminated as it is partially or completely polarized.

SUMMARY

■ Electromagnetic waves are produced by oscillating

electromagnetic fields.



■ Electromagnetic waves can travel through a vacuum

and do not need a material medium for propagation.

■ In a vacuum, all electromagnetic waves travel with

the speed of light; c = 3 × 108 m/s.

■ Electromagnetic waves may be represented on a

chart called the electromagnetic spectrum.

■ Light waves are transverse since they can be

polarized.

■ Light rays travel in straight lines and produce

shadows when incident on opaque objects.

■ Luminous objects emit their own light. Opaque

objects are seen by illumination; that is, they reflect

light.

■ The color of an opaque object is due to the selective

reflection of certain colors.

■ Light rays exhibit all wave characteristics such as

reflection, refraction, diffraction, and interference.

■ The law of reflection states that the angle of

incidence is equal to the angle of reflection (as

measured relative to a line normal to the surface).

■ In optics, all angles are measured relative to the

normal to a surface.

■ Snell’s law governs the refraction of light through

transparent media.

■ The ratio of the speed of light in air to the speed of

light in a transparent medium is called the absolute

index of refraction.

■ The speed of light in a transparent medium can be

obtained using Snell’s law and is inversely

proportional to the absolute index of refraction for the

medium.

Problem-Solving Strategies for Light



Remember that light is an electromagnetic wave.

Therefore, it can travel through a vacuum. Reflection

and refraction do not, by themselves, verify the wave

nature of light. Diffraction and interference are evidence

of the wave nature of light, and the ability of light to be

polarized, using special Polaroid filters, is evidence that

light is a transverse wave.

Keep in mind that, when light refracts, the frequency

of the light is not affected. Since the velocity changes,

so does the wavelength in the new medium. If the

velocity in the medium is frequency dependent, the

medium is said to be “dispersive.” Light waves can be

coherent if they are produced in a fashion that maintains

constant phase-amplitude relationships. Lasers produce

coherent light of one wavelength.

When doing refraction problems, remember that the

light refracts toward the normal if it enters a medium of

higher index of refraction and refracts away from the

normal if it enters a medium of lower index of refraction.

The absolute index of refraction of a substance can

never be less than 1.00.

PRACTICE EXERCISES

1. What is the frequency of a radio wave with a

wavelength of 2.2 m?

(A) 3 × 108 Hz

(B) 1.36 × 108 Hz

(C) 7.3 × 10−9 Hz

(D) 2.2 × 108 Hz



2. A ray of light is incident from a layer of crown glass (N

= 1.52) upon a layer of water (N = 1.33). The critical

angle of incidence for this situation is equal to

(A) 32°

(B) 41°

(C) 49°

(D) 61°

3. The relative index of refraction between two media is

1.20. Compared to the velocity of light in medium 1,

the velocity of light in medium 2 will be

(A) greater by 1.2 times

(B) reduced by 1.2 times

(C) the same

(D) The velocity will depend on the two media.

4. What is the approximate angle of refraction for a ray of

light incident from air on a piece of quartz at a 37°

angle?

(A) 24°

(B) 37°

(C) 42°

(D) 66°

5. What is the velocity of light in alcohol (N = 1.36)?

(A) 2.2 × 108 m/s

(B) 3 × 108 m/s

(C) 4.08 × 108 m/s

(D) 1.36 × 108 m/s



6. If the velocity of light in a medium depends on its

frequency, the medium is said to be

(A) refractive

(B) resonant

(C) diffractive

(D) dispersive

7. If the intensity of a monochromatic ray of light is

increased while the ray is incident on a pair of narrow

slits, the spacing between maxima in the diffraction

pattern will be

(A) increased

(B) decreased

(C) the same

(D) increased or decreased, depending on the

frequency

8. In the diagram below, a source of light (S) sends a ray

toward the boundary between two media in which the

relative index of refraction is less than 1. The angle of

incidence is indicated by i. Which ray best represents

the path of the refracted light?

(A) A

(B) B

(C) C

(D) D



9. A coin is placed at the bottom of a clear trough filled

with water (N = 1.33) as shown below. Which point best

represents the approximate location of the coin as seen

by someone looking into the water?

(A) A

(B) B

(C) C

(D) D

10. If, in question 9, the water is replaced by alcohol (N =

1.36), the coin will appear to be

(A) higher

(B) lower

(C) the same



(D) higher or lower, depending on the depth of the

alcohol

11. (a) Light of wavelength 700 nm is directed onto a

diffraction grating with 5,000 lines/cm. What are the

angular deviations of the first- and second-order

maxima from the central maxima?

(b) Explain why X rays, rather than visible light, are

used to study crystal structure.

12. Light is incident on a piece of flint glass (N = 1.66) from

the air in such a way that the angle of refraction is

exactly half the angle of incidence. What are the values

of the angles of incidence and the angle of refraction?

13. A ray of light passing through air is incident on a piece

of quartz (N = 1.46) at an angle of 25°, as shown below.

The quartz is 1.5 cm thick. Calculate the deviation d of

the ray as it emerges back into the air.

14. Immersion oil is a transparent liquid used in microscopy.

It has an absolute index of refraction equal to 1.515. A

glass rod attached to the cap of a bottle of immersion



oil is practically invisible when viewed at certain angles

(under normal lighting conditions). Explain how this

might occur.

15. Explain why total internal reflection occurs at

boundaries between transparent media for which the

relative index of refraction is less than 1.0.

ANSWERS EXPLAINED

1. (B) The velocity of light in air is given by the formula c =

fλ. The wavelength is 2.2 m, and the velocity of light in

air is 3 × 108 m/s. Substituting known values gives us f

= 1.36 × 108 Hz

2 (D) The critical angle of incidence is given by the formula

sinθc =
N2

N1

where N2 = 1.33 and N1 = 1.52. Substitution yields a

value of 61° for the critical angle.

3. (B) The velocity relationship is given by the formula

v1

v2
= N2/N1

Since the relative index of refraction is defined to be

equal to the ratio N2/N1, we see that v1 = 1.2(v2). Thus,

compared to v1, v2 is reduced by 1.2 times.

4. (A) Snell’s law in air is given by



sinθi
sinθr

= N2

The absolute index of refraction for quartz is 1.46.

Substitution yields a value of 24° for the angle of

refraction.

5. (A) Compared to the velocity of light in air, the velocity

of light in any other transparent substance (here,

alcohol) is given by the formula v = c/N. In this case, N

= 1.36, and so the velocity of light is equal to 2.2 × 108

m/s.

6. (D) By definition, a medium is said to be dispersive if the

velocity of light is dependent on its frequency.

7. (C) The position and separation of interference maxima

are independent of the intensity of the light.

8. (A) Since the relative index of refraction is less than 1,

the light ray will speed up as it crosses the boundary

between the two media and will therefore bend away

from the normal, approximately along path A.

9. (B) The human eye traces a ray of light back to its

apparent source as a straight line. If we follow the line

from the eye straight back, we reach point B.

10. (A) Since alcohol has a higher absolute index of

refraction, the light will be bent further away from the

normal. Tracing that imaginary line straight back would

imply that the image would appear closer to the surface

(higher in the alcohol).

11. (a) The general formula for diffraction is Nλ = d sin θ

where θ is the angle of deviation from the center. For

the first-order maximum, N = 1, and d is equal to the



reciprocal of the number of lines per meter. Thus, we

must convert 5,000 lines/cm to 500,000 lines/m. Now,

sinθ =
Nλ

d
=

(1) (7 × 10−7)

500, 000
= 0.35

and

θ = 20.5°

For the second-order maximum, we have N = 2. Thus

sinθ =
(2) (7 × 10−7)

500, 000
= 0.7

and

θ = 44.4°

(b) X rays are used to study crystal structure because

of their very small wavelengths. These wavelengths are

comparable to the spacings between lattices in a

crystal and thus make it possible for the X rays to be

diffracted from the different layers. Visible light has

wavelengths that are much greater than these

spacings and so are not affected by them. The use of X

rays to probe crystals was one of the first diagnostic

applications of these rays in atomic physics at the

beginning of the twentieth century.

12. We want the angle of refraction to be equal to half the

angle of incidence. This means that θi = 2θr. Now, since

the light ray is initially in air (N = 1.00), Snell’s law can

be written:



sinθi
sinθr

= N (glass)

Substituting our requirement that θi = 2θr gives

sin2θr
sinθr

= 1.66

Now, we recall the following trigonometric identity:

sin 2θ = 2 sin θ cos θ

Thus,

2sinrcosr

sinr
= 1.66

and

2 cos r = 1.66

Therefore,

cos r = 0.83

and

r = 34°

which means that

i = 68°



13. The diagram from the problem has been redrawn as

shown below. From our knowledge of refraction, we

know that angle θ must be equal to 25°. Angle r is

given by Snell’s law:

Now, angle θ is equal to the difference between the

angle of incidence and the angle of refraction: θ = 25°

− 16.8° = 8.2°

Since the quartz is 1.5 cm in thickness, the length of

the light ray, in the quartz, at the angle of refraction,

can be determined from cos r = 1.5/ℓ. This implies that

ℓ = 1.57 cm. Now, since we know the length of the

diagonal ℓ and the angle θ, the deviation d is just part

of the right triangle in our diagram. Thus,

sinθ =
d

ℓ

and

sin 25
sinr = 1.46

sinr = sin 25
1.46 = 0.2894

r = 16.8°



d = ℓ sin θ = (1.57) sin 8.2 = 0.224 cm

14. The index of refraction for the glass is very nearly equal

to that for the immersion oil. When the applicator rod is

filled with liquid, the light passes through both media

without refracting and makes the glass rod appear

invisible.

15. In order to produce total internal reflection, the angle of

refraction must exceed 90 degrees. This is possible only

when light passes from a high-index material to one

with a low index of refraction. Under these conditions,

the relative index of refraction for the two media is less

than 1.0.



Geometrical Optics
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KEY CONCEPTS

➜ IMAGE FORMATION IN PLANE MIRRORS

➜ IMAGE FORMATION IN CURVED MIRRORS

➜ IMAGE FORMATION IN LENSES

IMAGE FORMATION IN PLANE MIRRORS

When you look at yourself in a plane mirror, your image

appears to be directly in front of you and on the other side

of the mirror. Everything about your image is the same as

you, the person, except for a left-right reversal. Since no

light can be originating from the other side of the mirror,

your image is termed virtual.

The formation of a virtual image in a plane mirror is

illustrated in Figure 5.1. Using an imaginary point object, we

construct two rays of light that emerge radially from the

object because of ambient light from its environment. Each

light ray is incident on the plane mirror at some arbitrary

angle and is reflected off at the same angle (relative to the

normal). Geometrically, we construct these lines using the

law of reflection and a protractor. Since the rays diverge

from the object, they continue to diverge after reflection.

The human eye, however, perceives the rays as originating

from a point on the other side of the mirror and in a direct

line with the object.



Figure 5.1 Plane Mirror

IMAGE FORMATION IN CURVED MIRRORS

If a concave or convex mirror is used, the law of reflection

still holds, but the curved shapes affect the direction of the

reflected rays. Figure 5.2(a) shows that a concave mirror

converges parallel rays of light to a focal point that is

described as real since the light rays really cross. In Figure

5.2(b), we see that a convex mirror causes the parallel rays

to diverge away from the mirror. If we extend the rays

backward in our imagination, they appear to originate from

a point on the other side of the mirror. This point is called

the virtual focal point since it is not real. The human eye

will always trace a ray of light back to its source in a line.

This deception of the eye is responsible for images in some

mirrors appearing to be on the “other side” of the mirror

(virtual images).



Figure 5.2 Basic Mirror Types

Concave Mirrors

In Figure 5.3, a typical concave mirror is illustrated. The axis

is called the principal axis. If the curvature of the mirror is

too large, a defect known as spherical aberration occurs and

distorts the images seen. The real images formed by

concave mirrors can be projected onto a screen. The focal

length can be determined by using parallel rays of light and

observing the point at which they converge.



Figure 5.3 Concave Mirror

Another, more interesting, method is to aim the mirror out

the window at distant objects. Again, the images of those

objects can be focused onto a screen. Since the objects are

very far away, they are considered to be at infinity.

Normally, at infinity, an object sends parallel rays of light

and appears as a point. Since we are viewing extended

objects, we project a smaller image of them, and the

distance from the screen to the mirror is the focal length F.

The point along the principal axis labeled C on Figure 5.3

marks the center of curvature and is located at a distance

2F.

F =
R

2

To illustrate how to construct an image formed by a

concave mirror, we use an arrow as an imaginary object. Its

location along the principal axis is measured relative to

points F and C. The orientation of the arrow is of course

determined by the way it points. We could choose an infinite

number of light rays that come off the object because of



ambient light from its environment. For simplicity, however,

we choose two rays that emerge from the top of the arrow.

In Figure 5.4, we present several different concave-mirror

constructions. The first light ray is drawn parallel to the

principal axis and then reflected through the focal point F.

The second light ray is drawn through the focal point and

then reflected parallel to the principal axis. The point of

intersection (below the principal axis in cases I, II, and III)

indicates that the image appears inverted at the location

marked in the diagram.

From cases I, II, and III in Figure 5.4, we can see that the

real images are always inverted. Additionally, as the object

is moved closer to the mirror, the image gets larger and

appears to move farther away from the mirror. Notice that,

when the object is at point C, as in case II, the image is also

at point C and is the same size. When the object is at the

focal point, as in case IV, no image can be seen since the

light is reflected parallel from all points on the mirror. If the

object is moved even closer, as in case V, we get an

enlarged virtual image that is erect. In case IV, a light ray

has been drawn toward the center of the mirror; by the law

of reflection, it will reflect below the principal axis at the

same angle of incidence.

TIP

Make sure you know these cases for both

curved mirrors and lenses.



Figure 5.4 Image Formation by Converging Mirror

Convex Mirrors



Convex mirrors are used in a variety of situations. In stores

or elevators, for example, they have the ability to reveal

images (although distorted) from around corners in aisles.

An image in a convex mirror is always virtual and always

smaller. This fact suggests that only one case construction,

as opposed to five for concave mirrors, is necessary to

understand image formation in these mirrors. In Figure 5.5,

we show a sample construction and recall that convex

mirrors diverge parallel rays. This divergence, however, is

not at any arbitrary angle. The divergent ray is directed as

though it originated from the virtual focal point.

Figure 5.5 Image Formation by Diverging Mirror

Algebraic Considerations

We can study the images formed in curved mirrors by

means of an algebraic relationship. We let F represent the

focal length (positive in a concave mirror; negative in a

convex mirror), So represent the object distance, and Si

represent the image distance, then, for a curved mirror. If

the image is virtual, Si will be negative.

1

f
=

1

So
+

1

Si



Also, if we let ho represent the object size and hi

represent the image size, then

m =
hi

ho

=
−Si

So

The ratio of image size to object size is called the

magnification. Negative magnification means the image is

inverted (upside down).

SAMPLE PROBLEM

A 10-cm-tall object is placed 20 cm in front of a

concave mirror with a focal length of 8 cm. Where is the

image located, and what is its size?

Solution

Using the first formula presented above, we can write

1

8
=

1

20
+

1

Si

Solving for the image distance, we obtain Si = 13.3 cm.

This is consistent with case I as illustrated in Figure 5.4.

The image size can be obtained from the expression

( ) ( )



hi = ho (
Si

So
) = 10(

13.3

20
) = 6.7cm

IMAGE FORMATION IN LENSES

As a further example of light refraction, consider the

refraction due to a lens. If monochromatic light is used,

Figure 5.6(a) demonstrates what happens when two prisms

are arranged base to base and two parallel rays of light are

incident on them. We can observe that the light rays

converge to a real focal point some distance away. This

situation simulates the effect of refraction by a double

convex lens, as shown in Figure 5.6(b).

Figure 5.6 Converging Light Rays

The focal length is dependent on the frequency of light

used; red light will produce a greater focal length than violet

light in a convex lens.



If the prisms are placed vertex to vertex, as in Figure

5.7(a), the parallel rays of light will be diverged away from

an apparent virtual focal point. This simulates, as shown in

Figure 5.7(b), the effect of a double concave lens.

Figure 5.7 Diverging Light Rays

Note that in Figure 5.6, the focal point is said to be real

because the light rays actually do cross there. In Figure 5.7,

the focal point is virtual.

Converging Lenses

When discussing the formation of images in lenses, we

usually invoke what is called the thin lens approximation;

that is, we consider that the light begins to refract from the

center of the lens. As a result, any curvature effects can be

ignored. Since the top and the bottom of the lens are

tapered like a prism, however, a defect known as chromatic

aberration can sometimes occur. This defect causes the

different colors of light to disperse in the lens and focus at



different places because of their different frequencies and

velocities in the lens material.

Figure 5.8 shows a series of cases in which a double

convex lens is constructed as a straight line, using the thin

lens approximation. The symmetry of the lens creates two

real focal points, one on either side, and instead of

considering the center of curvature (as in the curved mirror

cases), we employ point 2f as an analogous location for

reference. Our object is again an arrow drawn along the

principal axis, which bisects the lens.

From Chapter 4, we know that a light ray parallel to the

principal axis will refract through the focal point. Therefore,

a light ray originating from the focal point will refract

parallel to the principal axis. We will use these two light rays

to construct most of our images.

Notice that in case IV no image is produced, and we had

to draw a different light ray passing through the optical

center of the lens. In case V an enlarged virtual image is

produced on the same side as the object. This is an example

of a simple magnifying glass.



Figure 5.8 Image Formation by Converging Lens

Diverging Lenses

A concave lens will diverge parallel rays of light away from a

virtual focal point. Figure 5.9 illustrates a typical ray

construction for a diverging lens. Again, if we assume the

thin lens approximation, we will draw the lens itself as a line

for ease of construction. The context of the problem tells us

that the drawing represents a concave, not a convex, lens.



Figure 5.9 Image Formation by Diverging Lens

To construct the image, we have drawn a parallel light ray

that then diverges away from the focal point. The second

light ray is drawn through the optical center of the lens. The

resulting virtual image will be erect and smaller and will be

in front of the object. This will be true for any location of the

object, so only one sample construction is necessary.

Algebraic Considerations

The relationship governing the image formation in a thin

lens is the same as it was for a curved mirror. Positive image

distances occur when the image forms on the other side of

the lens. A negative image distance implies a virtual image.

A positive focal length implies a convex lens, while a

negative focal length implies a concave lens. Therefore, as

before, we can write

1

f
=

1

So
+

1

Si

and



m =
hi

ho

=
-Si

So

If two converging lenses are used in combination,

separated by some distance x, the combined magnification,

m, of the system is given by

m = m1m2

SAMPLE PROBLEM

A 3-cm-tall object is placed 6 cm in front of a concave

lens (f = 3 cm). Calculate the image distance and size.

Solution

We use the modified version of the mirror-lens

equation:

S1 =
(Sof)

(So−f)
Recall that for a concave lens,f < O!

S1 =
(6cm)(−3cm)

6cm−(−3cm)
= −1cm

hi = ho (− Si

So
) =

(3cm)(2cm)
6cm = 1cm



SUMMARY

■ Real images are formed when light rays converge.

Real images can be projected onto a screen and are

always inverted in appearance.

■ Virtual images are formed as the brain imagines that

reflected or refracted light rays converge back from

their diverging paths. Virtual images cannot be

projected onto a screen and are always erect. Virtual

images are found by tracing the rays backward.

■ Plane mirrors, convex mirrors, and concave lenses

always produce virtual images. The virtual images

produced by convex mirrors and concave lenses are

always smaller than the object.

■ Concave mirrors and convex lenses produce both

real and virtual images. The real images may be

larger or smaller than the object, whereas the virtual

images are always larger.

■ For a curved mirror, the focal length is equal to half

the radius of curvature.

■ If an object is placed at the focal point of a concave

mirror or a convex lens, no image will be formed.



Problem-Solving Strategies for Geometrical Optics

To solve ray-diagram problems, you must remember the

types of light rays and understand how they reflect and

refract using mirrors and lenses. Numerically, keep in

mind that positive focal lengths imply concave mirrors

and convex lenses.

Understand all of the cases illustrated in this chapter,

and remember that real images are always inverted.

Even if a given problem does not require a construction,

draw a sketch. Additionally, remember that the focal

length of a lens is dependent on the material of which

the lens is made.

PRACTICE EXERCISES

1. Which material will produce a converging lens with the

longest focal length?

(A) Lucite

(B) Crown glass

(C) Flint glass

(D) Quartz

2. An object is placed in front of a converging lens in such

a way that the image produced is inverted and larger. If

the lens were replaced by one with a larger index of

refraction, the size of the image would

(A) increase

(B) decrease

(C) increase or decrease, depending on the degree of

change

(D) remain the same



3. You wish to make an enlarged reproduction of a

document using a copying machine. When you push the

enlargement button, the lens inside the machine moves

to a point

(A) equal to f

(B) equal to 2f

(C) between f and 2f

(D) beyond 2f

4. A negative image distance means that the image

formed by a concave mirror will be

(A) real

(B) erect

(C) inverted

(D) smaller

5. Real images are always produced by

(A) plane mirrors

(B) convex mirrors

(C) concave lenses

(D) convex lenses

6. The focal length of a convex mirror with a radius of

curvature of 8 cm is

(A) 4 cm

(B) −4 cm

(C) 8 cm

(D) −8 cm

7. An object appears in front of a plane mirror as shown

below:



Which of the following diagrams represents the

reflected image of this object?

(A)

(B)

(C)

(D)

8. An object is located 15 cm in front of a converging lens.

An image twice as large as the object appears on the

other side of the lens. The image distance must be

(A) 15 cm

(B) 30 cm

(C) 45 cm

(D) 60 cm

9. A 1.6-meter-tall person stands 1.5 m in front of a

vertical plane mirror. The height of his image is

(A) 0.8 cm

(B) 2.6 cm

(C) 3.2 cm

(D) 1.6 cm

10. An object is 25 cm in front of a converging lens with a

5-cm focal length. A second converging lens, with a



focal length of 3 cm, is placed 10 cm behind the first

one.

(a) Locate the image formed by the first lens.

(b) Locate the image formed by the second lens if the

first image is used as an “object” for the second

lens.

(c) What is the combined magnification of this

combination of lenses?

11. Why do passenger-side mirrors on cars have a warning

that states: Objects are closer than they appear?

12. Two lenses have identical sizes and shapes. One is

made from quartz (N = 1.46), and the other is made

from glass (N = 1.5). Which lens would make a better

magnifying glass?

13. Why do lenses produce chromatic aberration whereas

spherical mirrors do not?

ANSWERS EXPLAINED

1. (D) The longest focal length will be produced by the

material that refracts the least, that is, has the smallest

index of refraction. Of the five choices, quartz has the

lowest index of refraction.

2. (B) The lens formula can be rewritten as

Si =
Sof

So − f

If the object remains in the same position relative to

the lens, then using a larger index of refraction will



imply a smaller focal length. The image will move

closer to the lens and consequently will be smaller.

3. (C) To produce an enlarged real image, the object must

be located between f and 2f.

4. (B) In a concave mirror, a negative image distance

implies a virtual image, which is enlarged and erect.

5. (D) Only a convex lens or a concave mirror can produce

a real image.

6. (B) The radius of curvature of a spherical mirror is

twice the focal length. However, in a convex mirror, the

focal length is taken to be negative.

7. (B) The reflected image must point “away” from the

mirror but on the other side, flipped over.

8. (B) The equation governing magnification in a

converging lens is

M =
Si

So

Since M = 2 and So = 15 cm, the image distance must

be Si = 30 cm.

9. (D) A plane mirror produces a virtual image that is the

same size as the object in all cases.

10. (a) For the first lens, we have f = 5 cm and So = 25;

thus,

Si =
Sof

So − f
=

(25) (5)

25 − 5
=

125

20



and the location of the image formed by the first

lens is given by Si = 6.25 cm.

(b) Since S = 10 cm for the second lens (its distance

from the first lens) and Si = 6.25 for the first lens,

the image q now serves as the new “object” at a

distance S′o = 10 − 6.25 = 3.75. The focal length of

the second lens is 3 cm; therefore, the distance S′i

of the image formed by the second lens is

S ′
i =

(3.75) (3)

3.75 − 3
= 15cm

(c) The combined magnification of the system is equal

to the product of the separate magnifications. Since

m = Si/So, in general, we have

Therefore, the combined magnification of this

combination of lenses is given by

M = M1M2 = (0.25)(4) = 1

11. Passenger-side mirrors are convex in shape. This

distorts images because of the divergence of the light,

making them appear to be smaller and more distant

than they actually are.

12. Using the lens construction diagrams, we see that for

case V the lens becomes a magnifying glass. Changing

the focal length affects the size and location of the

image. If the focal length is decreased, the image size

M1 = 6.25
25 = 0.25

M2 = 15
3.75 = 4



and distance will increase. A shorter focal length is

obtained by using a material with a higher index of

refraction. Hence, glass would make a better

magnifying glass.

13. Chromatic aberration is due to the dispersion of white

light into the colors of the spectrum. Since a mirror

does not disperse light on reflection, this problem does

not occur. This observation was the motivation for Sir

Isaac Newton to invent the reflecting telescope in 1671.
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KEY CONCEPTS

➜ STATIC FLUIDS

➜ PASCAL’S PRINCIPLE

➜ STATIC PRESSURE AND DEPTH

➜ BUOYANCY AND ARCHIMEDES’ PRINCIPLE

➜ FLUIDS IN MOTION

➜ BERNOULLI’S EQUATION

STATIC FLUIDS

Fluids represent states of matter that take the shape of

their containers. Liquids are referred to as incompressible

fluids, while gases are referred to as compressible fluids. In

a Newtonian sense, liquids do work by being displaced,

while gases do work by compressing or expanding. As we

shall see later, the compressibility of gases leads to other

effects described by the subject of thermodynamics.

REMEMBER

Liquids are incompressible fluids, while gases are

compressible fluids.



Fluids can exert pressure by virtue of their weight or force

of motion. We have already defined the unit of pressure to

be the pascal, which is equivalent to 1 N of force per square

meter of surface area. An additional unit used in physics is

the bar, where 1 bar = 100,000 Pa. Atmospheric pressure is

sometimes measured in millibars.

Pressure =
Force

Area

PASCAL’S PRINCIPLE

In a fluid, static pressure is exerted on the walls of the

container. Within the fluid, these forces act perpendicular to

the walls. If an external pressure is applied to the fluid, this

pressure will be transmitted uniformly to all parts of the

fluid. The last sentence is also known as Pascal’s principle

since it was developed by the French physicist Blaise Pascal.

Pascal’s principle refers only to an external pressure.

Within the fluid, the pressure at the bottom of the fluid is

greater than that at the top. We can also state that the

pressure exerted on a small object in the fluid is the same

regardless of the orientation of the object.

As an example of Pascal’s principle consider the hydraulic

press shown in Figure 6.1. The small-area piston A1 has an

external force F1 applied to it. At the other end, the large-

area piston A2 has some unknown force F2 acting on it. How

do these forces compare? According to Pascal’s principle,

the force per unit area represents an external pressure that

will be transmitted uniformly through the fluid. Thus, we can

write



F1

A1
=

F2

A2

SAMPLE PROBLEM

Referring to Figure 6.1, suppose a force of 10 N is

applied to the small piston of area 0.05 m2. If the large

piston has an area of 0.15 m2, what is the maximum

weight the large piston can lift?

Figure 6.1

Solution

Since the secondary force is proportional to the ratio of

the areas, F2 = 30 N.

Recall that density (ρ) is defined by

ρ =
mass

volume



STATIC PRESSURE AND DEPTH

Figure 6.2 shows a tall column of liquid in a sealed

container. What is the pressure exerted on the bottom of the

container? To answer this question, we first consider the

weight of the column of liquid of height h. Since Fg = mg

and m = ρV, the weight is ρgV. This is the force applied to

the bottom of the container.

Figure 6.2 Column of Fluid

Now, in a container with a regular shape, V = Ah, where A

is the cross-sectional area (in this case, we have a cylinder

whose cross-sections are uniform circles). Thus, F = ρgV =

ρgAh. Using the definition of pressure, we obtain

P =
F

A
= ρgh

If the container is open at the top, then air pressure adds

to the pressure of the column of liquid. The total pressure



can therefore be written as p = pext + ρgh. Note that the

pressure is a function of depth only, not container width or

size.

SAMPLE PROBLEM

A column of mercury is held up at 1 atm of pressure in

an open-tube barometer (see the accompanying

diagram). To what height does it rise? The density of

mercury is 13.6 times the density of water.

Solution

At 1 atm the pressure is 101 kPa. Thus, we can write

BUOYANCY AND ARCHIMEDES’ PRINCIPLE

1.01 × 105N/m2 = (13.6 × 103kg/m3)(9.8m/s2)h

h = 0.76m = 76cm



When an object is immersed in water, it experiences an

upward force. In a cylinder filled with water, the action of

inserting a mass in the liquid causes some of the liquid to

displace upward. The volume of the water displaced is equal

to the volume of the object (even if it is irregularly shaped),

as illustrated in Figure 6.3.

Figure 6.3 Measuring Volume by Water Displacement

Archimedes’ principle states that the upward force of

the water (called the buoyant force), FB, is equal to the

weight of the water displaced. Normally, one might think

that an object floats if its density is less than that of water.

This statement is only partially correct. A steel needle floats

because of surface tension, and a steel ship floats because

it displaces a volume of water equal to its weight.

TIP

A submerged object displaces a volume of water

equal to its own volume.



The weight of the water displaced can be found

mathematically. The fluid displaced has a weight Fg = mg.

Now, the mass can be expressed in terms of the density of

the liquid and its volume, m = ρV. Hence, Fg = ρVg. By

letting Vd represent the volume of displaced water, we

obtain:

FB = Fg = ρgVd

The volume of the object can be determined in terms of

the apparent loss of weight in water. Suppose an object

weighs 5 N in the air and 4.5 N when submerged in water.

The difference of 0.5 N is the weight of the water displaced.

The volume is therefore given by

Vf =
Δm

ρfluid
=

ΔFg

gρ

Using this relationship, we have Vf = (0.5 N)/(9.8 N/kg)(1 ×

103 kg/m3) = 5.1 × 10−5 m3.

Specific gravity or relative density is a useful tool for

comparing one fluid to another. It is the ratio of the density

of the fluid in question to a reference fluid. For liquids, the

reference is usually water. For gasses, the reference is

usually air. If a liquid has a relative density less than 1.0 it

will float in water. For example, the specific gravity of ice is

0.917, which means that ice floats since it need not displace

as much water in order to get an adequate buoyant force.

This value of relative density also gives the fraction of ice

that will be submerged: 91.7%. (or, put another way, 8.3%

of the ice is above the water line in a body of fresh water).



FLUIDS IN MOTION

The situation regarding static pressures in fluids changes

when they are in motion. Microscopically, we could try to

account for the motion of all molecular particles that make

up the fluid, but this would not be very practical. Instead,

we treat the fluid as a whole and consider what happens as

the fluid passes through a given cross-sectional area each

second. Sometimes the word flux is used to describe the

volume of fluid passing through a given area each second.

Consider the fluid shown in Figure 6.4 moving uniformly

with a velocity v in a time t through a segment of a

cylindrical pipe. The distance traveled is given by the

product vt. Since the motion is ideally smooth, there is no

resistance offered by the fluid as different layers move

relative to one another. This resistance is known as

viscosity, and the type of fluid motion we are considering

here is called laminar flow.

Figure 6.4 Laminar Flow

The rate of flow Q is defined to be the volume of fluid

flowing out of the pipe each second (in m3/s):

Q =
vtA

t
= vA

If the flow is laminar, then the equation of continuity

states that the rate of flow Q will remain constant.

Therefore, as the cross-sectional area decreases, the

velocity must increase:



BERNOULLI’S EQUATION

Consider a fluid moving through an irregularly shaped tube

at two different levels given by h1 and h2 as shown in Figure

6.5. At the lower level, the fluid exerts a pressure P1 while

moving through an area A1 with a velocity v1. At the top, the

fluid exerts a pressure P2 while moving through an area A2

with a velocity v2. Bernoulli’s equation is related to changes

in pressure as a function of velocity.

Figure 6.5 Bernoulli Variables

Let us begin by considering the work done in moving the

fluid from position 1 to position 2. The power generated is

equal to the product of the pressure and the rate of flow

(PR), and so the work, which is equal to the product of

power and time, can be written as

W = P1A1v1t – P2A2v2t

The change in the potential energy is given by

Q1 = Q2

v1A1 = v2A2



ΔPE = mgh2 − mgh1

The change in kinetic energy is given by

ΔKE =
1

2
mv2

2 −
1

2
mv1

2

Adding up both changes in energy and equating it with

the work done, we obtain

W = mgh2 − mgh1 −
1

2
mv2

2 −
1

2
mv1

2

The work done is also equal to

W = (P2 – P1)V

TIP

Compare this equation and concept to the

equation for the conservation of mechanical

energy.

Setting these two expressions for work equal to each

other and simplifying gives us

P1 + ρgh1 +
1

2
ρv2

1 = P2 + ρgh2 +
1

2
ρv2

2



The last equation is known as Bernoulli’s equation.

Now, let us consider some applications of this equation.

A Fluid at Rest

In Figure 6.6, we see a static fluid. The two layers at heights

h1 and h2 have static pressures P1 and P2. Since the fluid is

at rest (v1 = v2 = 0), Bernoulli’s equation reduces to

ΔP = P2 – P1 = ρg Δh = ρg(h2 – h1)

The difference in pressure is just proportional to the

difference in levels.

Figure 6.6 Pressure as a Function of Depth

A Fluid Escaping Through a Small Orifice

Earlier in this chapter, we saw that the pressure difference is

proportional to the difference in height. Suppose a small

hole of circular area A is punched into the container below a

distance h below the surface (Figure 6.7). This pressure

difference will force the fluid out of the hole at a rate of flow

R = vA. What is the velocity of the fluid as it escapes? And

what is the rate of flow?



Figure 6.7 Fluid Flow from Pressure

To answer these questions, we consider Bernoulli’s

equation as an analog of the conservation of energy

equation. Let’s choose the potential energy to be zero at the

hole (i.e., set h = 0 at this height). The top fluid at h is

essentially at rest. In addition, the pressure at the top and

the pressure at the orifice are both the same: atmospheric

pressure. Therefore, the pressure term cancels. Thus, using

Bernoulli’s equation, we can solve for the flow rate:

A Fluid Moving Horizontally

Consider a fluid moving horizontally through a tube that

narrows in area. This is known as the Venturi Effect.

Bernoulli’s equation states that as the velocity of a moving

fluid increases, its static pressure decreases. We can

analyze this in Figure 6.8.

1
2 ρv2 = ρgΔh

v = √2gΔh

R = vA = A√2gΔh



Figure 6.8 Venturi Tube

Since the level is horizontal, h1 = h2, so we can eliminate

the ρgh term. We can therefore write

SAMPLE PROBLEM

Water (ρ = 1,000 kg/m3) is flowing smoothly through a

horizontal pipe that tapers from 1.5 × 10−3 m2 to 0.8 ×

10−3 m2 in a cross-sectional area. The pressure

difference between the two sections is equal to 5,000

Pa. What is the volume flow rate of the water?

Solution

Since the water flows smoothly, we know that the

volume flow rate is constant:

R = v1A1 = v2A2

We also know that from Bernoulli’s equation

P1 + 1
2 ρv1

2 = P2 + 1
2 ρv2

2

ΔP = P1 − P2 = 1
2 ρ (v2

2-v1
2)



P1 +
1

2
ρv1

2 + ρgy1 = P2 +
1

2
ρv2

2 + ρgy2

But, since the pipe is horizontal, y1 = y2, and so the

equation simplifies to

P1 +
1

2
ρv1

2 = P2 +
1

2
ρv2

2

We can simplify this by eliminating the velocities in

each expression since

Thus,

P1 +
1

2
ρ

R2

A1
2

= P 2 +
1

2
ρ

R2

A2
2

We also know that P1 > P2 since pressure decreases

with increasing velocity, and velocity increases with

decreasing area. Thus we can write:

(P1 − P2) =
1

2
ρR2 1

A2
2

−
1

A1
2

Since we know all values (including the pressure

difference P1 − P2), we can substitute and solve for R,

and we obtain R = 2.99 × 10−3 m3/s.

v1 = R
A1

and v2 = R
A2



In aerodynamics, a wing moving in level flight has a lifting

force acting on it exactly equal to its load. This force is

caused partially by the pressure difference between the

upper and lower surfaces of the wing. For a variety of

different reasons, the airflow above the wing is faster than

the airflow below the wing (see Figure 6.9). By Bernoulli’s

equation, this faster airflow corresponds to a lower air

pressure on the top of the wing. The difference between the

higher pressure on the bottom and the lower pressure on

the top is a contributing factor to the lift force on the wing.

Figure 6.9 Airflow Pattern over a Wing Section

SUMMARY

■ Liquids are called incompressible fluids whereas

gases are called compressible fluids.

■ Pascal’s principle states that in a confined fluid at

rest, any change in pressure is transmitted

undiminished throughout the fluid.

■ The pressure in a confined fluid is proportional to the

density of the fluid and its depth (P = ρgh). A fluid

open to the air has the pressure on top as well (P0):

P = P0 + ρgh.



■ Archimedes’ principle states that a submerged

object will displace a volume of water equal to its own

volume. A submerged object also experiences an

upward force called the buoyant force, which is equal

to the weight of the water displaced.

■ An object will neither rise nor sink if it displaces a

volume of water equal in weight to its own weight in

the air.

■ For laminar flow, A1v1 = A2v2.

■ Bernoulli’s principle states that for a fluid in motion,

the static pressure will decrease with an increase in

velocity. This principle helps explain the lifting force

of an airplane wing. Bernoulli’s principle is energy

conservation for fluids: P + ρgh + ½ρv2 = constant

throughout the fluid.

Problem-Solving Strategies for Fluids

Solving fluid problems is similar to solving particle

problems. We treat the fluid as a whole unit (i.e.,

macroscopically) as opposed to microscopically. The

units of pressure must be either pascals or N/m2 in order

to use the formulas derived.

The concepts of Bernoulli’s principle and Archimedes’

principle should be thoroughly understood, as well as

their applications and implications. Buoyancy is an

important physical phenomenon and an important part

of your overall physics education.

As always, drawing a sketch helps. Often, conceptual

knowledge will be enhanced if you understand how the

variables in a formula are related. Consider questions

that involve changing one variable and observing the

effect on others.



PRACTICE EXERCISES

1. The rate of flow of a liquid from a hole in a container

depends on all of the following except

(A) the density of the liquid

(B) the height of the liquid above the hole

(C) the area of the hole

(D) the acceleration of gravity

2. A person is standing on a railroad station platform when

a high-speed train passes by. The person will tend to be

(A) pushed away from the train

(B) pulled in toward the train

(C) pushed upward into the air

(D) pulled down into the ground

3. Bernoulli’s equation is based on which law of physics?

(A) conservation of linear momentum

(B) conservation of angular momentum

(C) Newton’s first law of motion

(D) conservation of energy

4. Which of the following expressions represents the

power generated by a liquid flowing out of a hole of

area A with a velocity v?

(A) (pressure) × (rate of flow)

(B) (pressure)/(rate of flow)

(C) (rate of flow)/(pressure)

(D) (pressure) × (velocity)/(area)



5. Which of the following statements is an expression of

the equation of continuity?

(A) Rate of flow equals the product of velocity and

cross-sectional area.

(B) Rate of flow depends on the height of the fluid

above the hole.

(C) Pressure in a static fluid is transmitted uniformly

throughout.

(D) Fluid flows faster through a narrower pipe.

6. A moving fluid has an average pressure of 600 Pa as it

exits a circular hole with a radius of 2 cm at a velocity

of 60 m/s. What is the approximate power generated by

the fluid?

(A) 32 W

(B) 62 W

(C) 1,200 W

(D) 45 W

7. Alcohol has a specific gravity of 0.79. If a barometer

consisting of an open-ended tube placed in a dish of

alcohol is used at sea level, to what height in the tube

will the alcohol rise?

(A) 8.1 m

(B) 7.9 m

(C) 15.2 m

(D) 13.1 m

8. An ice cube is dropped into a mixed drink containing

alcohol and water. The ice cube sinks to the bottom.

From this, you can conclude



(A) that the drink is mostly alcohol

(B) that the drink is mostly water

(C) that the drink is equally mixed with water and

alcohol

(D) nothing, unless you know how much liquid is

present

9. A 2-N force is used to push a small piston 10 cm

downward in a simple hydraulic machine. If the

opposite large piston rises by 0.5 cm, what is the

maximum weight the large piston can lift?

(A) 2 N

(B) 40 N

(C) 20 N

(D) 4 N

10. Balsa wood with an average density of 130 kg/m3 is

floating in pure water. What percentage of the wood is

submerged?

(A) 87%

(B) 13%

(C) 50%

(D) 25%

11. A U-tube open at both ends is partially filled with water.

Benzene (ρ = 0.897 × 103 kg/m3) is poured into one

arm, forming a column 4 cm high. What is the

difference in height between the two surfaces?



12. A Venturi tube has a pressure difference of 15,000 Pa.

The entrance radius is 3 cm, while the exit radius is 1

cm. What are the entrance velocity, exit velocity, and

flow rate if the fluid is gasoline (ρ = 700 kg/m3)?

13. A cylindrical tank of water (height H) is punctured at a

height h above the bottom. How far from the base of

the tank will the water stream land (in terms of h and

H)? What must the value of h be such that the distance

at which the stream lands will be equal to H?

14. Which has more pressure on the bottom? A large tank

of water 30 cm deep or a cup of water 35 cm deep?

Explain your answer.

15. Two paper cups are suspended by strings and hung

near each other. They are separated by about 10 cm.

When you blow air between them, the cups are

attracted to one another. Explain why this occurs.

ANSWERS EXPLAINED



1. (A) The flow rate of a liquid from a hole does not depend

on the density of the liquid.

2. (B) Because of the Bernoulli effect, the speeding train

reduces the air pressure between the person and the

train. This pressure difference creates a force tending to

pull the person into the train. Be very careful when

standing on a train platform!

3. (D) Bernoulli’s principle was developed as an application

of conservation of energy.

4. (A) Power is expressed in J/s. The product of pressure

(force divided by area) and flow rate (m3/s) leads to

newtons times meters over seconds (J/s).

5. (D) The equation of continuity states that the product of

velocity and area is a constant for a given fluid. A

consequence of this is that a fluid moves faster through

a narrower pipe.

6. (D) The power is equal to the product of the pressure and

the flow rate. The flow rate is equal to the product of

the velocity and the cross-sectional area (which is a

circle of radius 0.02 m). The area is given by πr2 =

1.256 × 10−3 m2. When we multiply this area by the

velocity and the pressure, we get 45.2 W as a measure

of the generated power.

7. (D) The pressure exerted by the air is balanced by the

column of liquid alcohol in equilibrium:

h =
P

ρg
=

1.01 × 105N/m2

(790kg/m3)(9.8m/s2)
= 13.1m



8. (A) Since the density of alcohol is less than that of

water, ice floats “lower” in alcohol than in water. From

the given information, the drink appears to be mostly

alcohol.

9. (B) We need to use the conservation of work-energy in

this problem. The work done on the small piston must

equal the work done by the large piston. Since the ratio

of displacements is 20:1, the large piston will be able to

support a maximum load of 40 N (since 2 N × 20 = 40

N).

10. (B) The percentage submerged is given by the ratio of

its density to that of pure water (1,000 kg/m3). Thus,

130/1,000 = 0.13 = 13%.

11. Let L′ be the level of benzene that will float on top of the

water, let L be the level of water, and let h be the

difference in levels. Since the tube is open, the

pressures are equalized at both ends. Thus, we can

write

Since the ratio of the densities is 0.879 and L′ = 4 cm,

h = 0.484 cm.

12. Using Bernoulli’s equation and the equation of

continuity, we can write

(L + L′−h)gρw = L′gρb + Lgρw

h = L′(1 − ρb

ρw
)

( )



From the given information, we know that the ratio of

areas A1/A2 = 9. Thus, substituting all given values into

the last equation yields v1 = 0.732 m/s, R = 0.0021

m3/s, and v2 = 6.56 m/s.

13. The change in potential energy must be equal to the

change in horizontal kinetic energy:

Now if we assume, as in projectile motion, that the

horizontal velocity remains the same and the only

acceleration of the stream is vertically downward

because of gravity, we can write

For x = H, we must have h = H/2, as can be easily

verified using the preceding range formula.

ΔP = ρ
2 (v2

2 − v1
2)

v1A1 = v2A2

v2 = v1
A1

A2

ΔP =
ρ

2 v1
2 (1 − A1

2

A2
2 )

mg (H − h) = ( 1
2 )mvx

2

vx = √2g (H − h)

x = vxt

y = h = 1
2 gt2

t = √ 2h
g

x = 2√h (H − h)



14. The pressure at the bottom of a container of water

depends on its depth and not on its volume. Thus, the

pressure at the bottom of the 35-cm cup is greater.

15. Bernoulli’s principle states that as the velocity of a

moving fluid increases, the pressure it exerts

decreases. Thus, blowing between the cups reduces the

air pressure between them, causing a net force which

pushes them together.
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KEY CONCEPTS

➜ TEMPERATURE AND ITS MEASUREMENT

➜ MOLAR QUANTITIES

➜ THE IDEAL GAS LAW EQUATION OF STATE

➜ KINETIC-MOLECULAR THEORY

➜ WORK DONE BY EXPANDING GASES

➜ THE FIRST LAW OF THERMODYNAMICS

➜ THE SECOND LAW OF THERMODYNAMICS

AND HEAT ENGINES

➜ HEAT TRANSFER

TEMPERATURE AND ITS MEASUREMENT

Temperature can be defined as the relative measure of heat.

In other words, temperature defines what will lose and what

will gain thermal energy when the energy is transferred. We

can state even more simply that temperature is a measure

of how “hot” or “cold” a body is (relative to your own body

or another standard or arbitrary reference). The source of

the temperature of an object is, in actuality, the average

kinetic energy of its atoms. Human touch is unreliable in

measuring temperature since what feels hot to one person

may feel cool to another.



During the seventeenth century, Galileo invented a

method for measuring temperature using water and its

ability to react to changes in heat content by expanding or

contracting. Figure 7.1 shows a simple “thermometer” that

consists of a beaker of water in which is inverted a tube with

a circular bulb at the top. When thermal energy is added to

the beaker, the level of water will rise.

TIP

Heat and temperature are not the same thing.

Figure 7.1 Thermometer

For two reasons, however, water is not the best substance

to use to measure temperature. First, water has a relatively

high freezing and low boiling point; second, it has a peculiar

variation in density as a function of temperature because of

its chemical structure. Even so, the phenomenon of

“thermal expansion” is an important topic not only in this

context but also for engineering buildings, roads, and

bridges. We will discuss this aspect in more detail later in

the chapter.



Most modern thermometers (see Figure 7.2) use mercury

or alcohol in a small capillary tube. In the metric system, the

standard sea-level points of reference are the freezing point

(0 degrees) and boiling point (100 degrees) of water. This

temperature scale, formerly known as the centigrade scale,

is now called the Celsius scale after Anders Celsius. (The

English Fahrenheit system is not used in physics.)

Figure 7.2 Thermometer

One difficulty with the Celsius scale is that the zero mark

is not a true zero since a substance can be much colder

than zero. Some gases, such as oxygen and hydrogen, do

not even condense until their temperatures reach far below

0 degrees Celsius. The discovery of a theoretical “absolute

zero” temperature resulted in the so-called absolute or

Kelvin temperature scale. A temperature of −273 degrees

Celsius is redefined as “absolute zero” on the Kelvin scale.

No temperature colder than absolute zero is possible, since

all atomic motion ceases and there is no more kinetic

energy to produce a temperature. An easy way to convert

from Celsius to Kelvin is to add the number 273 to the

Celsius temperature. This just adds a scale factor that

preserves the metric scale of the Celsius reading. In other

words, there is still a 100-degree difference in temperature

between melting ice and boiling water—273 K and 373 K,

respectively. (Note that neither the word “degrees” nor the

degree sign is used in expressing Kelvin temperatures.)

Note that it is not actually possible to cool a real

object all the way down to absolute zero. This is

known as the third law of thermodynamics or Nernst’s

theorem.



MOLAR QUANTITIES

Under the conditions of STP (standard temperature [0°C]

and pressure [1 atmosphere]), most gases behave

according to a simple relationship among their pressures,

volumes, and absolute temperatures. This equation of

state applies to what is referred to as an ideal gas. A real

gas, however, is very complex, and a large number of

variables are required to understand all of the intricate

movements taking place within it.

REMEMBER

Specifically, an ideal gas is one

1. That has only elastic collisions

2. That has no intermolecular forces and where gravity

can be ignored

3. In which the molecules occupy a volume much

smaller than the total volume available

To help us understand ideal gases, we introduce a

quantity called the molar mass. In thermodynamics (and

chemistry), the molar mass or gram-molecular mass is

defined to be the mass of a substance that contains 6.02 ×

1023 molecules (commonly referred to as a mole). This

number is called Avogadro’s number (NO), and 1 mole of

an ideal gas occupies a volume of 22.4 liters at zero degrees

Celsius. For example, the gram-molecular mass of carbon

(C) is 12 grams, while the gram-molecular mass of oxygen

(O2) is 32 grams. If m represents the actual mass, the

number of moles of gas is given by the relationship n =



m/M, where M equals the gram-molecular weight. For

example, 64 grams of oxygen equals 2 moles, and 36 grams

of carbon equals 3 moles.

THE IDEAL GAS LAW EQUATION OF STATE

Imagine that we have an ideal gas in a sealed, insulated

chamber such that no heat can escape or enter. An ideal

gas is one in which the volume of the molecules are an

ignorable fraction of the total volume of the gas and one in

which the molecules do not interact with each other except

via their elastic collisions. Figure 7.3 shows an external force

placed on the piston at the top of the chamber so that the

pressure change causes the piston to move down. The

chamber is a cylinder with cross-sectional area A and height

h. If a constant force F is applied, work is done to move the

piston (frictionless) a distance h. Thus, W = Fh, and since h

= V/A, the work done is

W =
FV

A
= PV

In other words, the work done (in this case) is equal to the

product of the pressure and the volume.

If the temperature of the gas remains constant, this

relationship is known as Boyle’s law and can be expressed

as

PV = constant

or



P1V1 = P2V2

Figure 7.3 A Piston

Experiments demonstrate that, if a gas is enclosed in a

chamber of constant volume, there is a direct relationship

between the pressure in the chamber and the absolute

Kelvin temperature of the gas: the ratio of pressure to

absolute temperature in an ideal gas always remains

constant (indicated by a diagonal, straight-line graph at

constant volume). We can write this relationship

algebraically as:

P

T
= constant

or



P1

T1
=

P2

T2

where the temperatures must be in kelvins.

TIP

An ideal gas is one made of pointlike particles

that collide elastically.

French scientist Jacques Charles (and, independently,

Joseph Gay-Lussac) developed a relationship, commonly

known as Charles’s law, between the volume and the

absolute temperature of an ideal gas at constant pressure.

This law states that the ratio of volume and absolute

temperature in an ideal gas remains constant; that is,

V1

T1
=

V2

T2

The three gas laws—pressure-temperature law, Boyle’s,

and Charles’s—can be summarized by the one ideal gas

law, which has four forms:

The first form is a direct consequence of all three gas

laws:



P1V1

T1
=

P2V2

T2

where the temperatures must be in kelvins.

The second form states that the product of pressure and

volume, divided by the absolute temperature, remains a

constant:

PV

T
= constant

The third and more general form of the ideal gas law (and

the one found in most advanced textbooks) includes the

number of moles of gas involved and a universal gas

constant R:

PV = nRT

where R = 8.31 joules per mole · kelvin (J/mol · K).

Finally, if n = N/NO, where N is the actual number of

molecules and NO is Avogadro’s number, a constant kB =

R/NO, called Boltzmann’s constant, can be introduced,

and the ideal gas law takes the form



PV = NkT

TIP

The state of an ideal gas is uniquely specified

by its pressure, volume, and temperature.

Again, the temperatures must always be in kelvins.

SAMPLE PROBLEM

A confined gas at constant temperature has a volume

of 50 m3 and a pressure of 500 Pa. If it is compressed to

a volume of 20 m3, what is the new pressure?

Solution

We use Boyle’s law:

SAMPLE PROBLEM

P1V1 = P2V2

(500Pa) (50m3) = P2 (20m3)

P2 = 1, 250pa



A confined gas is at a temperature of 27°C when it has

a pressure and volume of 1,000 Pa and 30 m3,

respectively. If the volume is decreased to 20 m3 and

the temperature is raised to 30°C, what is the new

pressure?

Solution

We will use the ideal gas law, but we must remember

that the temperatures must be in Kelvin!

27°C = 300 K

30°C = 323 K

Now,

Solving, we obtain

P2 = 1,615 Pa

KINETIC-MOLECULAR THEORY

What is thermal or internal energy? When thermal energy is

exchanged, we call this heat. If an object is losing thermal

energy, its total internal (or thermal) energy decreases. This

can manifest in either a lowering of temperature or a phase

change. Temperature is a proxy for microscopic kinetic

energy. The energies associated with phase changes are

microscopic potential energies. By microscopic, we mean

(P1V1)
T1

=
(P2V2)

T2

(1,000Pa)(30m3)
300K =

P2(20m3)
323K



the kinetic energies associated with the individual molecular

velocities and the potential energies of relationships

between the molecules within the substance. Kinetic-

molecular theory refers to the fact that if an object remains

in its current state, any thermal energy is mostly going to or

coming from the kinetic energy of the individual molecules

or atoms within the substance. Specifically for an ideal gas,

all thermal energy is in the form of molecular kinetic energy.

Recall that one of the assumptions for an ideal gas is that

the molecules are not interacting and have perfectly elastic

collisions:

Average kinetic energy per molecule = (3/2)kT

where k is the Boltzmann constant and T is the temperature

in Kelvin. Therefore, the total thermal energy of an ideal gas

is (3/2)NkT, where N is the number of molecules in the

substance. Some molecules have higher speeds and thus

higher kinetic energies. Some will have lower kinetic

energies. However, the average is given by the formula

above.

If one uses the kinetic energy formula ((1/2)mv2) and

solves for velocity, an expression is obtained for the root-

mean-square (RMS) velocity:

vrms = √ 3kT

m



Note that this does not represent the average speed of the

molecules. RMS values are bigger than the actual mean

speed. The exact relationship depends on the distribution of

data.

SAMPLE PROBLEM

An ideal gas at 120 degrees Celsius has molecules with

an average kinetic energy of what value? How many

molecules would you need to have 0.5 joules of thermal

energy?

Solution

T = 120 + 273 = 393 Kelvin

KEaverage = (3/2)kT = (3/2)(1.38 × 10−23)(393) = 8.14 ×

10−21 joules

Number of molecules = 0.5 J/(8.14 × 10−21 J) = 6.14 ×

1019 molecules

WORK DONE BY EXPANDING GASES

If a gas expands by displacing any substance, the gas is

doing positive work to its environment. Therefore, the gas is

transferring energy out of its internal energy into the

environment. By the kinetic-molecular theory, this internal

energy is in the kinetic energy of the molecules. This loss of

energy, therefore, means its temperature will go down as

the molecules slow down. Think of each individual collision

of a molecule at the edge of the gas with its surroundings.



In order to displace the external molecule it hits (the

expansion part), the gas molecule must do some individual

work and, in doing so, lower its own kinetic energy. As each

gas molecule that hits the exterior goes through this, the

average speed is lowered, which lowers the temperature of

the entire gas.

Note that pressure times volume has units of energy. For

expanding gases, the area under a pressure-versus-volume

curve is the work done by the gas (representing a loss of

energy from the gas). For contracting gases, the area is the

work being done to the gas (representing a gain in energy

to the gas). If a gas is cycled through compression and

expansion, the difference in areas represents the net work

done by the gas.

SAMPLE PROBLEM

If 2 m3 of gas at 2,000 Pa undergoes isobaric (constant

pressure) compression to 1 m3, then is heated while

held at that size such that its pressure is increased to

5,000 Pa, and then is allowed to undergo isobaric

expansion to 3 m3, what is the net work done to the

gas?

Solution

During the compression, the area under the curve is

the rectangle represented by PΔV = 2,000(2 − 1 m3) =

2,000 J of work done to the gas. The heating at

constant volume represents no work done as the area

under the vertical line is zero. The final expansion

represents work done by the gas of PΔV = 5,000(3 − 1

m3) = 10,000 J.



Net work done to the gas = +2,000 J − 10,000 J =

−8,000 J.

In other words, the gas did +8,000 J of work to its

surroundings.

SAMPLE PROBLEM

Twenty cubic meters of an ideal gas is at 50°C and at a

pressure of 50 kPa. If the temperature is raised to

200°C, and the volume is compressed by half, what is

the new pressure of the gas?

Solution

We must first change all temperatures to kelvins:

50°C = 323 K and 200°C = 473 K

We now use the ideal gas law for two sets of conditions:

P1V1

T1
=

P2V2

T2

Substituting the appropriate values, we get

(50) (20)

323
=

(P2) (10)

473

Solving for the pressure gives P2 = 146.4 kPa.



THE FIRST LAW OF THERMODYNAMICS

If work is being done to an ideal gas at constant

temperature, Boyle’s law states that the work done is equal

to the product of the pressure and the volume (this product

remaining constant). A graph of Boyle’s law, seen in Figure

7.4, is a hyperbola. Pressure and volume changes that

include temperature changes and are adiabatic obey a

different kind of inverse relationship, in which the volume is

raised to a higher exponential power (making the hyperbola

steeper).

Figure 7.4 Work in a P-V Diagram

REMEMBER

Sign Conventions:

Q is “+” for thermal energy coming into gas and “−”

for thermal energy leaving the gas

W is “+” for work done to the gas and “−” for work

done by the gas to its surroundings



The pressure-versus-volume diagram for Boyle’s law

demonstrates the general fact that the area enclosed by the

curve from some initial state to a final state is equal to the

work done.

The first law of thermodynamics is basically the law of

conservation of energy. Let Q represent the change in heat

energy supplied to a system, ΔU represent the change in

internal molecular energy, and W represent the amount of

net work done on the system. The work done by a gas is its

pressure times change in volume. Then the first law of

thermodynamics states that

ΔU = Q + W

In thermodynamics, certain terms are often used and

worth examining in the case of an ideal gas:

THE SECOND LAW OF THERMODYNAMICS AND

HEAT ENGINES

No system is ideal. When a machine is manufactured and

operated, heat is always lost because of friction. This friction

creates heat that can be accounted for by the law of

conservation of energy. Recall that heat flows from a hotter

body to a cooler body. Thus, if there is a reservoir of heat at



high temperature, the system will draw energy from that

reservoir (hence its name). Only a certain amount of energy

is needed to do work. The remainder is released as exhaust

at a lower temperature. This phenomenon was investigated

by a French physicist named Sadi Carnot. Carnot was

interested in the cyclic changes that take place in a heat

engine, which converts thermal energy into mechanical

energy.

In the nineteenth century, German physicist Rudolf

Clausius coined the term entropy to describe an increase in

the randomness or disorder of a system. These studies by

Clausius and Carnot can be summarized as follows:

1.  Heat never flows from a cooler to a hotter body of its

own accord.

2.  Heat can never be taken from a reservoir without

something else happening in the system.

3.  The entropy of any isolated system is always

increasing.

These three statements embody the second law of

thermodynamics: it is impossible to construct a cyclical

machine that produces no other effect than to transfer heat

continuously from one body to another at higher

temperature.

Connected with the second law of thermodynamics is the

concept of a reversible process. Heat flows spontaneously

from hot to cold, and this action is irreversible unless acted

upon by an outside agent. A system may be reversible if it

passes from the initial to the final state by way of some

intermediary equilibrium states. This reversible process,

which can be represented on a pressure-versus-volume

diagram, was studied extensively by Carnot.

A simple heat engine is shown in Figure 7.5.



Figure 7.5 PV Diagram for a Simple Heat Engine

From point A to point B, pressure increases at constant

volume. No work is done. From point B to point C, heat is

absorbed from the outside as the gas expands at constant

pressure. The work done is equal to P2(V2 − V1). From point

C to point D, the volume is constant as the pressure

decreases. No work is done. Finally, from point D to point A,

the volume decreases at constant pressure and heat is lost

to the outside. The work done is equal to P1(V1 − V2).

In each isochoric change, ΔW = 0 since there were no

changes in volume. During isobaric changes,

The net work is equal to (P2 − P1)(V2 − V1) and would be

equal to the area of the rectangle in Figure 7.6.

The Carnot cycle is one in which adiabatic temperature

changes occur, as shown in Figure 7.6.

ΔW2 = P2 (V2 − V1) and ΔW1 = P1 (V1 − V2)



Figure 7.6 Carnot Cycle

The isothermal changes occur from A to B and from C to

D. The adiabatic changes are represented by segments BC

and AD, in which no heat is gained or lost. Therefore, heat

must be added in segment AB and released in CD. In other

words, there is an isothermal expansion in AB at a

temperature T1. Heat is absorbed from the reservoir, and

work is done. BC represents an adiabatic expansion in which

an insulator has been placed in the container of the gas.

The temperature falls, and work is done. In CD, we have an

isothermal compression when the container is connected to

a reservoir of temperature T2 that is lower than T1. Heat is

released in this process, and work is done. Finally, in DA, the

gas is compressed adiabatically, and work is done. The total

work done would be equal to the area of the figure enclosed

by the graph.

The efficiency of heat engines is given by the fractional

ratio between the total work done and the original amount

of heat added (since ΔU = 0 for the cycle, W = Qin − Qout =

Q1 − Q2):

Efficiency =
W

Q1
= 1 −

Q2

Q1



The reason is that the net work done in one cycle is equal to

the net heat transferred (Q1 − Q2), since the change in

internal energy is zero. For the Carnot cycle, this can be

rewritten as

Efficiency =1 −
T2

T1

where T1 > T2 and both temperatures are in kelvins.

A heat pump, such as those used by refrigerators, can be

thought of as reversed Carnot cycles. The same steps are

executed, but in the opposite sense. Work is done to the

fluid rather than by the fluid, and the difference in heat

added and extracted over the cycle is negative such that

more heat is extracted from the fluid than is added.

SAMPLE PROBLEM

A confined gas undergoes changes during a

thermodynamic process as shown in the P-V diagram.

Calculate the net energy added as heat during one

cycle.



Solution

We can calculate the net energy by calculating the area

under each segment of the graph. From A → B, the

work done below the diagonal segment is equal to 800

J. From B → C, the area below the straight-line segment

is equal to 1,200 J. No work is done from C → A since

we do not have a change in volume. Thus, the net

energy is 800 J − 1,200 J = −400 J.

HEAT TRANSFER

Heat can be transferred by conduction, convection, or

radiation.

Because metals contain a large number of free electrons,

heat conduction is the main mode of heat transfer. If you

have ever left a spoon in a cup of hot water for a long time,

you have experienced heat conduction.

The rate of heat transfer (ΔQ/t) through a solid slab of

material (see Figure 7.7) depends on four quantities:

1.  The temperature difference on either side of the slab

(ΔT)

2.  The thickness of the slab (L)



3.  The frontal area of the slab (A)

4.  The thermal conductivity (k) of the material. This is a

number in units of watts per meter per degree Celsius

(W/m · °C).

Figure 7.7 Heat Transfer

H =
ΔQ

t
=

kAΔT

L

Table 7.1 lists some typical thermal conductivities.

Heat can be transferred by convection in a gas or liquid

as matter circulates throughout the system. For example,

hot air is less dense and rises while cold air is more dense

and sinks.

If the air above the ground is heated by the Sun, that air

will rise and cool. This colder air will sink, and circulation will

occur. A room can be heated by convection as hot air

displaces cold air and circulates throughout the room.

Convection currents can also be seen in water being heated.



If a dye is placed into water that is being heated from

below, the patterns formed will show the flow of convection.

If heat is transferred by means of electromagnetic waves

(see Chapter 4), the process is known as radiation. Infrared

waves from the Sun are a typical mechanism for heating the

atmosphere. Radiation, like all waves, transfers energy only

from place to place. Radiation does not require a material

medium for propagation.

TABLE 7.1

Thermal Conductivities

Material k(W/m · °C)

Air 0.024

Aluminum 2.50

Brick 0.6

Brass 109

Concrete 0.8

Cork 0.04

Copper 385

Glass 0.8

Ice 1.6



Iron, steel
50

Silver 406

SUMMARY

■ Pressure is defined as the force per unit area.

■ One mole of an ideal gas occupies a volume of 22.4

liters and contains 6.02 × 1023 molecules

(Avogadro’s number) at STP.

■ Boyle’s law states that if a confined ideal gas is

kept at constant temperature, then the product of

the pressure and the volume remains constant (PV

= constant).

■ Charles’s law states that if a confined ideal gas is

kept at constant pressure, then there is a direct

relationship between the volume and absolute

temperature (V/T = constant).

■ For an ideal gas, the relationship PV/T is equal to a

constant.

■ The first law of thermodynamics is essentially a

restatement of the law of conservation of energy: ΔU

= ΔQ + ΔW.



■ The second law of thermodynamics relates to an

increase in entropy (randomness) in the universe

and the fact that heat is always generated when

work is done. It is therefore impossible to create an

ideal machine without any losses due to heat.

■ Ideal gases can be described using a statistical

theory known as the kinetic theory of gases in which

the molecules of a gas undergo elastic collisions and

the temperature is a measure of the average kinetic

energy of the molecules.

■ Heat can be transferred by conduction, convection,

or radiation.

Problem-Solving Strategies for Thermodynamics

and the Kinetic Theory of Gases

It is important to remember that all temperatures must

be converted to kelvins before doing any calculations.

Also, since the units for the gas constant R and

Boltzmann’s constant k are in SI units, all masses or

molecular masses must be in kilograms. For example,

the molecular mass of nitrogen is usually given as 28

grams per mole. However, in an actual calculation, this

must be converted to 0.028 kilograms per mole.

You also should remember that, unless a comparison

relationship is used (such as Boyle’s law or the

preceding sample problem), all pressures must be in

units of pascals (not kilopascals, atmospheres, or

centimeters of mercury) and all volumes must be in

cubic meters. However, in a comparison relationship,

the chosen units are irrelevant (except for temperature,

which is always in kelvins), and you can use

atmospheres for pressure, or liters (1 liter = 1,000

cubic centimeters) for volume. The molar specific heat



capacities depend on the number of moles, not the

number of grams (the specific heat capacity).

PRACTICE EXERCISES

1. At constant temperature, an ideal gas is at a pressure of

30 cm of mercury and a volume of 5 L. If the pressure is

increased to 65 cm of mercury, the new volume will be

(A) 10.8 L

(B) 2.3 L

(C) 0.43 L

(D) 1.7 L

2. At constant volume, an ideal gas is heated from 75°C to

150°C. The original pressure was 1.5 atm. After

heating, the pressure will be

(A) doubled

(B) halved

(C) the same

(D) less than doubled

3. At constant pressure, 6 m3 of an ideal gas at 75°C is

cooled until its volume is halved. The new temperature

of the gas will be

(A) 174°C

(B) 447°C

(C) −99°C

(D) 37.5°C



4. Water is used in an open-tube barometer. If the density

of water is 1,000 kg/m3, what will be the level of the

column of water at sea level?

(A) 10.3 m

(B) 12.5 m

(C) 13.6 m

(D) 11.2 m

5. As the temperature of an ideal gas increases, the

average kinetic energy of its molecules

(A) increases, then decreases

(B) decreases

(C) remains the same

(D) increases

6. The product of pressure and volume is expressed in

units of

(A) pascals

(B) kilograms per newton

(C) watts

(D) joules

7. Which of the following is equivalent to 1 Pa of gas

pressure?

(A) 1 kg/s2

(B) 1 kg · m/s

(C) 1 kg · m2/s2

(D) 1 kg/m · s2

8. What is the efficiency of a heat engine that performs

700 J of useful work from a reservoir of 2,700 J?



(A) 74%

(B) 26%

(C) 35%

(D) 65%

9. The first law of thermodynamics is a restatement of

which law?

(A) Conservation of charge

(B) Conservation of energy

(C) Conservation of entropy

(D) Conservation of momentum

10. Which of the following graphs represents the

relationship between pressure and volume for an ideal

confined gas at constant temperature?

(A)

(B)

(C)



(D)

11. (a) How many molecules of helium are required to fill a

balloon with a diameter of 50 cm at a temperature of

27°C?

(b) What is the average kinetic energy of each

molecule of helium?

(c) What is the average velocity of each molecule of

helium?

12. An engine absorbs 2,000 J of heat from a hot reservoir

and expels 750 J to a cold reservoir during each

operating cycle.

(a) What is the efficiency of the engine?

(b) How much work is done during each cycle?

(c) What is the power output of the engine if each cycle

lasts for 0.5 s?

13. A monatomic ideal gas undergoes a reversible process

as shown in the pressure-versus-volume diagram

below:



(a) If the temperature of the gas is 500 K at point A,

how many moles of gas are present?

(b) For each cycle (AB, BC, and CA), determine the

values of ΔW, ΔU, and ΔQ.

14. A glass window has dimensions of 1.2 m high, 1.0 m

wide, and 5 mm thick. The outside temperature is 5°C,

while the inside air temperature is 15°C.

(a) What is the conductive rate of heat transfer through

the window?

(b) How much energy is transferred in one hour?

ANSWERS EXPLAINED

1. (B) At constant temperature, an ideal gas obeys Boyle’s

law. Since we are making a two-position comparison,

we can use the given units for pressure and volume.

Substituting the given values into Boyle’s law, we

obtain (30)(5) = (65)(V2), which implies that V2 = 2.3 L.

2. (D) At constant volume, the changes in pressure are

directly proportional to the changes in absolute Kelvin

temperature. Therefore, even though the Celsius

temperature is being doubled, the Kelvin temperature is



not! Thus, the new pressure must be less than doubled.

Alternatively, you can calcluate the new pressure since

75°C = 348 K and 150°C = 423 K. Thus 1.5/348 =

P2/423, and P2 = 1.8 atm (less than double). Again,

since a comparison relationship is involved, we can

keep the pressure in atmospheres for convenience.

3. (C) This is a Charles’s law problem, and the temperatures

must be in kelvins. Since 75°C = 348 K, we can write

that 6/348 = 3/T2. However, the volume change is

directly proportional to the Kelvin temperature change.

Thus, T2 = 174 K = −99°C.

4. (A) The formula for pressure is P = pgh. The density of

water is 1,000 kg/m3, and g = 9.8 m/s2. We also know

that at sea level P = 101 kPa, which must be converted

to pascals or newtons per square meter. Thus h = P/pg,

and making the necessary substitutions gives h = 10.3

m (a very large barometer over 35 ft tall!).

5. (D) The absolute temperature of an ideal gas is directly

proportional to the average kinetic energy of its

molecules. Hence, the average kinetic energy increases

with temperature.

6. (D) The units of the product PV are joules, the units of

energy.

7. (D) One pascal is equivalent to 1 N/m2, but 1 N is equal

to 1 kg · m/s2. Thus, the final equivalency is 
1kg
m⋅s2 .

8. (B) Efficiency = (700 J/2,700 J) × 100% = 26%.

9. (B) The first law of thermodynamics expresses the

conservation of energy.



10. (D) Boyle’s law relates pressure and volume in an ideal

gas. This is an inverse relationship that looks like a

hyperbola.

11. (a) From the ideal gas formula, we know that PV = NkT,

where N equals the number of molecules and k is

Boltzmann’s constant. For a 50-cm-diameter balloon,

the radius will be 0.25 m. One atmosphere is equal

to 101,000 Pa of pressure. The volume of a sphere is

given by V = (4/3)πR3, which equals 0.065 m3 upon

substitution.

We know also that N = PV/kT, where T is equal to

300 K in this problem. Substituting all known values

gives

N =
(101, 000) (0.065)

(1.38 × 10−23) (300)
= 1.59 × 1024molecules

(b) The average kinetic energy of each molecule is

equal to

KE =
3

2
kT = (1.5)(1.38 × 10−23)(300) = 6.21 × 10−21J

(c) The average velocity of each molecule is given by

vrms = √ 3RT

m
= √ (3)(8.31) (300)

0.004
= 1, 367m/s

12. (a) The efficiency of the heat engine is given by the

formula



e =
ΔQ

Qhot
=

2, 000 − 750

2, 000
= 0.625or 62.5%

(b) The work done during each cycle is equal to

ΔQ = 2,000 − 750 = 1,250 J

(c) The power output each cycle equals the work done

divided by the time:

P =
1, 250

0.5
= 2, 500W

13. (a) Since we know the pressure, volume, and absolute

temperature of the ideal (monatomic) gas at point A,

we can use the ideal gas law, PV = nRT, to find the

number of moles, n.

First, however, we must be in standard units: 7 atm

= 707,000 Pa, and since 1 L = 0.001 m3, then 10 L =

0.01 m3. Thus,

n =
(707, 000) (0.01)

(8.31) (500)
= 1.7mol of gas

(b) i. The cycle AB is isochoric, and so

ΔW = 0

Thus, ΔU = ΔQ. Now, as the pressure decreases

from 7 atm to 3 atm, the absolute temperature

decreases proportionally. Thus, we can write



7

500
=

3

TB

which implies that the absolute temperature at point

B is equal to 214.29 K. To find the change in the

internal energy, we recall that

ii. The cycle BC is isobaric, and the decrease in

volume from 10 L to 2 L is accompanied by a

corresponding decrease in absolute temperature.

We know from step i that the temperature at B is

214.29 K, so we can use Charles’s law to find the

temperature at point C. Also, the work done is

negative since we are expelling energy to reduce

pressure and volume. We can therefore write

10

214.29
=

2

Tc

which implies that the absolute temperature at point

C is equal to 42.86 K. Therefore ΔT = −171.43 K.

Now, in this process, work is done to compress the

gas, and W = P (VC − VB). The pressure is constant

at P = 3 atm = 303,000 Pa, and ΔV = −8 L =

−0.008 m3.

Thus,

ΔW = (303,000)(−0.008) = −2,424 J

ΔU = 3
2 nRΔT = (1.5)(1.7)(8.31) (−285.7)

= −6, 054J =ΔQalso!



To find ΔU, we note that the temperature change of

the 1.7 moles was −171.43 K, and so

ΔU = (1.5)(1.7)(8.31)(−171.43) = −363.69 J

To find ΔQ, we use the first law of thermodynamics:

ΔQ = ΔU + ΔW = −3,632.69 − 2,424 = −6,057 J

iii. The last part of the reversible cycle puts back all

the work and energy, a total of 12,111 J of heat

(the sum of ΔQ in steps i and ii), that was

removed in the first two steps. Thus, for CA,

ΔQ = +12,111 J

In a similar way, the total change in internal energy

equaled −9,686.69 J. Thus, in cycle CA,

ΔU = +9,686.69 J

Finally,

ΔW = ΔQ − ΔU = 12,111 − 9,686.69 = 2,424.31 J

Notice that, since no work was done in step i, this is

approximately equal to the work done in step ii!

14. (a) The formula for conductive heat transfer is 

H = kAΔT
L . First, we need to change the glass

thickness to meters:

5 mm = 0.005 m

From Table 7.1, we see that the thermal conductivity

of glass is



k = 0.8 W/m · °C

The area of the glass window is simply

A = (1.2 m)(1.0 m) = 1.2 m2

By substituting in all the values and noting that ΔT

= 10°C, we get

(b) Since energy = power × time, the energy

transferred in 1 hour (3,600 s) is

E = (1,920 J/s)(3,600 s) = 6.912 × 106 J

H =
(0.8W/m⋅°C)(1.2m2)(10°C)

(0.005m)

= 1, 920W
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PHOTOELECTRIC EFFECT

Light has a very interesting effect on certain metals.

Experimentally, it was observed that ultraviolet light could

cause some metals to spark. Obviously, the light was



causing electrons to be emitted from the metal. However,

the basic mechanism was not understood. As we shall see,

wave ideas about amplitude and frequency did not seem to

make sense when applied to this experiment. Most troubling

was the fact that raising the intensity of light (increasing the

amplitude of the wave) could not cause electrons to be

emitted if the frequency was too low. This phenomenon,

called the photoelectric effect, defines a new view of light

that has come to be known as the quantum theory.

Developed by Albert Einstein, the quantum theory has been

extended to particles as well as electromagnetic waves and

forms the basis of modern physics.

The photoelectric effect can be studied in a more

quantitative way. Figure 8.1 shows an evacuated tube that

contains a photoemissive material. Many metals exhibit the

photoelectric effect. On the other side of the tube is a

collecting plate. The tube is connected to a microammeter,

which can be used to measure the current generated by the

emitted electrons. When exposed to light of suitable

frequency, the ammeter will implicitly measure the number

of electrons emitted per second. This number is sensitive

only to the intensity of the electromagnetic wave applied.

The minimum frequency that emits electrons is called the

threshold frequency and is designated as f0.

Figure 8.1 Vacuum Tube for Photoelectric Effect

To measure the energy of the emitted electrons, we insert

in the circuit a source of potential difference (Figure 8.2)



such that the negative electrons approach a negatively

charged side. This will create a braking force; if we select

the voltage properly, we can stop the current completely.

The voltage that performs this feat is called the stopping

voltage or stopping potential and is designated as V0.

The energy of the electrons stopped by this voltage is

equal to the product of the electrons’ charge and the

stopping voltage, eV0. Since the stopping voltage is

independent of the intensity of the light used (a violation of

the wave theory of light), the stopping voltage measures the

maximum kinetic energy of the emitted electrons.

Figure 8.2 Photoelectric Effect Experimental Setup

As the frequency of light is slowly increased, there is a

change in the maximum kinetic energy of the electrons. The

fact that this energy is independent of the intensity of the

light was used by Einstein to demonstrate that light consists

of discrete or quantized packets of energy called photons.

The energy of a given photon is directly proportional to its

frequency.

To clarify this relationship, Figure 8.3 illustrates a typical

graph of maximum kinetic energy versus frequency.



Figure 8.3 Results from a Photoelectric Effect

Experiment

Starting with the threshold frequency, the graph is a

straight line. For any frequency point, f, the slope of the line

is given by

Slope =
KEmax

f − f0
= h

This slope, referred to as Planck’s constant and

symbolized as h, has a value of

h = 6.63 × 10−34 J/Hz = 6.63 × 10−34 J · s

Planck’s constant originally appeared in the theoretical

work of German physicist Max Planck. His mathematical

discovery in 1900 of an elementary quantum of action

helped explain the nature of radiation emitted from hot

bodies. Planck’s constant became a part of Einstein’s

quantum theory of light and Bohr’s quantum theory of the

hydrogen atom.

The above equation can be solved for the maximum

kinetic energy:

 

KEmax = hf − ϕ



 

In this expression, known as the photoelectric equation,

hf represents the energy of the original photon, while ϕ,

called the work function, is a property of the metal. The

quantity ϕ is a measure of the minimum amount of energy

needed to free an electron. The work function (ϕ) is

sometimes designated as W0 and can easily be shown to be

hf0. The threshold frequency (f0) corresponds to the photon

with the energy required to just barely free the electron.

Experiments with various metals yield some interesting

results. Even though the different metals all have different

threshold frequencies and, therefore, different work

functions, they all obey the same photoelectric equation

and have the same slope, h. A typical comparison graph of

three metals, A, B, and C, is shown in Figure 8.4.

Figure 8.4 The Photoelectric Effect in Three Different

Materials

Einstein was awarded the Nobel Prize for Physics in 1921

for his explanation of the photoelectric effect. His

suggestion of the photoelectric effect, whereby light

behaves as packets of quantized energy (photons), was in

direct conflict with the prevailing wave theory of light, as

demonstrated by interference and diffraction. Thus,

physicists in the early twentieth century were presented

with a dual nature of light. Generally speaking, the



coexistence of particle and wave descriptions for

fundamental particles is known as wave-particle duality.

 

SAMPLE PROBLEM

Light with a frequency of 2 × 1015 Hz is incident on a

piece of copper.

(a) What is the energy of the light in joules and in

electron-volts?

(b) If the work function for copper is 4.5 eV, what is

the maximum kinetic energy, in electron volts, of the

emitted electrons?

Solution

(a) The energy in joules is given by E = hf. Thus,

E = hf = (6.63 × 10−34)(2 × 1015) = 1.326 × 10−18 J

Since 1 eV = 1.6 × 10−19 J, we have

E = 8.28 eV

(b) To find the maximum kinetic energy, we simply

subtract the work function from the photon energy:

KEmax = 8.28 − 4.5 = 3.79 eV

PHOTON MOMENTUM

In the early 1920s, American physicist Arthur Compton

conducted experiments with X rays and graphite. He was



able to demonstrate that, when an X-ray photon collides

elastically with an electron, the collision obeys the law of

conservation of momentum. The scattering of photons due

to this momentum interaction is known as the Compton

effect (Figure 8.5). In the Compton effect, the scattered

photon has a lower frequency than the incident photon.

Figure 8.5 Compton Scattering

The momentum of the photon is given by the relationship

p = h/λ. Thus X rays, because of their very high frequency,

possess a large photon momentum. Even though we state

that photons can have momentum, they do not possess

what is called rest mass. If light can have momentum as

well as wavelength, the question now raised is, can particles

have wavelength as well as momentum?

MATTER WAVES

If a beam of X rays is incident on a crystal of salt, the

pattern that emerges is characteristic of the scattering of

particles, not waves. If, however, a beam of electrons is

incident on a narrow slit (Figure 8.6), the pattern that

emerges is a typical wave diffraction pattern. Electron

diffraction is one example of the dual nature of matter,

which, under certain conditions, exhibits a wave nature. The

circumstances are determined by experiment. If you

perform an interference experiment with light, you will

demonstrate its wave properties. If you do a photoelectric



effect experiment, light will reveal its “particle-like”

properties.

In the 1920s, French physicist Louis de Broglie used the

dual nature of light to suggest that matter can have a

“wave-like” nature, as indicated by its de Broglie

wavelength. Since a photon’s momentum is given by p = h/

λ, the wavelength can be transposed to give λ = h/p.

Figure 8.6 Interference from Electron Diffraction

Louis de Broglie suggested that, if the momentum of a

particle, p = mv, has a magnitude suitable to overcome the

small magnitude of Planck’s constant, a significant

wavelength can be observed. The criterion, since mass is in

the denominator of the expression for wavelength, is that

the mass be extremely small (on the atomic scale). Thus,

while electrons, protons, and neutrons might have wave

characteristics, a falling stone, because of its large mass,

would not exhibit any wave-like effects. The equation for the

de Broglie wavelength of a particle is given by

 

λ =
h

mv



 

 

SAMPLE PROBLEM

Find the de Broglie wavelength for each of the

following:

(a) A 10-g stone moving with a velocity of 20 m/s.

(b) An electron moving with a velocity of 1 × 107 m/s.

Solution

(a) Since m = 10 g = 0.01 kg, and λ = h/mv, we have

λ =
6.63 × 10−34

(0.01) (20)
= 3.315 × 10−33m

(b) In this part we have

λ =
h

mv
=

6.63 × 10−34

(9.1 × 10−31) (1 × 10−7)
= 7.3 × 10−11m

This aspect of particle motion, on a small scale, leads to

the so-called Heisenberg uncertainty principle.

Developed by Werner Heisenberg, also in the 1920s, this

states that because of the wave nature of small particles (on

an atomic scale) it is impossible to determine precisely both

the simultaneous position and momentum of the particle.

Any experimental attempt to observe the particle, the

simple action of observing, will cause an inherent



uncertainty since those photons will interact with the

particles. Mathematically, the Heisenberg uncertainty

principle states that

 

ΔxΔp ≥
h

4π

 

where h is Planck’s constant.

SPECTRAL LINES

A hot source that emits white light is said to be

incandescent. Its light, when analyzed with a prism, is

broken up into a continuous spectrum of colors. (A

spectroscope is a device that uses either a prism or a

grating to create a spectrum.) If a colored filter is used over

the incandescent source, light of only that one color will be

emitted, and the spectrum will appear as a continuous band

of that color.

If hydrogen gas contained at low pressure in a tube is

electrically sparked, the gas will emit a bluish light. If that

light is analyzed with a spectroscope, a discrete series of

colored lines ranging from red to violet, rather than a

continuous band of color, is revealed. When sparked, other

chemical elements also show characteristic emission line

spectra that are useful for chemical analysis. These spectra

provided the evidence for Bohr to quantize the energy levels

of electrons.

Figure 8.7 illustrates a typical hydrogen spectral series in

the visible range of the electromagnetic spectrum. This

series is often called the Balmer series in honor of Jakob

Balmer, a Swiss mathematician who empirically studied the



hydrogen spectrum in the late nineteenth century. In Figure

8.7, a hydrogen tube is excited and its light is passed

through a narrow slit to provide a point source. This light is

then passed through a prism or grating. Many emission lines

are produced, but only the first four, designated as Hα (red),

Hβ, Hϒ, and Hδ (violet), are illustrated here. The wavelengths

range from about 656 to about 400 nanometers.

Figure 8.7 Spectroscopy

SPECIAL RELATIVITY

In 1905, Einstein published several papers, one of which is

now seen as answering the puzzling experimental

observation that the speed of light is the same to all

observers. Unlike any other relative velocity problem, light’s

speed does not change when you change reference frames.

No matter the various speeds of different observers, they

will each measure the exact same speed for any

electromagnetic wave in a vacuum, 3 × 108 m/s (c). Rather

than begin with the experimental evidence (most of which

came after his paper), Einstein began with the theories of

electricity and magnetism. When combined, these yield a

speed for electromagnetic radiation of 3 × 108 m/s

independent of the speed of the source of the radiation.

Instead of trying to tinker with the theories governing

electricity and magnetism (which were, by that time, pretty

well verified), Einstein took the universality of the speed of

light as a fundamental property of space itself. He explained



that all fields (or, more generally, any object with zero rest

mass) propagate through space at this speed. In other

words, what we call the speed of light is not just some

property of light. It is the speed limit of the universe itself.

To address the issue of how different observers could

possibly measure the same speed when the observers have

different velocities relative to each other, Einstein forces us

to look at what it means to take measurements of both

distance and time (obviously required when measuring

speed). By careful analysis of the fact that two

measurements need to be made (ending and starting points

of the intervals in space or the intervals in time), he

demonstrated that the idea of simultaneity is relative. Two

events that may appear simultaneous to one observer will

not appear so to another observer as the information about

the two events must propagate at the finite speed of light.

This lack of simultaneity on the part of two independent

observers led Einstein to conclude that different observers

will not agree about intervals of space and time either. As

people more commonly say, the two observers will not

agree with each other’s metersticks and stopwatches.

Someone traveling at a different speed from you will appear

to have shorter metersticks and slower clocks. If the

difference in distance measured by each observer is divided

by the difference in time measured by each observer, the

values will cancel out. As a result, each observer will come

up with the same number of meters traveled per second for

electromagnetic radiation. This occurs because the speed of

light is finite.

 

TIP

Although these equations are unlikely to appear

on the AP Physics 2 test, the concepts of length



contraction and time dilation are important

ones.

 

The equations for length contraction and time dilation

both depend on the gamma factor, where v is the relative

velocity between two observers:

γ2 = 1/(1 − ν2/c2)

ΔTmoving = γΔTrest

ΔDmoving = ΔDrest/γ

As surprising as Einstein’s propositions are, they have been

experimentally verified many times over. They are used

every day by physicists who deal with high-velocity objects.

MASS-ENERGY EQUIVALENCE

In 1905, in a follow-up paper to his special theory of

relativity published earlier that year, Einstein proposed that

mass and energy are different manifestations of the same

thing. In other words, neither mass nor energy is conserved

by itself. Rather, it is the combination of the two. Mass can

be changed into energy and vice versa via his famous

relationship:

 

E = mc2

 

where c is the speed of light. The speed of light is such a

large number that everyday transfers of energy do not

result in any meaningful change in mass. (However, a

cooling coffee mug is indeed losing mass as it radiates away



energy!) In low-mass, high-energy situations, the changes in

mass due to energy loss or gain become impossible to

ignore. For example, in nuclear fusion and fission, the total

number of nucleons is the same before and after, yet the

total mass of the product nuclei are lower after energy has

been released and are higher after energy has been

absorbed. In fact, most of the mass of compound objects

like atoms, molecules, and people comes from the bending

energies within the nuclei of atoms. The individual quarks

and electrons by themselves provide a very minor

contribution to the total mass of everyday objects.

 

SAMPLE PROBLEM

A hot cup of coffee loses 50 joules of energy as it cools

down. By how much has its mass decreased?

Solution

m = E/c2 = 50 J/(3 × 108 m/s)2 = 5.6 × 10−14 kg

It is not likely you will notice this loss when you lift the

cup!

 

SAMPLE PROBLEM

An electron meets a positron (the antiparticle of an

electron, a positively charged electron), and they



annihilate each other. How much energy is released?

Solution

E = mc2 = (Melectron + Mpositron)c2 = (2 × 9.11 × 10−31)

(3 × 108 m/s)2 = 1.6 × 10−13 J

This value is over 1,000 times greater than the binding

energy of electrons in hydrogen atoms!

ATOMIC STRUCTURE AND RUTHERFORD’S

MODEL

In 1896, French physicist Henri Becquerel was studying the

phosphorescent properties of uranium ores. Certain rocks

glow after being exposed to sunlight, and many physicists at

that time were examining the light emanations from these

ores.

One day, while engaged in such a study, Becquerel

placed a piece of uranium ore in a drawer on top of some

sealed photographic paper. Several days later, he found to

his surprise that the paper had been exposed even though

no light was incident on it! His conclusion was that radiation

emitted by the uranium had penetrated the sealed envelope

and exposed the paper.

Subsequent work by Marie and Pierre Curie revealed that

this natural radioactivity, as they called it, came from the

uranium itself and was a consequence of its instability as an

atom. Also, Ernest Rutherford discovered (see Figure 8.8)

that the radiation emitted yielded particles that were useful

for further atomic studies.



Figure 8.8 Three Types of Radiation

When passed through a magnetic field, the emitted

radiation split into three separate parts, called alpha rays,

beta rays, and gamma rays. Analysis of their trajectories

led to the conclusions that alpha particles, later identified as

helium nuclei, are positively charged; beta particles, later

identified as electrons, are negatively charged; and gamma

rays, later identified to be photons, are electrically neutral.

J. J. Thomson, using the data available at the end of the

nineteenth century, devised an early model of the atom

based on the fact that all atoms are electrically neutral.

After concluding that the atom is neutral overall and yet has

electrons also associated with it, Thomson’s model proposed

that the atom consisted of a relatively large, uniformly

distributed, positive mass with negatively charged electrons

embedded in it like raisins in a pudding (see Figure 8.9).

Figure 8.9 Thomson’s Model of the Atom

In 1911, Rutherford and his co-workers decided to test

Thomson’s model using alpha-particle scattering. In the

Thomson model, the positive charge was uniformly

distributed. Since the negative electrons were embedded

throughout the atom as well, the Coulomb force of



attraction would weaken the deflecting force on a passing

positively charged alpha particle.

Rutherford’s procedure was to aim alpha particles at a

thin metal foil (he used gold) and observe the scattering

pattern on a zinc sulfide screen (Figure 8.10).

Figure 8.10 Rutherford’s Experiment

When the results were analyzed, Rutherford found that

most of the alpha particles were not deflected. A few,

however, were strongly deflected in hyperbolic paths

because of the Coulomb force of repulsion. Since these

forces were strong, Thomson’s model was incorrect. Some

alpha particles were scattered back close to 180 degrees

(Figure 8.11).

Figure 8.11 Alpha Particle Scattering Trajectories

Rutherford’s conclusion was that the atom consisted

mostly of empty space and that the nucleus was a very

small, densely packed, positive charge. The electrons, he

proposed, orbited around the nucleus like planets orbiting

the Sun.



Rutherford’s model, however, had several major

problems, including the fact that it could not account for the

appearance of discrete emission line spectra. In Rutherford’s

model the electrons continuously orbited around the

nucleus. This circular, “accelerated” motion should produce

a continuous band of electromagnetic radiation, but it did

not. Additionally, the predicted orbital loss of energy would

cause an atom to disintegrate in a very short time and thus

break apart all matter. This phenomenon, too, did not occur.

THE BOHR MODEL

Niels Bohr, a Danish physicist, decided in 1913 to study the

hydrogen spectral lines again. Years earlier, Einstein had

proposed a quantum theory of light, developing the concept

of a photon and completely explaining the photoelectric

effect.

Bohr observed that the Balmer formula for the hydrogen

spectrum could be viewed in terms of energy differences.

He then realized that these energy differences involved a

new set of postulates about atomic structure. The main

ideas of his theory are these:

1. Electrons do not emit electromagnetic radiation while

in a given orbit (energy state).

2. Electrons cannot remain in any arbitrary energy state.

They can remain only in discrete or quantized energy

states.

3. Electrons emit electromagnetic energy when they

make transitions from higher energy states to lower

energy states. The lowest energy state is the ground

state.

According to the Bohr theory, the energy of a photon is

equal to the energy difference between two energy states

(Figure 8.12).



Figure 8.12 Energy-Level Diagram for Hydrogen

The different spectral series arise from transitions from

higher energy states to specified lower energy states. The

ultraviolet Lyman series occurs when electrons fall to level

1; the visible Balmer series, when electrons fall to level 2;

the infrared Paschen series, when electrons fall to level 3.

Thus, we can write that the energy, in joules, for an emitted

photon is given by

 

f =
Einitial − Efinal

h

 

The energy-level diagram for hydrogen is shown in Figure

8.12. The energy in a given state represents the amount of

energy, called the ionization energy, needed to free an

electron from the atom. A charged atom is termed an ion.

Electron ionization energies were confirmed by experiments

in 1914.

We designate the levels mathematically as negative so

that the ionization level will have a value of zero; the

energies carried away by emitted photons are always

positive. Even though hydrogen has only one electron, the

many atoms of hydrogen in a sample of this gas, coupled

with the different probabilities of electrons’ being in any one



particular state, produce the multiple lines that appear in

the visible spectrum when the gas is “excited.”

 

SAMPLE PROBLEM

What is the wavelength of a photon emitted when an

electron makes a transition in a hydrogen atom from

level 5 to level 3?

Solution

From level 5 to level 3 involves an energy difference of

E = (−0.54 eV) − (−1.50 eV) = 0.96 eV = 1.536 ×

10−19 J

Now, the frequency of the photon will be equal to

f =
1.536 × 10−19

6.63 × 10−34
= 2.3 × 1014Hz

The wavelength of this photon is given by

λ =
c

f
=

3 × 108

2.3 × 1014
= 1.3 × 10−6m

(which is in the infrared part of the electromagnetic

spectrum).

It is important to remember that an electron will make a

transition from a lower to a higher energy state only when it



absorbs a photon equal to a given possible (“allowed”)

energy difference. This is the nature of the quantization of

the atom; the electron can exist only in a specified energy

state. To change states, the electron must either absorb or

emit a photon whose energy is proportional to Planck’s

constant and equal to the energy difference between two

energy states.

The Heisenberg uncertainty principle, discussed in the

section “Matter Waves” earlier in this chapter, introduces

the element of “probability” in describing the nature of

electron orbits and energy states. This subject is studied in

the science of quantum mechanics, developed by Erwin

Schrödinger and Werner Heisenberg.

QUANTUM MECHANICS AND THE ELECTRON

CLOUD MODEL

The success of the Bohr model was limited to the hydrogen

atom and certain hydrogen-like atoms (atoms with one

electron in the outermost shell; single-ionized helium is an

example). The wave nature of matter led to a problem in

predicting the behavior of an electron in a strict Bohr energy

state.

In 1926, physicist Erwin Schrödinger developed a new

mechanics of the atom, then called wave mechanics, but

later termed quantum mechanics. In the wave mechanics

of Schrödinger, the position of an electron was determined

by a mathematical function called the wave function. This

wave function was related to the probability of finding an

electron in any one energy state. A wave equation, called

the Schrödinger equation, was derived using ideas about

time-dependent motion in classical mechanics.

The energy states of Bohr were now replaced by a

probability “cloud.” In this cloud model the electrons are

not necessarily limited to specified orbits. A cloud of



uncertainty is produced, with the densest regions

corresponding to the highest probability of an electron being

in a given state.

The use of probability to explain the structure of the atom

led to intense debates between the proponents of the new

quantum mechanics and one of its fiercest opponents,

Albert Einstein. Einstein, who had helped to develop the

quantum theory of light twenty years earlier, was not

convinced that the universe could be determined by

probability. To paraphrase, Einstein said he could not believe

that God would play dice with the Universe. “God is subtle,”

he said, “but not malicious.”

At about the same time that Schrödinger introduced his

wave mechanics, Werner Heisenberg developed his matrix

mechanics for the atom. Instead of using a wave analogy,

Heisenberg developed a purely abstract, mathematical

theory using matrices. Working with Heisenberg, Wolfgang

Pauli advanced the so-called Pauli exclusion principle,

which states that two electrons having the same spin

orientations cannot occupy the same quantum state at the

same time.

The new quantum mechanics was born when the two

rival theories were shown to be equivalent. Electron spin

was experimentally verified, and the theory proved to be

more successful than the older Bohr theory in explaining

atomic and molecular structures and lead to new ideas

about solid-state physics and the subsequent development

of lasers.

NUCLEAR STRUCTURE AND STABILITY

Experiments on nuclear masses using a mass

spectrograph, which deflects the positively charged nuclei

into curved paths with different radii, confirmed that the

estimate of nuclear mass was too low. The nucleus could



not, therefore, be made entirely of positively charged

protons.

Physicists theorized that another electrically neutral

particle, called the neutron, must be present since (a) all of

the charge on the nucleus could be accounted for by the

presence of the protons, (b) more neutral mass was needed,

and (c) a method for countering the repulsive Coulomb

forces created by the protons was required.

Thus, the question of nuclear stability depended on the

particular structure of the nucleus. The work on radioactive

decay by Rutherford and Marie and Pierre Curie confirmed

that the radioactive disintegration of an atom is a nuclear

phenomenon and is tied to stability as well.

The basic structure of the atom, using a Bohr-Rutherford

planetary model, consists of a nucleus with a certain

number of protons and neutrons (together called

nucleons). The number of protons characterizes an

element since no two elements have the same number of

protons. This atomic number, Z, also measures the

relative charge on the nucleus. The mass number, A, is a

measure of the total number of nucleons (protons plus

neutrons) in the nucleus. Both of these numbers are whole

numbers. However, the actual nuclear mass is not a whole

number since it is an average of many atoms of the same

element.

Since an atom is electrically neutral, the initial numbers of

protons and electrons are the same. Schematically, an atom

is designated by a capital letter, possibly followed by one

lowercase letter, indicating the element it represents, with

the two nuclear numbers A and Z written as a superscript

and a subscript, respectively, on the left-hand side. For an

unknown element X we write 
A
ZX. The designation 

1
1H

represents the element hydrogen, with one nucleon (a

proton) and an atomic number of 1. Some elements have

isotopes, that is, nuclei with the same number of protons



but different numbers of neutrons. For example, the

element helium is designated as 
4
2He, where the 4 indicates

2 protons and 2 neutrons. An isotope of this atom is helium-

3, designated as 
2
3He. Some nuclear structures are

illustrated in Figure 8.13.

Figure 8.13 Nuclear Structures

A neutron is slightly more massive than a proton. This

represents the fact that a neutron has more energy

contained within it than does a proton. A proton mass is

approximately equal to

mp = 1.673 × 10−27 kg

and a neutron mass to

mn = 1.675 × 10−27 kg

Nuclear masses are usually expressed in atomic mass

units (u). One atomic mass unit is defined to be equal to

one-twelfth the mass of a carbon-12 isotope:

1 u = 1.66 × 10−27 kg

On this scale, the proton’s mass is given as 1.0078 atomic

mass units, and the neutron’s mass is given as 1.0087

atomic mass units.

If one looks at all stable isotopes of known nuclei (see

Figure 8.14), something qualitatively interesting emerges.



Experiments show that lighter nuclei have about the same

number of protons as neutrons. However, heavier stable

nuclei have more neutrons than protons. This suggests that

the neutrons must somehow help overcome the repulsive

forces in a tightly packed positive nucleus. Also, this strong

nuclear force must operate within the short distances in

an atomic nucleus. Unstable, radioactive nuclei lie off this

stability curve. As they decay, the alpha, beta, and other

particle emissions transmute the original nucleus into a

more stable one.

REMEMBER

Electric forces repel all protons away from each other,

tearing apart the nucleus. Both protons and neutrons

are bound by the strong nuclear force, holding the

nucleus together. This balancing act of forces gives us

both stable and unstable nuclei.

Figure 8.14 Proton-Neutron Plot

BINDING ENERGY

If we were to determine the total mass of a particular

isotope, say 
4
2He, based on the number of nucleons, we

would arrive at a nucleus that was more massive than in



reality. For example, the helium-4 nucleus contains two

protons (each with a mass of 1.0078 u) and two neutrons

(each with a mass of 1.0087 u). The total predicted mass

would be 4.0330 u. Experimentally, however, the mass of

the helium-4 nucleus is found to be 4.0026 u. The difference

of 0.0304 u, called the mass defect, is proportional to the

binding energy of the nucleus (E = mc2).

Using Einstein’s special theory of relativity, we know that

mass can be converted to energy. The energy equivalent of

1 atomic mass unit is equal to 931.5 million electron volts

(MeV). The binding energy of any nucleus is therefore

determined by using the relationship

BE (MeV) = Mass defect × 931.5 MeV/u

In our example, the binding energy of the helium-4

nucleus is

BE = 0.0304 × 931.5 = 28.3 MeV

It is useful to think about the average binding energy per

nucleon, which is equal to BE/A, where A = the mass

number of the element. Thus, for helium-4, where A = 4,

AvgBE =
28.3

4
= 7.08MeVpernucleon

In Figure 8.15, a graph of average binding energy per

nucleon is plotted against atomic number Z. The graph

shows that a maximum point is reached at about Z = 26

(iron). The greater the average binding energy, the greater

the stability of the nucleus. Thus, since hydrogen isotopes

have less stability than helium isotopes, the fusion of

hydrogen into helium increases the stability of the nucleus

through the release of energy. Likewise, the unstable

uranium isotopes yield more stable nuclei if they are split

(fission) into lighter nuclei (also releasing energy).



Figure 8.15 Strength of Nuclear Binding Energies

RADIOACTIVE DECAY

Radioactivity was discovered in 1895 by Henri Becquerel,

and the relationship between radioactivity and nuclear

stability was studied by Pierre and Marie Curie. Ernest

Rutherford pioneered the experiments of nuclear

bombardment and introduced the word transmutation into

the nuclear physics vocabulary. The discovery of alpha- and

beta-particle emissions from nuclei led to the use of these

particles to probe the structure of the nucleus in the first

decades of the twentieth century. Subsequent research

showed the existence of positively charged electrons called

positrons, and even negatively charged protons!

The question of how these particles could originate from a

nucleus was answered using Einstein’s theory of mass-

energy equivalence (E = mc2). Schematically, we have the

following designations for some of these particles:

The process by which an unstable nucleus decays into a

more stable one is an inherently probabilistic one. As such,

no one can predict when any one particular nucleus will

undergo this decay. However, large sample sizes of unstable



nuclei can be categorized by their half-life. The half-life is

the time it takes, on average, for half of the amount of

material present to undergo its radioactive decay. A

radioactive substance with a short half-life will decay

quickly, and the unstable, original nuclei will be replaced by

their stable products relatively quickly. On the other hand,

radioactive atoms with a long half-life will only very slowly

decay, and thus the radioactive material will be around for a

long time.

Figure 8.16 Half-Lives and Radioactive Decay Chains

of Uranium

When 
238
92U, an isotope of uranium, decays, it emits an

alpha particle according to the following equation:

238
92U →

234
90Th + 4

2He

When, in turn, the radioactive thorium isotope decays, it

emits a beta particle (see Figure 8.16).

234
90Th → 234

91
Pa + 0

−1e

In the first example, both the atomic number and the mass

number changed as the uranium transmuted into thorium.

In the decay of the thorium nucleus, however, only the

atomic number changed. The reason is that in beta decay a



neutron in the nucleus is converted into a proton, an

electron, energy, and a particle called an antineutrino.

In addition to alpha and beta decay, there are several

other scenarios for nuclear disintegration. In electron

capture, an isotope of copper captures an electron into its

nucleus and transmutes into an isotope of nickel:

64
29Cu + 0

−1e → 64
28Ni

In positron emission, the same isotope of copper decays

by emitting a positron and transmutes into the same isotope

of nickel:

64
29Cu → 0

−1e + 64
28Ni

Note that total charge and mass number are conserved in

these reactions.

FISSION

Nuclear fission was discovered in 1939 by German

physicists Otto Hahn and Fritz Strassman. When 
235
92U, an

isotope of uranium, absorbs a slow-moving neutron, the

resulting instability will split the nucleus into two smaller

(but still radioactive) nuclei and release a large amount of

energy. The curve in Figure 8.15 shows that the binding

energy per nucleon for uranium is lower than the values for

other, lighter nuclei. One possible uranium fission reaction

could occur as follows:

235
92U + 1

0n → 140
54Xe + 94

38Sr + 21
0n + 200MeV

In controlled fission reactions, water or graphite is used as

a moderator to slow the neutrons since they cannot be



slowed by electromagnetic processes. The production of two

additional neutrons means that a chain reaction is possible.

In a fission reactor, cadmium control rods adjust the

reaction rates to desirable levels. See Figure 8.17.

Figure 8.17 Nuclear Reactor

In the production of plutonium as a fissionable material,

another isotope of uranium, 
238
92U, is used. First, the uranium

absorbs a neutron to form neptunium, a rare element. The

neptunium then decays to form plutonium:

FUSION

The binding energy curve (Figure 8.15) indicates that, if

hydrogen can be fused into helium, the resulting nucleus

will be more stable, and energy can be released. In a fusion

reaction, isotopes of hydrogen known as deuterium 
2
1H and

tritium 
3
1H are used. The following equations represent one

238
92U + 1

0n → 269
92U → 269

93Np + 0
−1e

239
93Np → 239

94Pu + 0
−1e



kind of hydrogen fusion reaction, the kind that powers the

Sun:

In this reaction, hydrogen is first fused into deuterium. The

deuterium is then fused with hydrogen to form the isotope

helium-3. Finally, the helium-3 isotope is fused into the

stable element helium.

In a different reaction, the isotope tritium is fused with

deuterium to form the stable element helium in one step.

This reaction powers the hydrogen (atomic) bomb:

2
1H + 3

1H → 4
2He + 1

0n + 17.6MeV

SUMMARY

■ The photoelectric effect concludes that light consists

of discrete packets of energy called photons.

■ Each photon has an energy proportional to its

frequency (E = hf).

■ In the photoelectric effect, the maximum kinetic

energy of the emitted electrons is independent of the

intensity (number of photons) and depends directly

on the frequency of the incident electromagnetic

radiation.

■ There is a minimum frequency needed to emit

electrons called the threshold frequency.

3
2He+3

2He → 4
2He + 21

1H + 12.9MeV

1
1H+1

1H → 2
1H + 0

1e + 0.4MeV
1
1H+2

1H → 3
2He+5.5Mev



■ The maximum kinetic energy of the electrons can be

measured by applying a negative electric potential

across their paths called the stopping potential.

■ The Compton effect demonstrates that photons have

a momentum p = h/λ.

■ Louis de Broglie developed a theory of matter waves

in which material particles have a wave-like behavior

inversely proportional to their momentum (λ =

h/mv).

■ Spectral lines provide an observational

demonstration of discrete energy transfers in an

atom.

■ Ernest Rutherford used alpha particles scattering off

of gold foil to show that the atom consists of a small

positively charged nucleus surrounded by negatively

charged electrons.

■ Niels Bohr developed a theory to explain spectral

line emission as well as the predicted loss of electron

energy according to classical radiation theory.

■ In an atom, according to Bohr, electrons exist in

certain discrete energy states. The lowest energy

state is called the ground state. Spectral lines are

emitted as electrons fall from higher to lower energy

states.

■ The frequency of emitted photons in a spectral

series is proportional to the energy difference

between levels (hf = Ef − Ei).

■ In the quantum mechanical model developed by

Erwin Schrödinger, Werner Heisenberg, and others,

the atom is surrounded by a probability cloud of

electrons due to the uncertainty of locating the exact

location and momentum of the electrons

(Heisenberg’s uncertainty principle).



■ The nucleus of an atom consists of neutrons and

protons (both called nucleons).

■ The number of protons (its charge) is called the

atomic number.

■ The number of protons and neutrons is called the

atomic mass.

■ Isotopes of nuclei contain the same number of

protons, but a different number of neutrons.

■ For light nuclei, the ratio of the number of protons to

the number of neutrons is almost one-to-one. As

atomic numbers increase, there tend to be more

neutrons than protons in stable isotopes.

■ The binding energy of the nucleus is found from

Einstein’s equation E = mc2. It is the energy needed

to bind the nucleus together and is observed because

the actual mass of a nucleus is less than the additive

sum of its constituent nucleons.

■ Iron has the largest average binding energy per

nucleon.

■ Radioactive decay is the name given to the process

of unstable isotopes (such as uranium) emitting

particles and photons.

■ Alpha decay is the process by which unstable nuclei

emit helium nuclei.

■ Beta decay is the process by which unstable nuclei

emit electrons.

■ Gamma decay is the process by which unstable

nuclei emit photons.

■ Fission is the process by which a heavy unstable

nucleus (like uranium) is split into two smaller

daughter nuclei by the absorption of a slow-moving

neutron.



■ Fusion is the process by which two light nuclei (such

as deuterium) are fused into a more stable isotope

(such as helium).

■ Fusion does not produce radioactive by-products as

fission does.

■ The Sun and other stars are powered by the fusion

of hydrogen into helium. Older stars may fuse helium

into other, heavier elements.

Problem-Solving Strategies for Quantum Theory

Remember that the photoelectric effect demonstrates

the particle nature of light and is independent of the

intensity of the electromagnetic waves used. The

number of photons is, however, proportional to the

intensity of energy.

Note that in some problems energy is expressed in

units of electron volts. This is convenient since the

maximum kinetic energy is proportional to the stopping

potential. Additionally, wavelengths are sometimes

expressed in angstroms, and these values must be

converted to meters. Be careful with units, and make

sure that SI units are used in equations involving

energies and other quantities.

Problem-Solving Strategies for the Nucleus

Solving nuclear equations requires that you remember

two rules. First, make sure that you have conservation of

charge. That means that all of the atomic numbers,

which measure the number of protons (and hence the

charge), should add up on both sides. However, to get

the actual charge, you must multiply the atomic number

by the proton charge in units of coulombs.

The second rule to consider is the conservation of

mass. The mass numbers that appear as superscripts



should add up. Any missing mass should be accounted

for by the appearance of energy (sometimes designated

by the letter Q). The mass-energy equivalence is that 1

u is equal to 931.5 MeV. This second rule applies to

problems involving binding energy and mass defect.

Remember that an actual nucleus has less mass than

the sum of its nucleons!

 

PRACTICE EXERCISES

1. How many photons are associated with a beam of light

having a frequency of 2 × 1016 Hz and a detectable

energy of 6.63 × 10−15 J?

(A) 25

(B) 500

(C) 135

(D) 8

2. A photoelectric experiment reveals a maximum kinetic

energy of 2.2 eV for a certain metal. The stopping

potential for the emitted electrons is

(A) 1.2 V

(B) 1.75 V

(C) 3.5 V

(D) 2.2 V

3. The work function for a certain metal is 3.7 eV. What is

the threshold frequency for this metal?

(A) 9 × 1014 Hz



(B) 2 × 1015 Hz

(C) 7 × 1014 Hz

(D) 5 × 1015 Hz

4. In which kind of waves do the photons have the

greatest momentum?

(A) Radio waves

(B) Microwaves

(C) Red light

(D) X ray

5. What is the momentum of a photon associated with

yellow light that has a wavelength of 5,500 Å?

(A) 1.2 × 10−27 kg · m/s

(B) 1.2 × 10−37 kg · m/s

(C) 1.2 × 10−17 kg · m/s

(D) 1.2 × 10−30 kg · m/s

6. What is the de Broglie wavelength for a proton (m =

1.67 × 10−27 kg) with a velocity of 6 × 107 m/s?

(A) 1.5 × 1014 m

(B) 1.5 × 10−14 m

(C) 4.8 × 10−11 m

(D) 6.6 × 10−15 m

7. Which of the following statements is correct about

emission line spectra?

(A) All of the lines are evenly spaced.

(B) All elements in the same chemical family have the

same spectra.



(C) Only gases emit emission lines.

(D) All lines result from discrete energy differences.

8. Which electron transition will emit a photon with the

greatest frequency?

(A) n = 1 to n = 4

(B) n = 5 to n = 2

(C) n = 3 to n = 1

(D) n = 7 to n = 3

9. An electron in the ground state of a hydrogen atom can

absorb a photon with any of the following energies

except

(A) 10.2 eV

(B) 12.1 eV

(C) 12.5 eV

(D) 12.75 eV

10. Which of the following statements about the atom is

correct?

(A) Orbiting electrons can sharply deflect passing alpha

particles.

(B) The nucleus of the atom is electrically neutral.

(C) The nucleus of the atom deflects alpha particles

into parabolic trajectories.

(D) The nucleus of the atom contains most of the

atomic mass.

11. Which of the following statements about the Bohr

theory reflect how it differs from classical predictions

about the atom?



I. An electron can orbit without a net force acting.

II. An electron can orbit about a nucleus.

III. An electron can be accelerated without radiating

energy.

IV. An orbiting electron has a quantized angular

momentum that is proportional to Planck’s constant.

(A) I and II

(B) I and III

(C) III and IV

(D) II and IV

12. An electron makes a transition from a higher energy

state to the ground state in a Bohr atom. As a result of

this transition,

(A) the total energy of the atom is increased

(B) the force of attraction on the electron is increased

(C) the energy of the ground state is increased

(D) the charge on the electron is increased

13. How many different photon frequencies can be emitted

if an electron is in excited state n = 4 in a hydrogen

atom?

(A) 1

(B) 3

(C) 5

(D) 6

14. A radioactive atom emits a gamma ray photon. As a

result,

(A) the energy of the nucleus is decreased

(B) the charge in the nucleus is decreased



(C) the ground-state energy is decreased

(D) the force on an orbiting electron is decreased

15. How many neutrons are in a nucleus of 
213
84Po?

(A) 84

(B) 129

(C) 213

(D) 297

16. The nitrogen isotope 
13
7N emits a beta particle as it

decays. The new isotope formed is

(A)
14
7N

(B)
13
6C

(C)
13
8O

(D)
14
8O

17. Which radiation has the greatest ability to penetrate

matter?

(A) X ray

(B) Alpha particle

(C) Gamma ray

(D) Beta particle

18. In the following nuclear reaction, an isotope of

aluminum is bombarded by alpha particles:

27
13AI + 4

2He → 30
15P + Y

Quantity Y must be



(A) a neutron

(B) an electron

(C) a positron

(D) a photon

19. When a gamma-ray photon is emitted from a

radioactive nucleus, which of the following occurs?

(A) The nucleus goes to an excited state.

(B) The nucleus goes to a more stable state.

(C) An electron goes to an excited state.

(D) The atomic number of the nucleus decreases.

20. The threshold frequency for calcium is 7.7 × 1014 Hz.

(a) What is the work function, in joules, for calcium?

(b) If light of wavelength 2.5 × 10−7 m is incident on

calcium, what will be the maximum kinetic energy

of the emitted electrons?

(c) What is the stopping potential for the electrons

emitted under the conditions in part (b)?

21. Explain why electrons are diffracted through a crystal.

22. Explain why increasing the intensity of electromagnetic

radiation on a photoemissive surface does not affect

the kinetic energy of the ejected photoelectrons. Why is

this kinetic energy referred to as the “maximum kinetic

energy”?

23. Why don’t we speak of the wavelength nature of large

objects such as cars or balls?

24. If a source of light from excited hydrogen gas is moving

toward or away from an observer, what changes, if any,



are observed in the emission spectral lines?

25. Given the isotope 
56
26Fe, which has an actual mass of

55.934939 u:

(a) Determine the mass defect of the nucleus in atomic

mass units.

(b) Determine the average binding energy per nucleon

in units of million electron volts.

26. Why do heavier stable nuclei have more neutrons than

protons?

27. Why are the conditions for the fusion of hydrogen into

helium favorable inside the core of a star?

28. Explain the radioactive disintegration series of uranium-

238 into stable lead-206 in terms of the neutron-proton

plot.

29. Albert Einstein, in his special theory of relativity, stated

that energy and mass were related by the expression E

= mc2. Explain how the concept of binding energy

confirms this claim.

ANSWERS EXPLAINED

1. (B) If E equals the total detectable energy and Ep equals

the energy of a photon, then

N =
E

Ep

=
E

hf
=

6.63 × 10−15J

1.326 × 10−17J
= 500



2. (D) By definition, 1 eV is the amount of energy given to

one electron when placed in a potential difference of 1

V. Thus, if KEmax = 2.2 eV, the stopping potential must

be equal to 2.2 V.

3. (A) The formula for the work function is W0 = hf0. The

work function must be expressed in units of joules

before dividing by Planck’s constant:

f0 =
(3.7) (1.6 × 10−19)

6.63 × 10−34
= 8.9 × 1014Hz

4. (D) Since p = h/λ, the waves with the smallest

wavelength will have the greatest photon momentum.

Of the five choices, an X-ray photon has the smallest

wavelength and thus the greatest momentum.

5. (A) The wavelength must first be converted to meters;

then, we can use p = h/λ:

p =
6.63 × 10−34

(5, 500) (1 × 10−10)
= 1.2 × 10−27kg ⋅ m/s

6. (D) The formula for the de Broglie wavelength is λ =

h/mv. Substituting the known values gives

λ =
6.63 × 10−34

(1.67 × 10−27) (6 × 107)
= 6.6 × 10−15m

7. (D) Spectral emission lines are different for every atom

or molecule, and the lines are not evenly spaced. They

do, however, arise from energy-difference transitions.



8. (C) Transitions to level 1 produce ultraviolet photons that

have frequencies greater than those produced by

transitions to other levels.

9. (C) An electron in the ground state can absorb a photon

that has an energy equal to the energy difference

between the ground state and any other level. Only

12.5 eV is not such an energy difference.

10. (D) “The nucleus of the atom contains most of the

atomic mass” is a correct statement.

11. (C) The Bohr theory challenged classical theories by

stating that an electron can be accelerated without

radiating energy (statement III) and that its angular

momentum is quantized and proportional to Planck’s

constant (statement IV).

12. (B) As an electron gets closer to the nucleus, the force

of attraction on the electron increases.

13. (D) There are six possible photon frequencies emitted

from state n = 4: (1) n = 4 to n = 1, (2) n = 4 to n = 3,

(3) n = 4 to n = 2, (4) n = 3 to n = 2, (5) n = 3 to n = 1,

(6) n = 2 to n = 1.

14. (A) Since photons do not have any rest mass, their

emission releases nuclear energy only.

15. (B) The number of neutrons is given by

N = A − Z = 213 − 84 = 129

16. (C) The emission of a beta particle involves the

transformation of a neutron into a proton and an

electron. Thus, the total number of nucleons (Z)

remains the same, but the number of protons increases

by one. The new isotope is therefore oxygen-13.



17. (C) Gamma rays have the greatest energy with the

greatest penetration power.

18. (A) We must have conservation of charge and mass.

The subscripts already add up to 15 on each side, so we

are left with a subscript of 0 for Y; the particle is

therefore neutral. The superscripts on the right must

add up to 31 to balance. Since the missing particle

needs a superscript of 1, particle Y is a neutron.

19. (B) When radioactive nuclei emit photons, they settle

down to a more stable state since no mass has been

lost.

20. (a) The work function is given by

w0 = hf0 = (6.63 × 10−34) (7.7 × 1014) = 5.1 × 10−19 J

(b) The frequency associated with a wavelength of 2.5

× 10−7 m is given by

f =
c

λ
=

3 × 108

2.5 × 10−7
= 1.2 × 1015Hz

The energy of the associated photon is equal to

E = hf = 7.956 × 10−19 J

The maximum kinetic energy of the emitted electrons is

equal to the difference between this energy and the

work function:

KEmax = 7.956 × 10−19 − 5.1 10−19 = 2.856 ×10−19 J

(c) This maximum kinetic energy is equal to the

product of the electron charge and the stopping



potential. Thus:

V0 =
KEmax

e
=

2.856 × 10−19

1.6 × 10−19
= 1.785V

21. The de Broglie wavelength of electrons is comparable to

the spacing between molecules in the lattice structure

of a crystal. Thus, the electrons have a wave-like

characteristic, and the crystal acts like a diffraction

grating.

22. In the quantum theory of light, each photon interacts

with one, and only one, electron. Thus, if the energy of

a photon is based on its frequency, the intensity of light

is just the number of photons. Thus, each electron

emerges with the same kinetic energy. This is true for 1

or 1 billion electrons. Therefore, we refer to this kinetic

energy as the “maximum kinetic energy.”

23. Using the de Broglie formula (see sample problems), it

is easy to see that the wavelength of a moving ball or

car is much too small to be detected or have any

significant wave-like interactions.

24. If the source of the radiation is moving toward or away

from an observer, the spectral lines are shifted

according to the Doppler effect. In stars, we see

redshifts as the stars move away from Earth, and

blueshifts as they move toward us.

25. (a) The actual mass of iron-56 is 55.934939 u. The total

additive mass is determined by noting that this

isotope of iron has 26 protons and 30 neutrons. Each

proton has a mass of 1.0078 u, and each neutron

has a mass of 1.0087 u. Thus, the total constituent

mass is



The mass defect of the nucleus is therefore the

difference between this mass and the actual mass:

Mass defect = 56.463800 − 55.934939 = 0.528861 u

(b) The binding energy is given by

BE = 0.528861 × 931.5 = 492.63402 MeV

The average binding energy per nucleon is

AvgBE =
492.63402

56
= 8.797MeV

26. Heavier nuclei have more protons, which increases the

Coulomb force of repulsion between them. To maintain

stability, extra neutrons are present to provide more

particles for the strong nuclear force to act on and

overcome this repulsive force (which is indifferent to

charge).

27. The density, pressure, and temperature inside the core

of a star are sufficient to overcome the natural

repulsive tendency of hydrogen atoms to fuse into

helium.

28. Radioactive uranium-238 is unstable and off the

neutron-proton plot. Through the process of alpha and

beta decay, the emission of neutrons and protons

eventually brings the isotopes formed closer to that line

of stable nuclei.

26 (1.0078) = 26.2028u

Totalmass = 56.4638u

(1.0087) = 30.2610u+ 30



29. The release of energy and the missing mass in binding

energy are accounted for completely using Einstein’s

formula. This is true for radioactivity decay, fission, and

fusion, as well as matter-antimatter annihilation.



Practice Tests



AP Physics 2

Practice Test 1

SECTION I: MULTIPLE-CHOICE

Time: 90 minutes

50 questions

DIRECTIONS: Each of the questions or incomplete statements below is

followed by four suggested answers or completions. Select the one (or

two where indicated) that is best in each case. You have 90 minutes to

complete this portion of the test. You may use a calculator and the

information sheets provided in the appendix.

1. Which materials have the highest heat conductivity?

(A) Gases because the individual particles move the fastest

(B) Gases because they are the easiest to ionize

(C) Metals because they are ductile and malleable

(D) Metals because they have conduction layers

2. A gas is not able to do work under which of the following circumstances?

(A) Isobaric because pressure is required for work to be done

(B) Isobaric because constant force will produce no work

(C) Isochoric because constant shape implies no changes in energy

(D) Isochoric because no change in volume implies no displacement

3. Which of the following materials will exert the highest pressure on its

bottom surface?

(A) 1 liter of water in a puddle on the ground

(B) 1 liter of water, frozen into a cube on the ground

(C) 1 liter of water in a tall, thin, vertical tube

(D) 1 liter of water, frozen into a cube, floating in liquid water



4. In which of the following situations would the greatest increase in average

atomic velocity be required?

(A) Raising the temperature of one million Helium atoms by 100 Kelvin

(B) Raising the temperature of one million Neon atoms by 100 Kelvin

(C) Raising the temperature of one million Helium atoms by 100 degrees

Fahrenheit (D) Raising the temperature of one million Neon atoms by

100 degrees Fahrenheit QUESTIONS 5 AND 6 ARE BASED ON THE

FOLLOWING GRAPHS:

I

II

III

IV

5. Which graph best represents the relationship between pressure and volume

for an ideal confined gas at constant temperature?

(A) I

(B) II

(C) III

(D) IV

6. Which graph best represents the relationship between the average kinetic

energy of the molecules in an ideal gas and its absolute temperature?

(A) I

(B) II



(C) III

(D) IV

7. The diagram above shows a leaf electroscope that has been charged

positively by a negatively charged rod. Which of the following statements is

correct?

(A) The electroscope was charged by conduction.

(B) The electroscope was charged by contact.

(C) If the rod is brought closer, protons will move to the top of the

electroscope.

(D) If the rod is brought closer, electrons will be repelled from the top of

the electroscope.

QUESTIONS 8 AND 9 ARE BASED ON THE CIRCUIT SHOWN BELOW:

8. What is the maximum charge stored in the 2-farad capacitor?

(A) 4 C

(B) 16 C

(C) 10 C

(D) 8 C

9. What is the maximum energy stored in the 8-farad capacitor?

(A) 64 J

(B) 256 J

(C) 32 J

(D) 128 J



10. What is the equivalent capacitance of the circuit shown above?

(A) 7/10 F

(B) 10/7 F

(C) 7 F

(D) 14/5 F

11. An electron (charge e, mass m) is trapped in a circular path because of a

uniform perpendicular magnetic field B. The velocity of the electron is v,

and the radius of the path is r. Which of the following expressions

represents the angular velocity ω?

(A) (Ber/m)½

(B) (Be/rm)½

(C) Be/m

(D) 2πBe/m

QUESTIONS 12 AND 13 ARE BASED ON THE FOLLOWING INFORMATION AND

DIAGRAM:

A square wire frame is pulled to the right with a velocity of 4 meters per second

across and out of an inward uniform magnetic field of strength 10 teslas. The

length of each side of the frame is 0.2 meters.

12. What is the magnitude of the induced motional electromotive force in the

wire as it leaves the field?

(A) 40 V

(B) 20 V

(C) 8 V



(D) 16 V

13. As the wire is moved to the right, a force appears to oppose it. This force’s

opposing direction is best explained by (A) Lenz’s law because an opposing

force keeps the flux from changing

(B) Faraday’s law because the changing flux induces emf

(C) Lenz’s law because the force must be in the negative direction

(D) Faraday’s law since decreasing flux always produces negative forces

14. A shadow is formed by a point source of light. Upon closer inspection, the

edges of the shadow seem to be diffuse and fuzzy. This phenomenon is

probably caused by (A) dispersion as the different wavelengths of light

focus at different points (B) refraction as the rays are bent by their contact

with the shadow-forming surface (C) diffraction as the waves nearest the

edge of the shadow-forming surface are sources for waves going into the

shadow region (D) dispersion as the different wavelengths are traveling at

slightly different speeds in the new medium 

15. A light ray is incident on a glass-air interface as shown above. Which path

will the light ray follow after it enters the air?

(A) A or B

(B) B or C

(C) E

(D) D

16. As the angle of incidence for a ray of light passing from glass to air

increases, the critical angle of incidence for the glass (A) increases

(B) decreases

(C) increases and then decreases

(D) remains the same

17. Which of the following statements about a diverging mirror is correct?

(A) The mirror must be concave in shape.

(B) The images are sometimes larger than the actual objects.

(C) The images are always upright.

(D) The images are sometimes real.

18. Which of the following waves cannot be polarized?

(A) Sound waves because they are longitudinal



(B) Waves on a string because they lack amplitude

(C) X rays because they are too short

(D) Microwaves because they have too low of a frequency

19. The “flapping” of a flag in the wind is best explained using

(A) Bernoulli’s principle due to the difference in pressure at various heights

(B) Bernoulli’s principle due to the difference in pressure for different

velocities (C) Archimedes’ principle due to the difference in pressure at

various heights (D) Archimedes’ principle due to the difference in

pressure for different velocities 20. In a photoelectric effect

experiment, the emitted electrons could be stopped with a retarding

potential of 12 volts. What was the maximum kinetic energy of these

electrons?

(A) 1.92 × 10–18 J

(B) 12 J

(C) 1.6 × 10–19 eV

(D) 1.92 × 10–18 eV

21. As a single photon of light enters a new medium with a higher index of

refraction, the photon’s energy (A) decreases as the wave speed is now

lower

(B) decreases as its wavelength is now shorter

(C) remains constant because its speed is the same

(D) remains constant because its frequency remains the same

22. If an electron and an alpha particle were moving with the same velocity,

which one would have the smaller de Broglie wavelength?

(A) The electron since its charge is negative

(B) The electron since it has only one unit of elementary charge

(C) The alpha particle since it is heavier

(D) The alpha particle since it has two units of elementary charge

QUESTIONS 23 AND 24 ARE BASED ON THE FOLLOWING SIMULATED ENERGY-

LEVEL DIAGRAM FOR A MYTHICAL HYDROGEN-LIKE ATOM: 

23. How much energy is required to ionize an atom with an electron in level 3?

(A) 8.1 eV

(B) 6.3 eV



(C) 15.2 eV

(D) 2.5 eV

24. Which of the following level transitions will result in the emission of a

photon with the highest frequency?

(A) 1 to 3

(B) 5 to 2

(C) 1 to 2

(D) 2 to 1

25. The mass per nucleon in different elemental nuclei changes because

(A) the number of nucleons is different for the different elements

(B) some elements are radioactive, and others are not

(C) the binding energies are different in different nuclei

(D) the mass per nucleon is the same in all elements

26. How many neutrons are contained in the isotope 
238
92U?

(A) 92

(B) 100

(C) 146

(D) 330

27. In the reaction below, what is the mass number for particle X?

27
13Al + 4

2He → 30
15P + X

(A) 1

(B) 2

(C) 0

(D) −1

28. A device that takes mechanical energy and converts it into electrical

energy is (A) a solenoid

(B) an electric motor

(C) a transformer

(D) a generator

29. Radon gas (
222
86Rn) is radioactive with a half-life of four days as it undergoes

alpha decay. A sample is sealed in an evacuated tube for more than one

week. At that time, the presence of a second gas is detected. This gas is

most probably (A) hydrogen

(B) helium



(C) nitrogen

(D) argon

30. According to the scale of binding energy per nucleon, which atom has the

most stable nuclear isotope?

(A) Hydrogen because it cannot decay into anything

(B) Hydrogen because it can exist with only one nucleon

(C) Iron because its nucleons are the most tightly bound

(D) Iron because it is in the middle of the periodic table

31. The colors observed in thin films like soap bubbles are caused by

(A) reflection and interference

(B) refraction and reflection

(C) diffraction and interference

(D) polarization and reflection

32. As the number of lines per cm on a diffraction grating is increased (or the

slit spacing is decreased in a two-slit diffraction pattern), (A) the spacing

between the spectral lines increases

(B) the spacing between the spectral lines decreases

(C) the intensity of the spectral lines increases

(D) the intensity of the spectral lines decreases

33. Which is storing more energy, a 20-microfarad capacitor charged up by a 6-

volt source or a 10-microfarad capacitor charged up by a 12-volt source?

(A) They both store the same amount of energy.

(B) Neither is storing energy.

(C) The 20-microfarad capacitor is storing more energy.

(D) The 10-microfarad capacitor is storing more energy.

34. What is the function of a moderator in a fission reactor?

(A) Control the number of neutrons

(B) Act as a source of fissionable material

(C) Control the costs of running the reactor

(D) Control the half-life of the radioactive material

35. Compare the energy and speed of a 30-MHz photon with those of a 15-MHz

photon.

(A) They have the same speed and energy.

(B) The 30-MHz photon has higher speed and energy.

(C) The 30-MHz photon has higher energy but the same speed.



(D) The 30-MHz photon has lower energy but the same speed.

36. An electric motor has an effective resistance of 30 ohms, using 4 amperes

of current when plugged into a 120-volt outlet. As the motor heats up, its

effective resistance increases. Which statement best describes the power

consumption of the motor?

(A) It starts off at 480 W and goes down from there as 42R as it heats up.

(B) It starts off at 480 W and goes up from there as 42R as it heats up.

(C) It starts off at 480 W and goes down from there as 1202/R as it heats

up.

(D) It starts off at 480 W and goes up from there as 1202/R as it heats up.

37. Which of the following correctly describes the magnetic field near a long,

straight wire?

(A) The field consists of straight lines perpendicular to the wire.

(B) The field consists of straight lines parallel to the wire.

(C) The field consists of radial lines originating from the wire.

(D) The field consists of concentric circles centered on the wire.

38. Electrons are being shot into a uniform magnetic field. The angles of the

electrons’ velocity vary as they are being shot. A magnetic force will be

exerted on all electrons except those that are (A) perpendicular to the field

(B) parallel to the field

(C) at a 45° angle to the field

(D) either perpendicular or parallel to the field, depending on the strength

of the field 39. Your friend asks you to explain where the energy

comes from in a demo. This demo shows that as a magnet is thrust

quickly into a coil of wire, a current is produced, but when a piece of

wood is pushed in just as quickly, there is no current produced.

(A) The energy is actually the same in both situations.

(B) The coil of wire used stored magnetic energy to move the charges.

(C) The energy comes from an application of Faraday’s law to the coil.

(D) The magnet requires more work to be thrust into the coil than the

piece of wood.

40. Which of the following statements about the adiabatic expansion of an

ideal gas is correct?

(A) The temperature may change during the expansion.

(B) The process must be isothermal.

(C) No change will occur in the internal energy.

(D) The gas cannot do any work during the expansion.



41. Which of the following processes is not involved in an ideal Carnot cycle?

(A) Isothermal expansion

(B) Isobaric expansion

(C) Adiabatic expansion

(D) Adiabatic compression

42. A charged rod attracts a suspended pith ball. The ball remains in contact

with the rod for a few seconds and then is visibly repelled. Which of the

following statements must be correct?

(A) The pith ball is negatively charged at the end of the process.

(B) The rod is negatively charged.

(C) The pith ball remained neutral throughout the process.

(D) The rod has less charge on it at the end of the process than at the

beginning.

43. One material is shown to refract light to a greater degree than a second

material. This indicates that (A) the first material is more opaque than the

second

(B) the first material has heavier atoms than the second

(C) the speed of light is slower in the first material

(D) the first material is more magnetic than the second

44. Comparing gravitational fields to electric fields shows that they are very

similar. Which of the following is a major difference?

(A) Gravitational fields do not have direction, whereas electric fields do.

(B) Gravitational fields do not have equipotential lines associated with

them, whereas electric fields do.

(C) Gravitational field lines show the direction of force for positive mass,

whereas electric field lines show the direction for negative charge.

(D) Gravitational field lines do not have sources, whereas electric field

lines can be sourced by positive charges.

45. Bernoulli’s equation for fluids is essentially

(A) Newton’s laws for fluids

(B) energy conservation for fluids

(C) momentum conservation for fluids

(D) Bernoulli’s equation is not based on any of these

46. Which of the following transformations could a transformer accomplish?

Select two answers.

(A) Increase AC input voltage with decreased AC current output

(B) Decrease AV input voltage with an increase in AC current output



(C) Transform AC to DV with the same current

(D) Decrease DC voltage with an increase in DC current

47. Which of the following are synonyms for voltage? Select two answers.

(A) Electromotive force

(B) Electrical potential energy

(C) Potential difference

(D) amp · hr

48. Which of the following are examples of polarization of waves? Select two

answers.

(A) Two instruments play a sound pitches very close together and produce

a beat frequency.

(B) A student creates a transverse wave by moving their hand up and

down.

(C) Light reflected at the Brewster angle

(D) The alternating dark and light spot patterns on a screen behind two

slits illuminated by a laser 

49. What energies could be associated with a photon emitted during an overall

transition from level 4 to level 2 of the diagram above? Select two answers.

(A) 1.9 eV

(B) 5.7 eV

(C) 2.5 eV

(D) 6.3 eV

50. The electric field near the surfaces of a rectangular solid conducting object

with 15 microcoulombs of extra charge can be described as which of the

following? Select two answers.

(A) Directed normally outward near the outside surfaces

(B) Uniform in strength near all outside surfaces

(C) Zero on the inside

(D) Directed normally inward near the inside surfaces

 

SECTION II: FREE-RESPONSE

Time: 90 minutes

4 questions



DIRECTIONS: You have 90 minutes to complete this portion of the test.

You may use a calculator and the information sheets provided in the

appendix.

1. (10 points; ~20 minutes) A laser of unknown wavelength is provided to

students along with a screen with two closely spaced slits (1.67 μm) cut in

it. Students are also provided with metersticks.

(a) Describe an experimental procedure to determine the wavelength of

the laser. You may include a labeled diagram of your setup to help in

your description. Indicate what measurements you would take and how

you would take them. Include enough detail so that another student

could carry out your procedure.

(b) What are the common sources of error or expected deviations from

ideal results that might happen during this investigation?

(c) If the wavelength of the laser is 632.8 nm and the two-slit screen

indicates spacing of 1.67 μm, determine some reasonable expected

measurement a student might make in the procedure outlined above.

Estimate a margin of error for each measurement, and justify this

margin of error.

2. (12 points; ~25 minutes) Use the electric field drawing below to answer the

questions. A, B, and C are physical sources of charge. Points e, d, and f are

points within the field.

(a) Describe the relative amount of charge and type (positive or negative)

at each of locations A, B, and C. Explain your answers.

(b) Rank the relative strength of the net electric field at each of points e, d,

and f. Explain your answer.



(c) By extending the existing sketch, sketch out what the field lines would

look like from very far away from these charges. Assume no other

charges are present.

(d) On the sketch above, draw a single, complete equipotential surface

that runs through point f.

(e) How can there always be electric potential at point f and yet the

electrical potential energy can sometimes be zero?

(f) If a proton were placed at point f, in what direction (if any) would it

experience a force? Would its change in electrical potential energy be

negative or positive as it moved in response to this electrical force?

Explain your reasoning.

(g) Repeat the answers to the questions in part (f) but for an electron

placed at point e.

3. (12 points; ~25 minutes) An ideal gas expands from points A to C along

three possible paths.

(a) Is it expected that final temperature at point C be path dependent?

Justify your answer qualitatively with no calculations.

(b) Discuss and compare the flow of thermal energy along the three paths

(AC, ABC, ADC). Indicate the direction of heat for each pathway (into or

out of the gas) and the relative amount of thermal energy involved.

Justify your answer qualitatively with no calculations.

(c) Calculate the work done along path:

i. ABC

ii. AC

iii. ADC

(d) Is there a way to go from A to C with no thermal energy exchanged

with the environment? If so, describe and sketch the path on a P-V

diagram.

(e) Is there a way to go from A to C with no temperature change? If so,

describe and sketch the path on a P-V diagram.

4. (10 points; ~20 minutes) Given the following information:



Proton mass = 1.0078 u

Neutron mass = 1.0087 u

Mass of 
226
88Ra = 226.0244 u

(a) Determine the mass defect for this isotope of radium.

(b) What does this mass defect represent? Explain both qualitatively and

quantitatively.

(c) If radium-88 naturally undergoes alpha decay, write down a nuclear

reaction for this process. Be sure to show any energy required (Q) or

released by this process. If a new element is formed and you are unsure

of its symbol, you may use an X to represent that new element. Use the

same isotope notation as that given in the information above.

(d) In the reaction in part (c), compare the total mass defects on the

reactant side to the mass defect found in part (a): _____ The reactants

have the same mass defect.

_____ The reactants have a larger mass defect.

_____ The reactants have a smaller mass defect.

Justify your choice qualitatively, without using equations.

ANSWER KEY

1. D

2. D

3. C

4. A

5. C

6. A

7. D

8. B

9. B

10. B

11. C

12. C

13. A

14. C

15. C

16. D

17. C

18. A



19. B

20. A

21. D

22. C

23. B

24. D

25. C

26. C

27. A

28. D

29. B

30. C

31. A

32. A

33. D

34. A

35. C

36. C

37. D

38. B

39. D

40. A

41. B

42. D

43. C

44. D

45. B

46. A, B

47. A, C

48. B, C

49. A, C

50. A, C

 



ANSWERS EXPLAINED

Section I: Multiple-Choice

1. (D) Metal atoms are closely packed in a lattice formation. They also have

free conduction layer electrons. Both of these factors contribute to a

metal’s efficiency at transferring heat.

2. (D) Work requires displacement along with the force provided by the

pressure of the gas. Therefore, isochoric processes (no volume changes)

involve no work.

3. (C) Pressure equals density times height times g. The tall tube of water will

have the most height and thus the greatest pressure at its bottom surface.

4. (A) 100 Kelvin is a larger temperature difference than 100 degrees

Fahrenheit since each Kelvin is 9/5 of degrees Fahrenheit. Since the energy

required is the same and the number of particles is the same, the average

kinetic energy increase is the same. The lighter atom (Helium) will increase

its speed more for the same increase in kinetic energy.

5. (C) Since PV = nRT = constant, P and V must have an inverse relationship.

6. (A) Temperature is proportional to kinetic energy.

7. (D) The electroscope was charged by induction since it is oppositely

charged. Bringing the negative charges closer will drive electrons down

toward the leaves as protons are not free to move.

8. (B) Each capacitor receives the full 8 V from the battery because the

capacitors are in series:

C = Q/V

2 F = Q/8 V

Q = 16 C

9. (B) ½CV2 = ½(8)(8)2 = 256 J

10. (B) The capacitors with 4 F and 1 F are in parallel. Therefore, they are

equivalent to one 5 F capacitor. This 5 F and the 2 F are in series:



1/5 + 1/2 = 7/10

10/7 F

11. (C) Magnetic force causing centripetal acceleration: evB = mv2/r

Solve for v:

v = eBr/m

This tangential v is equal to ωr:

ω = v/r = (eB/m)

12. (C) emf = Blv = (10)(0.2)(4) = 8 V

13. (A) Lenz’s law states that the induced emf always opposes the change in

flux. Since the flux is decreasing, the current induced will be clockwise to

add to the existing field. The upward current on the left-hand side of the

loop will create a force to the left.

14. (C) Diffraction is the bending of wave fronts around obstacles or through

openings. In this case, diffraction occurs around the edges of the object

causing the shadow. This will cause the edge of the shadow to be slightly

less than fully dark at the edges.

15. (C) When moving from glass to air, light will speed up. As the light speeds

up, it will pivot away from the normal.

16. (D) The critical angle is set by the ratio of the indices of refraction.

17. (C) Divergent mirrors are convex and produce virtual images that are

upright and reduced.

18. (A) Polarization is a property of transverse waves. Sound is longitudinal.

19. (B) The moving air next to the flag changes the pressure, moving the flag

from side to side.

20. (A) The stopping potential is how the KE of the emitted electrons is

measured: 1 electron × 12 V = 12 eV = 1.92 × 10−18 J



21. (D) The energy of a photon is associated with its frequency: hf = E

Entering a new medium may affect wave speed and wavelength but does

not affect frequency.

22. (C) Since λ = h/mv, the particle with the larger mass—the alpha particle—

will yield the smaller wavelength.

23. (B) Energy levels are negative to indicate a bound state. The energy should

be raised to zero for the electron to be free.

24. (D) Photon emission occurs when electrons transition to a lower level. The

largest difference in energy emits the highest frequency: E = hf

25. (C) Because of E = mc2, differences in energy cause differences in mass for

the nucleus. More tightly bound nucleons have lower mass-per-nucleon

values because of their high negative binding energy.

26. (C) 238 nucleons − 92 protons = 146 neutrons 27. (A) The total mass

number (upper number) on each side of the reaction must be equal.

28. (D) A generator creates electrical power by harnessing mechanical energy.

An electric motor does the opposite. A solenoid creates a magnet from

current. A transformer transforms AC voltage into a higher or lower voltage.

29. (B) Radon undergoes alpha decay. Since alpha particles are the nuclei of

helium, the new gas is most likely helium because these alpha particles

have picked up some electrons.

30. (C) Iron has the most stable nucleus since it has the greatest binding

energy per nucleon of all the nuclei. Fusion of lighter elements stops being

energy producing when they fuse up to Fe. Fission of heavier elements

stops being energy releasing after fissioning down to Fe.

31. (A) The interference between the ray reflecting off of the top boundary and

another ray bouncing off of the lower boundary either produces some

bright colors (constructive interference) or does not produce certain colors

(destructive interference).

32. (A) Remember that d sin θ = mλ. Since d is getting smaller as the number

of lines per cm increases, sin θ is getting bigger—spreading out the peaks.



33. (D) Compare ½CV2 for each capacitor:

34. (A) The moderator absorbs neutrons to manage the rate at which the chain

reaction propagates.

35. (C) All electromagnetic radiation travels at the same speed. However,

frequency is directly proportional to energy.

36. (C)

P = IV = (4A)(IR) = (4A)(4A)(30 ohms) = 480 W

As the motor heats up, the effective resistance increases so that the motor

draws less current at the same voltage. Therefore, power decreases. You

can’t use 42R since the 4 amps will be changing.

37. (D) Magnetic field lines loop around the moving charges.

38. (B) There is no magnetic force when the field and the moving charges are

in the same direction.

39. (D) When creating an emf in the coil, the magnet will encounter a magnetic

force against its motion from the induced charge movement. This will

require additional force to push the magnet into the coil, which requires

more work. This additional work is the energy needed to create the current.

40. (A) Adiabatic means no heat transfer. However, work may change the

internal energy, which, in turn, may change the temperature.

41. (B) A Carnot cycle is an alternating cycle of adiabatic and isothermal

operations.

42. (D) For attraction to take place, the pith ball must either have a charge

opposite that of the rod or be neutral and undergoing induced charge

separation. There is no way to tell what this initial state is without

additional information. However, since the pith ball repels at the end of the

process, the original charge on the rod must have been partially transferred

to the pith ball such that the rod and the pith ball now have the same

1
2 (20)(6)2 = 360microjoules

1
2 (10)(12)2 = 720microjoules



charge (opposites repel). Because the rod has lost some of its original

charge, it is less charged in the end than it was in the beginning.

43. (C) Greater refraction indicates a larger index of refraction. Larger indices

of refraction are for slower speeds of electromagnetic radiation.

44. (D) Gravitational fields are generated by mass, which are sinks of the field

only. Electric fields are generated by both positive charges and negative

charges. Positive charges are the source of electric field lines, whereas

negative charges are the sinks. There is no comparable negative mass.

45. (B) Bernoulli’s equation is derived from conservation of energy as it

pertains to fluids.

46. (A) and (B) Transformers only work with changing fields, hence AC only.

Energy must be conserved, so any increase in voltage must be offset by a

decrease in current or viceversa (P = IV).

47. (A) and (C) Electromotive force (emf) is voltage, as is potential, electric

potential, and potential difference. Electric potential energy is the actual

energy present (measured in joules, not volts!) when charge is present in

the field.

48. (B) and (C) are transverse waves that are only vibrating in one direction. A

and D are examples of interference.

49. (A) and (C) If the electron falls straight to N = 2, then a 2.5 eV photon is

emitted. If the electron falls first to N = 3 and then to N = 2, two photons

are emitted: first a 0.6 eV photon and then a 1.9 eV photon.

50. (A) and (C) Conductors always have excess charge on their outer surface

such that all internal fields have canceled out. External fields likewise must

leave the surface perpendicularly. If either of these conditions is not true,

the extra charges will move around until these conditions are met. The field

will not be uniform in strength, however, as the excess charge will be more

concentrated near the corners of the solid.

SECTION II: FREE-RESPONSE

1. (a) (5 points) Shine the laser light through the two slits in such a way that

the slits are far away from a wall of the room. Note where the projected

points of light are located on the wall. (1 point) You should see the primary

bright dot directly in front of the laser and one (or more) less bright spots



to either side. The screen with the slits may need to be rotated in order to

bring all the bright spots in line (at the same height). (1 point) Measure the

distance from the slits to the wall (L) and the distances between the dots

on the wall (x). (1 point) 

Using the two-slit diffraction pattern formula:

d sin θ = mλ

Use small-angle approximation and first-order maxima:

d(x/L) = (1)λ

λ = xd/L

where x is the average distance between bright spots, L is the distance

between the grating and the wall, and d is the distance between the two

slits. (1 point) (b) (2 points) The usual errors in measurement will happen

when measuring L and x. The small-angle approximation itself is an

approximation. So it is important that x << L. To the extent that this is not

possible, then there is an error associated with replacing sin θ with x/L.

(c) (3 points)

x/L = λ/d = (632.8 nm)/(1.67 × 10−6) = (632.8 × 10−9)/(1.67 × 10−6) =

0.379 (1 point) A typical L that might be obtained in a classroom is L = 4

meters, which would give an x of 1.5 meters. (1 point) Assuming these

measurements were made with a meter stick, a margin of error of half the

smallest increment gives ±0.005 m minimum. However, the bright spots

themselves have a size, and the meterstick may need to be moved during

the measurement. Both of these factors will increase the error in

measurement; ±0.05 m seems to be a reasonable compounding of these

errors. (1 point) 2. (a) (2 points) The number of field lines indicates the

amount of charge. The direction of field lines indicates the type of charge:

amount of charge A (positive) > amount of charge C (positive) > amount

of charge B (negative) (b) (2 points) The strength of the field is

proportional to the density of the field lines: field at e > field at f > field at

d

(c) (1 point) From very far away, the details of the actual charge distribution

will not matter. The field will look like that of a positive point charge with

the seven unconnected field lines coming out uniformly.



(d) (2 points) Equipotential lines should intersect electric field lines

perpendicularly, do not have direction, and are continuous.

(e) (1 point) Electric potential comes from the source charge and does not

require a test charge to be present in the field. Electrical potential energy

exists only if there is a test charge present within the field: EPE = qV.

(f) (2 points) A proton would follow the field direction at its location, so up and

to the right at point f. Positive charges go from high voltage to low

voltage: ΔV < 0, so qΔV < 0

Electrical potential energy decreases while electrical potential decreases.

(g) (2 points) Electrons will experience a force in the opposite direction from

the field lines, so straight toward A at point e. Negative charges go from

low voltage to high voltage: ΔV > 0, so qΔV < 0

since q is negative. Electrical potential energy decreases while electrical

potential increases.

3. (a) (1 point) No, the temperature is a state function of pressure and volume.

So the temperature at point C is not path dependent.

(b) (4 points)

ΔU = Q + W



For an ideal gas, the change in internal energy (ΔU) is fixed by the change

in the temperature. So the difference in thermal energy exchange (Q) will

be dictated by the amount of work done on each path (see part (c) for a

calculation of work). (1 point) Without doing a calculation, we can visually

tell which path is doing more work by examining the areas under the

pathways. The product PV is lower at point C than at point A. Therefore,

we can conclude that the temperature is lower at point C (ideal gas law PV

= nRT). Since the temperature is decreasing, ΔU is negative while all the

work done by the gas represents a loss of energy as well. The difference

between the given pathway and an adiabatic expansion (see answer (d))

represents the amount of thermal energy exchanged with the

environment (Q). (1 point) Path AC represents moderate work done by the

gas, requiring some thermal energy to be added to the gas during the

process but not as much as path ABC, which represents the most work

done by the gas. Since pathway ABC is so far from adiabatic, it will require

significant thermal energy to be added to the gas. (1 point) Finally, path

ADC is the least amount of work done and the only pathway to require

thermal energy to be given to the environment from the gas. (1 point) (c)

(3 points) The work done is going to be equal to the area under each

segment of the P-V graph. Also recall that 1 atm = 101 kPa = 101,000

N/m2 and 1 L = 0.001 m3: Pa · m3 = J

i. (1 point) Along path ABC, no work is done from B → C because there is

no change in volume. Thus, the area is just the area under AB = (8

atm)(6 L) = 4,848 J.

ii. (1 point) Along path AC, the total area is equal to:

iii. (1 point) Along path ADC, no work is done from A → D because there is

no change in volume. Thus, the area is just the area under DC: (2 atm)

(6 L) = 1,212 J

(d) (2 points) Yes, if the expansion is adiabatic, you can go from A to C with

no thermal energy exchanged. This would connect point A and point C

with a steep hyperbola. In this case, the work done is solely responsible

for the change in internal energy as no heat is involved.

1
2 (6atm) (6L) + (2atm) (6L) = 3, 030J



(e) (2 points) Yes, if the expansion is isothermal, you can go from A to C with

no temperature change. In this case, thermal energy will have to be added

to the system at the same rate as work is being done by the gas in order

to keep the internal energy constant (i.e. ΔU = 0). This would connect

point A and point C with a hyperbola but one less steep than in part (d).

4. (a) (3 points) To find the mass defect, we first find the total constituent mass:

Then we have:

(b) (4 points) The mass defect represents the binding energy holding the

nucleus together. This energy can be found by using Einstein’s equation E

= mc2. (1 point) Using the conversion factor from the Table of Information

for AP Physics 2:

88protons:m = (88) (1.0078) = 88.6864u (1point)

138neutrons:m = (138) (1.0087) = 139.2006u (1point)

M (total) = 227.8870u

Massdefect = 227.8870u − 226.0244u = 1.8626u (1point)



The total binding energy (BE) is

The binding energy per nucleon is

(c) (1 point) 

226
88Ra → 222

86Ra +
4

2
He + Q

or

226
88Ra → 222

86X +
4

2
He + Q

(d) (2 points)  X  The reactants have a larger mass defect. (1 point) Since

this reaction is energy releasing, energy has left the nuclei. This energy

has come from the mass, so the mass defect must be increased. The

nucleons in the reactant side have greater binding energy on average

than those on the product side. (1 point) TEST ANALYSIS

AP PHYSICS 2 PRACTICE TEST 1

Section I: Multiple-Choice

Note that the questions requiring two answers are to be graded as completely

correct (1 point) or incorrect (0 points, even if you have one of the two answers

correct).

Number correct (out of 50)=
Multiple-Choice Score

Section II: Free-Response

Partial credit is awarded for any correct responses within an individual free-

response question.

1u = 931MeV/c2andE = mc2 (1point)

BE = (931.5MeV/u) (1.8626u) = 1, 735.0119MeV (1point)

BE/nucleons = 1, 735.0119/226 = 7.677MeV (1point)



Final Score

Multiple-ChoiceScore
+ (1.14 ×

Free-ResponseScore
) =

Total (outof100)

Final Score Range*

Final Score Range AP Score

71–100

5

61–70

4

41–60

3

23–40

2

0–22

Question 1 = (out of10)

Question 2 = (out of12)

Question 3 = (out of12)

Question 4 = (out of10)

Total(out of 44) =
¯



1

*Note: The guidelines above are based on the released scores for past AP

Physics 2 exams. Actual score ranges vary from year to year and are

determined by the College Board each year. Thus, the ranges shown are

approximate.



Practice Test 2

SECTION I: MULTIPLE-CHOICE

Time: 90 minutes

50 questions

DIRECTIONS: Each of the questions or incomplete statements below is

followed by four suggested answers or completions. Select the one (or

two where indicated) that is best in each case. You have 90 minutes to

complete this portion of the test. You may use a calculator and the

information sheets provided in the appendix.

1. In a photoelectric effect experiment, increasing the intensity of the incident

electromagnetic radiation will (A) increase only the number of emitted

electrons

(B) have no effect on any aspect of the experiment

(C) increase the maximum kinetic energy of the emitted electrons

(D) increase the stopping potential of the experiment

2. In a vacuum, all photons have the same

(A) frequency

(B) wavelength

(C) velocity

(D) amplitude

3. Which of the following photons has the largest momentum?

(A) X ray

(B) Ultraviolet

(C) Infrared

(D) None of these has momentum.



4. Which element will not release energy via either fusion or fission?

(A) Hydrogen

(B) Iron

(C) Helium

(D) Neon

5. Photons can scatter electrons, and the trajectories of the electrons will obey

the law of conservation of momentum. These facts are observed in the

(A) Rutherford scattering experiment

(B) Michelson-Morley experiment

(C) Compton effect

(D) Doppler effect

6. How many neutrons are contained in the isotope 
211
84Po?

(A) 84

(B) 211

(C) 295

(D) 127

7. Look at the following reaction:

6
3Li + X → 7

4Be + 1
0n

What is element X?

(A)
1
1H

(B)
3
1H

(C)
4
2He

(D)
2
1H

8. As hydrogen is fused into helium, the stability of the new nuclei, compared

with that of hydrogen, will (A) be greater because of greater binding

energy per nucleon

(B) be less because of greater binding energy per nucleon

(C) be greater because of smaller binding energy per nucleon

(D) be less because of smaller binding energy per nucleon

9. Which of the following particles is not deflected by an electromagnetic

field?

(A) Neutron

(B) Proton



(C) Positron

(D) Alpha particle

10. A ray of light is incident from a slower medium (smaller than the critical

angle) to one that is faster. The refracted ray will (A) not refract at all

(B) refract toward the normal

(C) refract away from the normal

(D) “refract” at 90 degrees such that it does not actually enter the faster

medium 11. As a large object (such as a 3,000-kg car) accelerates,

what is the trend in its de Broglie wavelength?

(A) Its de Broglie wavelength gets smaller.

(B) Its de Broglie wavelength gets bigger.

(C) Its de Broglie wavelength remains the same.

(D) Any object with rest mass would have to go faster than the speed of

light to have a measureable de Broglie wavelength.

12. Which of the following expressions has the same SI units as PV?

(A) mv

(B) mc2

(C) Q/T

(D) gh

13. Heat conduction through a slab of a certain material depends on all of the

following EXCEPT

(A) area

(B) temperature difference between the face of the materials

(C) thickness of the material

(D) specific heat capacity of the material

QUESTIONS 14–16 ARE BASED ON THE FOLLOWING INFORMATION:

An RC circuit is wired such that a 10-μF capacitor is connected in series with a

5-Ω resistor and a 6-V battery.

14. What will be the total charge that flows into one side of the capacitor?

(A) 50 C

(B) 2 C

(C) 6 × 10−5 C

(D) 5 × 10−4 C

15. Which of the following graphs best represents the increase of charge in the

capacitor while attached to a constant voltage source?



(A)

(B)

(C)

(D)

16. What is the value of the total energy stored in the capacitor?

(A) 1.8 × 10−4 J

(B) 6 × 10−5 J

(C) 3 × 10−5 J

(D) 2 × 10−5 J

17. Anti-reflecting coatings on objects are often made to be one-fourth of a

wavelength thick. These coatings reduce some reflected intensities

primarily because of (A) reflection and refraction

(B) reflection and interference

(C) reflection and polarization

(D) dispersion and refraction

18. The time between maximum electric field strength magnitudes at a fixed

location in a vacuum as an electromagnetic wave with a wavelength of 6



meters passes by is (A) 5 × 107 s

(B) 2 × 10−8 s

(C) 1 × 10−8 s

(D) 2.5 × 10−7 s

19. What is the buoyant force experienced by a 10-kg cylinder with a volume of

2 × 10−2 m3 that is completely submerged in water (density ρ = 1,000

kg/m3)?

(A) 200 N

(B) 2,000 N

(C) 20 N

(D) 100 N

QUESTIONS 20–24 REFER TO THE FOLLOWING INFORMATION:

Light with a wavelength of 5.4 × 10−7 meters falls on two slits that are

separated by a distance of 1.0 × 10−3 meters. An interference pattern forms on

a screen 2 meters away.

20. What is the energy of each photon of this light?

(A) 3 × 108 J

(B) 4 × 10−8 J

(C) 3 × 10−33 J

(D) 4 × 10−19 J

21. What is the approximate distance between the central bright band and the

next bright band?

(A) 2 m

(B) 1.08 × 10−3 m

(C) 2.7 × 10−3 m

(D) 3.6 × 10−2 m

22. The dark and bright interference pattern observed on the screen is caused

by (A) reflection and refraction

(B) refraction and diffraction

(C) polarization and interference

(D) diffraction and interference

23. If the distance between the slits and the screen is increased, the pattern

spacing will (A) increase

(B) decrease



(C) increase and then decrease

(D) remain the same

24. If light with a shorter wavelength is used in an experiment, the pattern

separation will (A) increase

(B) decrease

(C) increase and then decrease

(D) remain the same

25. As light enters a slower medium (index of refraction N2) from a faster one

(index of refraction N1), its wavelength is observed to be cut down to 1/3 of

its previous value. What is the ratio of N2/N1?

(A) 1.0

(B) 3.0

(C) 0.33

(D) The frequency and/or wavelength must be specified.

26. What is the critical angle for light within a transparent material (N = 2.0)

when immersed in water (N = 1.3)?

(A) 30°

(B) 60°

(C) 41°

(D) No critical angle in this situation

27. A doubly ionized helium atom is accelerated by a potential difference of

400 V. The maximum kinetic energy of the ion is equal to (A) 400 eV

(B) 200 eV

(C) 1,600 eV

(D) 800 eV

28. A neutral body is rubbed and becomes positively charged by

(A) gaining protons

(B) losing electrons

(C) gaining electrons

(D) losing protons

29. If an ideal fluid (density ρ) traveling down a horizontal pipe at a speed v1

enters a new pipe of ½ the radius, its pressure will change by (A) 2ρv1
2

(B) 4ρv1
2

(C) 7.5ρv1
2



(D) 16ρv1
2

30. Lenz’s law is an electrical restatement of which conservation law?

(A) Linear momentum

(B) Angular momentum

(C) Charge

(D) Energy

31. A single electron traveling 2 cm away from a wire of current (2 amps) along

a parallel trajectory to the wire’s current will experience a force (A) of 0 N

since the wire has no net charge

(B) directed radially away from the wire

(C) directed radially toward the wire

(D) parallel to the wire

32. An electron is moving perpendicularly through a pair of crossed electric and

magnetic fields (with magnitudes E and B, respectively) with constant

velocity. The fields are perpendicular to each other. Which expression

represents the speed of the electron?

(A) EB

(B) 2EB

(C) E/B

(D) B/E

33. Photons with energy of 8 eV are incident on a metal surface that emits

electrons in a photoelectric effect experiment. If the emitted electrons can

be stopped with a potential of 5 volts, the work function for this metal is at

least (A) 13 eV

(B) 8 eV

(C) 5 eV

(D) 3 eV

34. An object is placed 15 centimeters in front of a concave spherical mirror

whose radius of curvature is 12 centimeters. Which statement is correct

about the image formed?

(A) The image will be larger than the object and virtual.

(B) The image will be smaller than the object and virtual.

(C) The image will be larger than the object and real.

(D) The image will be smaller than the object and real.

35. The isotope decays 
13
7N by emitting a positron. Which of the following

isotopes is the direct decay product?



(A)
13
6C

(B)
12
6C

(C)
12
7N

(D)
13
8O

36. Energy from the Sun is generated by

(A) the fusion of helium into hydrogen

(B) the fusion of hydrogen into helium

(C) the fission of uranium

(D) the fission of helium into hydrogen

37. If a permanent magnet is cut in half halfway between its north and south

poles, you will then have (A) a north pole piece strongly attracted to the

south pole piece

(B) two pieces of magnetic material with no overall poles

(C) two smaller magnets, each with its own north and south poles

(D) a north pole piece slightly positive and a south pole piece slightly

negative 38. A solid conducting sphere is carrying a certain amount of

overall positive charge. The electric potential both within and without

will

  Inside Sphere Outside Sphere

(A) Gradually increase from center to exterior of

sphere

Decrease as 1/r

(B) Gradually increase from center to exterior of

sphere

Decrease as

1/r2

(C) Decrease as 1/r Decrease as 1/r

(D) Constant Decrease as 1/r

39. The voltage between the plates of a fully charged parallel plate capacitor

will (A) be constant throughout

(B) fall linearly as you move from the positive plate to the negative plate

(C) fall quadratically as you move from the positive plate to the

negative plate (D) fall exponentially as you move from the positive

plate to the negative plate 40. What does the electric field resemble if

the field is a far distance outside of a fully charged 5-F capacitor that is

charged by a 12-V battery?

(A) The electric field will resemble that of a 60-C point charge.

(B) The electric field will be uniform and directed toward the capacitor.

(C) The electric field will be uniform and directed away from the capacitor.

(D) There will be no measurable electric field due to the capacitor.



41. An electron is observed to be moving in a clockwise circular path when

viewed from above. Which statement best describes the magnetic field

causing this?

(A) The magnetic field is directed upward.

(B) The magnetic field is directed downward.

(C) The magnetic field is directed radially in the place of the circular path.

(D) No magnetic field is present.

42. A perpetual motion machine is an object with moving internal parts that

never stop moving. Which concept best explains why an isolated perpetual

motion machine is not possible?

(A) Conservation of energy

(B) Thermal conductivity

(C) Increase of entropy

(D) Conservation of momentum

43. One mole of helium is compared with one mole of nitrogen gas. Both gases

are at the same temperature and pressure. Which statement is true?

(A) The helium gas takes up less volume than the nitrogen gas because

helium is a lighter molecule.

(B) The helium gas molecules are moving faster on average than the

nitrogen molecules because helium is a lighter molecule.

(C) The speed of sound through the nitrogen gas will be faster since the

nitrogen molecule is heavier.

(D) The force delivered per area by the bouncing molecules of helium will

be smaller than that from the nitrogen molecules since helium is a

lighter molecule.

44. The fact that two oncoming headlights of a car cannot be resolved at large

distances (i.e., the two light sources are seen as one) is best described by

(A) wave interference

(B) refraction

(C) dispersion

(D) diffraction

45. The Sun’s light strikes the ground and heats it, which in turn heats the air

in contact with the ground. This warm air rises and allows cooler air to rush

in. What is the sequence of thermal energy transfer events?

(A) Convection → conduction → convection

(B) Radiation → conduction → convection

(C) Radiation → convection → conduction

(D) Conduction → conduction → convection



46. Which of the following are true about a fully charged capacitor in a circuit?

Select two answers.

(A) It has a net charge of zero.

(B) It effectively allows current to pass through it.

(C) It has a voltage difference of zero across it.

(D) It can act as an emf source.

47. If small, plastic ball X attracts a similar ball Y but repels a third ball Z, which

of the following are true? Select two answers.

(A) Y may be oppositely charged from Z.

(B) Z may be neutral.

(C) Y may be neutral.

(D) X may be neutral.

48. An electron traveling in a northward direction is momentarily deflected

upward. What can accomplish this? Select two answers.

(A) A downward electric field

(B) A westward magnetic field

(C) An upward electric field

(D) An eastward magnetic field

49. A resistor and a capacitor are in parallel with each other and embedded in

a larger circuit. Initially, there is current running through the resistor only;

there is an open switch next to the uncharged capacitor. Then the switch is

closed, allowing the capacitor to charge. Consider the resistor from before

the switch was closed and after the capacitor is allowed to fully charge.

Which of the following statements are true? Select two answers.

(A) The current going through the resistor is the same.

(B) The voltage drop across the resistor is the same.

(C) The current through the resistor has dropped significantly.

(D) The voltage drop across the resistor has dropped significantly.

50. A solid, uncharged conducting sphere is placed within a strong external

electric field. Which of the following statements are true? Select two

answers.

(A) A surface charge will be induced on the sphere.

(B) The electric field within the sphere will be zero.

(C) The external electric field away from the sphere will be significantly

altered by the presence of the sphere.

(D) The sphere will be induced to have a net charge.

SECTION II: FREE-RESPONSE



Time: 90 minutes

4 questions

DIRECTIONS: You have 90 minutes to complete this portion of the test.

You may use a calculator and the information sheets provided in the

appendix.

1. (10 points; ~20 minutes) A group of students are given two resistors (100

ohm and 200 ohm), a single capacitor (15 mF), two switches, 2 voltmeters,

2 ammeters, a 12-volt battery, and many alligator clip–style wires that can

be used to connect these elements. The students are instructed to use

these elements to determine the effect of adding a capacitor in parallel to

an existing simple circuit.

(a) Describe how these elements could be set up to monitor the voltage

across both resistors and the current through them. The capacitor along

with one of the resistors should be controlled by a switch such that they

can be part of the circuit or not as the switch is opened or closed. The

second resistor should be in parallel with the capacitor-resistor

combination. You should include a labeled circuit diagram of your setup

to help in your description.

(b) Indicate what procedure to follow with your circuit design in order to

determine the voltage and current of both resistors with and without the

capacitor in the circuit. Include enough detail so that another student

could carry out your procedure.

(c) Based on the given values and assuming ideal conditions, predict the

results of your procedure in part (b). Give numerical predictions for

steady-state behaviors. Give a qualitative description of any changes

over time that you expect to see.

(d) Describe what effect the internal resistance of the battery might have

on the students’ actual results in part (c). Additionally, explain and

describe the effects that any resistance within the ammeters

themselves might have on the students’ results.

(e) Describe qualitatively what would happen to the reading on both

voltmeters and ammeters if, after the capacitor is fully charged, the

battery is suddenly removed from the circuit, leaving an open circuit in

its place.

2. (12 points; ~25 minutes) A ray of light is incident on an unknown

transparent substance from the air. The angle of incidence is 40°, and the

angle of refraction is 22°.



(a) Explain why these measurements indicate that a change in speed must

be happening as the light changes medium. Qualitatively justify

whether the speed of light in the unknown transparent substance is

higher or lower than that of air.

(b) Calculate the absolute index of refraction for this substance. Calculate

the velocity of light in this substance.

(c) The substance is now submerged in glycerol (N = 1.47). Calculate the

critical angle of incidence for light going from the unknown substance

into glycerol. Explain why there is no critical angle when going the other

way, from glycerol into the substance.

(d) The substance is now shaped into a convex lens. How does the focal

length of this lens compare with the focal length of a similar-shaped

lens made out of crown glass (N = 1.52)? Justify your answer.

3. (12 points; ~25 minutes) A student is investigating an unknown radioactive

source with a Geiger counter. The Geiger counter clicks when it detects

ionizing radiation but does not distinguish between alpha, beta, and

gamma particles. The number of clicks indicates the number of ionizing

events happening in the Geiger counter device due to the radiation it

receives. The student puts a piece of paper between the radioactive source

and the Geiger counter and does not notice a change in the clicking rate.

However, the addition of one sheet of aluminum foil does decrease the

rate. When several sheets of aluminum foil are layered in a thickness of

about a centimeter, there are no clicks at all.

(a) What type of radiation is being emitted? Justify your choice by

describing alpha, beta, and gamma particles and how they interact with

matter.

(b) What is happening to the atomic number and mass number within

each atom that emits this radiation? Is it possible to predict which

radioactive atoms within the sample will be emitting the radiation next?

(c) Is the binding energy per nucleon within the radioactive atoms

changing as the radiation is being emitted? If so, is the binding energy

per nucleon going up or down? Justify your answer with a qualitative

explanation.

(d) If the half-life of the radioactive material being investigated is twelve

hours, what will happen to the click rate of the Geiger counter after

three days?

4. (10 points; ~20 minutes) A single electron in an excited energy state

transitions down to a lower energy state within an atom. A photon is

emitted.

(a) Which of the following about the photon is uniquely fixed by the

electron’s transition? Justify your answer.

____Speed

____Wavelength



____Frequency

(b) Does the relativistic mass of this atom increase, decrease, or remain

the same during this action? Justify your response qualitatively, using

equations as necessary.

(c) Imagine that the emitted photon is eventually absorbed in deep space

by a different electron. This absorbing electron is heading straight

toward the emitted photon at a speed of 0.5 c, where c is the speed of

light.

i. From the absorbing electron’s point of view, what will be the speed of

the emitted photon?

ii. After absorption, will the electron speed up, slow down, or continue

at the same speed?

Justify your answers.

ANSWER KEY

1. A

2. C

3. A

4. B

5. C

6. D

7. D

8. A

9. A

10. C

11. A

12. B

13. D

14. C

15. A

16. A

17. B

18. C

19. A

20. D

21. B



22. D

23. A

24. B

25. C

26. C

27. D

28. B

29. C

30. D

31. B

32. C

33. D

34. D

35. A

36. B

37. C

38. D

39. B

40. D

41. B

42. C

43. B

44. D

45. B

46. A, D

47. A, C

48. A, D

49. A, B

50. A, B

ANSWERS EXPLAINED

Section I: Multiple-Choice



1. (A) Increasing the intensity will increase the number of photons per second

but not change any aspect of the individual absorption event.

2. (C) In a vacuum, all photons travel at c, which is the speed of light.

3. (A) According to Compton, the momentum of a photon is p = hf/c. The

photon with the highest frequency has the highest momentum.

4. (B) Iron, with the highest binding energy per nucleon of any element listed,

will not release any energy via fusion or fission.

5. (C) Compton’s 1923 paper described his experiment in which momentum is

conserved in a photon-electron collision.

6. (D) 211 (number of nucleons) – 84 (number of protons) = 127

7. (D) Both the mass number (top number) and the atomic numbers (bottom

numbers) must add up to the same total before and after the reaction.

8. (A) The fusion of hydrogen into helium releases energy. So the helium

nucleus must be lower in energy (more stable) than the previous nuclei.

9. (A) An object must have charge in order to interact with electromagnetic

fields.

10. (C) Rays going from slow to fast mediums refract away from the normal up

until the critical angle, at which point no more refraction occurs.

11. (A) Since λ = h/mv, as v gets bigger, wavelength decreases.

12. (B) PV has units of Joules in the metric system. Since E = mc2, mc2 must

also have units of energy.

13. (D) Heat capacity is related to energy absorption and temperature change,

not to the transfer of thermal energy (heat).

14. (C)

C = Q/V

Q = CV = (10 × 10−6) (6) = 6 × 10−5 C



15. (A) The charging is exponential and approaches the fixed value of the

previous problem.

16. (A) 
1
2 CV 2 = 1

2 (10 × 10−6)(6)2 = 1.8 × 10−4J

17. (B) Two rays are reflected: one from the top of the quarter-wavelength

thickness and one from the bottom. The ray from the bottom will meet the

top-layer reflection exactly one-half wavelength out of phase: destructive

interference.

18. (C) Maximum magnitude will happen every half a wavelength (peak to

trough). The speed of electromagnetic waves is 3 × 108 m/s. So the time

for half a wave to pass is 3/(3 × 108) = 10−8 s.

19. (A) Buoyancy force = weight of displaced water = ρVg = (1,000)(2 × 10−2)

(10) = 200 N

20. (D) E = hf = hc/λ = (6.63 × 10−34)(3 × 108)/(5.4 × 10−7) = 3.68 × 10−19 J

21. (B)

d sin θ = mλ

dx/L = mλ

x = mλL/d = (1)(5.4 × 10−7)(2)/(1.0 × 10−3) = 1.08 × 10−3 m

22. (D) The diffracted light from each slit spreads out and interferes with the

light from the other slit to produce the pattern.

23. (A) Answer 21 shows that x = mλL/d. If L increases, then x increases.

24. (B) Answer 21 shows that x = mλL/d. If λ decreases, then x decreases.

25. (C) Changes in wavelength are proportional to changes in wave speed:

v2 = v1/3

N2/N1 = (c/v1)/(c/v2) = v2/v1 = 1/3

26. (C) Use Snell’s law, and set the refracted angle to 90°:



2.0 sin θc = 1.3 sin 90°

θc = sin−1 (1.3/2) = 40.5° ≈ 41°

27. (D) Energy = qV = (2e)(400 V) = 800 eV

28. (B) Objects become positive by losing electrons.

29. (C) Use the continuity equation:

A1v1 = A2v2

If the radius is halved, the area is 
1
4 . Therefore, the new speed in the

narrower pipe is four times bigger (v2 = 4v1).

Use the Bernoulli equation:

30. (D) Conservation of energy is the underlying principle. By opposing the

change in flux, Lenz’s law is trying to keep the field energy constant.

31. (B) The wire sets up a circular magnetic field. The electron is traveling

perpendicularly to the magnetic field. The right-hand rules dictates that the

magnetic field lines are counterclockwise when looking directly at the

oncoming current. Since the electron is negatively charged, the right-hand

rule for forces results in an outward force: 

32. (C) Since the velocity is constant, the magnetic force must be canceling the

electric force:

qE = qvB

v = E/B

P1 + 1
2 ρν1

2 = P2 + 1
2 ρν2

2

P1 − P2 = 1
2 ρν2

2 − 1
2 ρν1

2 = 1
2 ρ (16ν1

2 − ν1
2) = 7.5ρν1

2



33. (D)

8 eV = W + KE

KE = 5 eV or less

W = 3 eV or more

34. (D) The object is located beyond the center of curvature. Therefore, the

image will be real, inverted, and diminished.

35. (A) Positron emission reduces the atomic number by 1 but leaves the mass

number unchanged.

36. (B) Hydrogen fusing into helium occurs at the core of the Sun.

37. (C) At the break point, a new north pole and a new south pole will be found

such that each smaller piece will have its own north and south poles. The

two poles of a magnet can never be isolated.

38. (D) Since the sphere is a conductor, all excess charge will reside on the

surface. The interior will be one constant value (determined by the value

on the surface of the sphere) since there is no electric field. On the exterior

of the sphere, the fields will be the same as if the excess charge were a

point charge at the very center, so the force field will fall as 1/r2 and the

energy field will fall as 1/r.

39. (B) The constant electric field implies a linear fall in voltage as you move

from the positive plate to the negative plate.

40. (D) The net charge on a capacitor is zero as it carries an equal amount of

opposite charge. From far away, no dipole characteristic will emerge, and

no field will be detected.

41. (B) There must be an inwardly directed force to keep the electron

circulating. The electron moving clockwise represents a counterclockwise

current. The right-hand rule requires a downward magnetic field to produce

an inward force.

42. (C) Since the entropy of an isolated system must increase, some heat must

be generated by the operation of the machine. This heat comes at the loss

of available energy to make the machine work. Over time, the machine will

run out of energy due to the increasing entropy.



43. (B) Since both gases are at the same temperature, their molecules must

have the same average kinetic energy. Therefore, the less massive helium

molecules must be moving faster in order to produce the same ½mv2.

44. (D) As the light leaves the headlights, they begin to diffract. From far

enough away, each beam of light has diffracted such that their central

maximums overlap and thus can no longer be distinguished.

45. (B) The Sun’s light being absorbed by the ground is radiation. The ground

heating the air in contact with it is conduction. Air movement caused by

heat is convection.

46. (A) and (D) Net charge on a capacitor is always zero because equal and

opposite charges build up on either side of it. Once fully charged, the

energy stored within the capacitor can be used to send charges in the

opposite direction from which they came into the capacitor if the two sides

are allowed to form a closed loop.

47. (A) and (C) X and Z must have the same charge (not neutral) since they

repel. Y, however, can either be oppositely charged or be neutral. If it is

neutral, Y is attracted to X by induced charge separation.

48. (A) and (D) An eastward magnetic field and a southward current yields

upward force by the right-hand rule. A downward electric field will exert an

upward force on a negative particle.

49. (A) and (B) Since the capacitor is in parallel with the resistor and

eventually charged up to the voltage available, the resistor will experience

the same voltage and current both before and after the charging is

complete.

50. (A) and (B) The electric field will induce a charge separation on the surface

of the conductor. However, the conductor’s interior will remain without any

fields, as always occurs with electrostatics.

Section II: Free-Response

1. (a) (2 points) Ammeters must be in series with their resistors. Voltmeters

must be in parallel with their resistors. The capacitor must be in series with

a switch and in parallel with one of the resistors in order to have a

complete circuit when the switch is open. In order to not create a

temporary short circuit when the switch is closed, a second resistor must



be placed in series with the capacitor. One possible circuit diagram would

look like this.

(b) (2 points) After connecting the circuit above, leave the switch open. Then

check the reading of the ammeter and voltmeter along the bottom

pathway. (The other ammeter and voltmeter should each read zero.) Now

close the switch and wait for the readings to settle down on all four

meters. This will not happen instantaneously.

(c) (2 points) With the switch open:

After the switch is closed, V2 and I2 will initially pop up to 12 V and 0.12 A,

respectively. However, they will quickly fall back down to zero as the

capacitor charges. V1 and I1 remain unchanged throughout. The steady

state after the switch is closed: 

(d) (2 points) Internal resistance of the battery will reduce the voltage

available to the circuit as a function of the current drawn. Specifically,

during the steady-state solutions, V1 will measure less than 12 V and I1

will be less than 0.06 A. During the transition time just after the switch is

closed, the voltage and current will fall further as more current will be

drawn at first for the capacitor. The greater current drawn during the

charging of the capacitor will cause the 12-volt battery to use more of its

voltage on its internal resistance. Ammeters’ having resistance will

increase the resistance of the entire circuit, meaning a lower current



drawn from the battery. This lower current will result in less voltage

actually being used than the expected 12 V across the resistor.

(e) (2 points) There would still be a closed path for the capacitor to discharge

through because both resistors would now be in series. The capacitor

would quickly discharge. Both ammeters would have the same readings,

which would quickly go to zero. V1 would be twice that of V2 while the

capacitor discharges, but they, too, would quickly go to zero.

2. (a) (2 points) The change in angle as the ray of light changes medium is due

to a change in speed. Just as a rolling cylinder will pivot if one end of it

comes into contact with a rougher surface, so too will the ray of light pivot

as it changes speed when crossing from one medium into another. Since

the light is pivoting toward the normal, the new medium must be a slower

one.

(b) (3 points) Use:

Since air has the index of refraction N1 = 1.00, we have:

Use the relationship between velocity and index of refraction to find the

new speed:

(c) (5 points) For the critical angle, we know that the angle of refraction will

be 90°:

There was no critical angle when reversing the direction because total

internal reflection can happen only when going from a slower medium to a

faster one (i.e., higher N to lower N). (1 point) This is so because going

from a slower medium to a faster medium refracts the light away from the

normal, toward the surface. (1 point) This creates a limiting case (called

the critical angle) that refracts light all the way to the surface itself (90-

degree refraction). (1 point) Angles beyond this don’t work; no refraction

occurs. When going from a faster medium to a slower medium, the light

ray refracts toward the normal. So there is always a refracted solution

and, hence, no critical angle. (1 point) (d) (2 points) The focal length of

the lens made from the unknown substance will be shorter than the focal

N1sinθ1 = N2sinθ2 (1point)

N2 = sinθ1

sinθ2
= sin40∘

sin22∘ = 1.72 (1point)

ν = c/N = (3 × 108)/1.72 = 1.74 × 108m/s (1point)

sinθc = N2/N1 = 1.47/1.74 = 0.8448

θc = 58° (1point)



length of the lens made from crown glass. Since the index of refraction of

the unknown substance is greater than that of crown glass, light will

refract more. Thus, the converging point for the focal length will be closer

to the lens.

3. (a) (3 points) Beta particles are being emitted. Alpha particles are stopped by

paper, and gamma rays would penetrate the aluminum foil easily. Alpha

particles are so easily stopped because they are big and highly charged.

Beta particles have a single quantum of charge and are quite small, so

they are harder to stop. Gamma rays are highfrequency electromagnetic

radiation and carry no charge. Thus, they are the most difficult to stop.

(b) (3 points) It is not possible to predict which specific radioactive atom will

decay next. The process is random but defined by a certain probability.

Upon emission of a beta particle, the atom will lose 4 units of mass and

have its atomic number reduced by 2.

(c) (3 points) The daughter nuclei will be more stable than before the beta

particle was emitted. Therefore, its binding energy/nucleon will be higher.

Another way to think about this is that the ejected electron is taking away

energy in addition to its mass, leaving the daughter nuclei with a greater

mass deficit per nucleon than before (E = mc2).

(d) (3 points) With a half-life of twelve hours, three days equals six half-lives.

Therefore, the amount of radioactive atoms in the sample will have been

reduced by approximately (1/2)6 after three days. As a result, the click

rate on the Geiger counter would also be reduced by this factor (1/64).

4. (a) (4 points)  X  Frequency The electron transition is a definitive amount

of energy. Energy is conserved, and therefore the photon has a definite

amount of energy. (1 point) The energy of a photon is proportional to

frequency only:

Therefore, the definite energy difference corresponds to a unique

frequency. The wave speed is determined by the medium through which

the light travels. (1 point) Wavelength (λ), in turn, is determined by the

frequency (f), which is set by energy, and also by the wave speed (v),

which is set by medium:

(b) (2 points) Since the photon is carrying energy out of the atom, the

relativistic mass of the atom does indeed decrease by precisely Einstein’s

famous relationship: Δm = ΔE/c2

where ΔE is the hf of the photon emitted and c is the speed of light.

(1point)E = hf

(1point)λ = ν/f



(c). (i) (2 points) According to the special relativity theorem, all inertial

observers will measure the same speed of light. Therefore, whose

point of view we are discussing is moot. All observers will see the

emitted photon of light traveling at c in a vacuum.

(ii) (2 points) Photons do carry momentum (p = h/λ). So this absorption

event can be modeled as a head-on collision, which will slow down the

electron since net momentum must be conserved.
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Appendix



Table of Information for AP Physics

2





Formula Sheet for AP Physics 2







Glossary

A

absolute index of refraction  For a transparent material,

a number that represents the ratio of the speed of light in

a vacuum to the speed of light in the material.

absolute temperature  A measure of the average kinetic

energy of the molecules in an object; on the Kelvin scale,

equal to the Celsius temperature of an object plus 273.

absolute zero  The theoretical lowest possible

temperature, designated as 0 K.

absorption spectrum  A continuous spectrum crossed by

dark lines representing the absorption of particular

wavelengths of radiation by a cooler medium.

acceleration  A vector quantity representing the time rate

of change of velocity.

action  A force applied to an object that leads to an equal

but opposite reaction; the product of total energy and

time in units of joules times seconds; the product of

momentum and position, especially in the case of the

Heisenberg uncertainty principle.

activity  The number of decays per second of a radioactive

atom.

adiabatic  In thermodynamics, referring to the process

that occurs when no heat is added or subtracted from the

system.



alpha decay  The spontaneous emission of a helium

nucleus from certain radioactive atoms.

alpha particle  A helium nucleus that is ejected from a

radioactive atom.

alternating current  An electric current that changes its

direction and magnitude according to a regular frequency.

ammeter  A device that, when placed in series, measures

the current in an electric circuit; a galvanometer with a

low-resistance coil placed across it.

ampere (A)  The SI unit of electric current, equal to 1 C/s.

amplitude  The maximum displacement of an oscillating

particle, medium, or field relative to its rest position.

angle of incidence  The angle between a ray of light and

the normal to a reflecting or transparent surface at the

location where the ray intercepts the surface.

angle of reflection  The angle between a reflected light

ray and the normal to a mirror or other reflecting surface

at the location where the ray intercepts the surface.

angle of refraction  The angle between an emerging light

ray in a transparent material and the normal to the

surface at the location where the ray first enters the

material.

angstrom (Å)  A unit of distance measurement equal to 1

× 10−10 m.

antinodal lines  A region of maximum displacement in a

medium where waves are interacting with each other.

Archimedes’ principle  A body wholly or partially

immersed in a fluid will be buoyed up by a force equal to

the weight of the fluid it displaces.

armature  The rotating coil of wire in an electric motor.



atmosphere (atm)  A unit of pressure, equal to 101 kPa

at sea level.

atomic mass unit (u)  A unit of mass equal to one-twelfth

the mass of a carbon-12 nucleus. Older texts use the

abbreviation “amu.”

atomic number  The number of protons in an atom’s

nucleus.

average speed  A scalar quantity equal to the ratio of the

total distance to the total elapsed time.

Avogadro’s number  The number of molecules in 1 mole

of an ideal gas, equal to 6.02 × 1023. Named for Italian

chemist/physicist Amedeo Avogadro.

B

Balmer series  In a hydrogen atom, the visible spectral

emission lines that correspond to electron transitions

from higher excited states to lower level 2.

battery  A combination of two or more electric cells.

beats  The interference caused by two sets of sound

waves with only a slight difference in frequency.

becquerel (Bq)  A unit of radioactive decay, equal to one

decay event per second.

Bernoulli’s principle  If the speed of a fluid particle

increases as it travels along a streamline, the pressure of

the fluid must decrease.

beta decay  The spontaneous ejection of an electron from

the nuclei of certain radioactive atoms.

beta particle  An electron that is spontaneously ejected

by a radioactive nucleus.



binding energy  The energy required to break apart an

atomic nucleus; the energy equivalent of the mass

defect.

Boltzmann’s constant  In thermodynamics, a constant

equal to the ratio of the universal gas constant, R, to

Avogadro’s number, NA, equal to 1.38 × 10−23 J/K. Named

for German physicist Ludwig Boltzmann.

Boyle’s law  At constant temperature, the pressure in an

ideal gas varies inversely with the volume of the gas.

Named for British physicist/chemist Robert Boyle.

bright-line spectrum  The display of brightly colored

lines on a screen or photograph indicating the discrete

emission of radiation by a heated gas at low pressure.

C

capacitance  The ratio of the total charge to the potential

difference in a capacitor.

capacitor  A pair of conducting plates, with either a

vacuum or an insulator between them, used in an electric

circuit to store current.

Carnot cycle  In thermodynamics, a sequence of four

steps in an ideal gas confined in a cylinder with a

movable piston (a Carnot engine). The cycle includes an

isothermal expansion, an adiabatic expansion, an

isothermal compression, and an adiabatic compression.

Named for French physicist Sadi Carnot.

Cartesian coordinate system  A set of two or three

mutually perpendicular reference lines, called axes and

usually designated as x, y, and z, that are used to define

the location of an object in a frame of reference; a



coordinate system named for French scientist Rene

Descartes.

cathode ray tube  An evacuated gas tube into which a

beam of electrons is projected. Their energy produces an

image on a fluorescent screen when deflected by external

electric or magnetic fields.

Celsius temperature scale  A metric temperature scale

in which, at sea level, water freezes at 0°C and boils at

100°C. Named for Swedish astronomer Anders Celsius.

center of curvature  A point that is equidistant from all

other points on the surface of a spherical mirror; a point

equal to twice the focal length of a spherical mirror.

center of mass  The weighted mean distribution point

where all the mass of an object can be considered to be

located; the point at which, if a single force is applied,

translational motion will result.

centripetal acceleration  The acceleration of mass

moving in a circular path directed radially inward toward

the center of the circular path.

centripetal force  The deflecting force, directed radially

inward toward a given point, that causes an object to

follow a circular path.

chain reaction  In nuclear fission, the uncontrolled

reaction of neutrons splitting uranium nuclei and creating

more neutrons that continue the process on a self-

sustained basis.

Charles’s law  At constant pressure, the volume of an

ideal gas varies directly with the absolute temperature of

the gas. Named for J. A. C. Charles.

chromatic aberration  In optics, the defect in a

converging lens that causes the dispersion of white light



into a continuous spectrum, with the result that the lens

refracts the colors to different focal points.

coefficient of friction  The ratio of the force of friction to

the normal force when one surface is sliding (or

attempting to slide) over another surface.

coherent  Referring to a set of waves that have the same

wavelength, frequency, and phase.

component  One of two mutually perpendicular vectors

that lie along the principal axes in a coordinate system

and can be combined to form a given resultant vector.

concave lens  A diverging lens that causes parallel rays of

light to emerge in such a way that they appear to diverge

away from a focal point behind the lens.

concave mirror  A converging spherical mirror that causes

parallel rays of light to converge to a focal point in front

of the mirror.

concurrent forces  Two or more forces that act at the

same point and at the same time.

conductor  A substance, usually metallic, that allows the

relatively easy flow of electric charges.

conservation of energy  A principle of physics that states

that the total energy of an isolated system remains the

same during all interactions within the system.

conservation of mass-energy  A principle of physics that

states that, in the conversion of mass into energy or

energy into mass, the total mass-energy of the system

remains the same.

conservation of momentum  A principle of physics that

states that, in the absence of any external forces, the

total momentum of an isolated system remains the same.



conservative force  A force such that any work done by

this force can be recovered without any loss; a force

whose work is independent of the path taken.

constructive interference  The additive result of two or

more waves interacting with the same phase relationship

as they move through a medium.

continuous spectrum  A continuous band of colors,

consisting of red, orange, yellow, green, blue, and violet,

formed by the dispersion or diffraction of white light.

control rod  A device, usually made of cadmium, that is

inserted in a nuclear reactor to control the rate of fission.

converging lens  A lens that will cause parallel rays of

light incident on its surface to refract and converge to a

focal point; a convex lens.

converging mirror  A spherical mirror that will cause

parallel rays of light incident on its surface to reflect and

converge to a focal point; a concave mirror.

convex lens  See converging lens.

convex mirror  See diverging mirror.

coordinate system  A set of reference lines, not

necessarily perpendicular, used to locate the position of

an object within a frame of reference by applying the

rules of analytic geometry.

core  The interior of a solenoidal electromagnet, usually

made of a ferromagnetic material; the part of a nuclear

reactor where the fission reaction occurs.

coulomb (C)  The SI unit of electrical charge, defined as

the amount of charge 1 A of current contains each

second.

Coulomb’s law  The electrostatic force between two point

charges is directly proportional to the product of the



charges and inversely proportional to the square of the

distance separating them. Named for French physicist

Charles-Augustin de Coulomb.

critical angle of incidence  The angle of incidence to a

transparent substance such that the angle of refraction

equals 90° relative to the normal drawn to the surface.

current  A scalar quantity that measures the amount of

charge passing a given point in an electric circuit each

second.

current length  A relative measure of the magnetic field

strength produced by a length of wire carrying current,

equal to the product of the current and the length.

cycle  One complete sequence of periodic events or

oscillations.

D

damping  The continuous decrease in the amplitude of

mechanical oscillations due to a dissipative force.

deflecting force  Any force that acts to change the

direction of motion of an object.

derived unit  Any combination of fundamental physical

units.

destructive interference  The result produced by the

interaction of two or more waves with opposite phase

relationships as they move through a medium.

deuterium  An isotope of hydrogen containing one proton

and one neutron in its nucleus; heavy hydrogen (a

component of heavy water).

dielectric  An electric insulator placed between the plates

of a capacitor to alter its capacitance.



diffraction  The ability of waves to pass around obstacles

or squeeze through small openings.

diffraction grating  A reflecting or transparent surface

with many thousands of lines ruled on it, used to diffract

light into a spectrum.

direct current  Electric current that is moving in one

direction only around an electric circuit.

dispersion  The separation of light into its component

colors or spectrum.

dispersive medium  Any medium that produces the

dispersion of light; any medium in which the velocity of a

wave depends on its frequency.

displacement  A vector quantity that determines the

change in position of an object by measuring the straight-

line distance and direction from the starting point to the

ending point.

dissipative force  Any force, such as friction, that

removes kinetic energy from a moving object; a

nonconservative force.

distance  A scalar quantity that measures the total length

of the path taken by a moving object.

diverging lens  A lens that causes parallel rays of light

incident on its surface to refract and diverge away from a

focal point on the other side of the lens; a concave lens.

diverging mirror  A spherical mirror that causes parallel

rays of light incident on its surface to reflect and diverge

away from a focal point on the other side of the mirror.

Doppler effect  The apparent change in the wavelength

or frequency of a wave as the source of the wave moves

relative to an observer. Named for Austrian physicist

Christian Doppler.



dynamics  The branch of mechanics that studies the

effects of forces on objects.

E

elastic collision  A collision between two objects in which

there is a rebounding and no loss of kinetic energy

occurs.

elastic potential energy  The energy stored in a spring

when work is done to stretch or compress it.

electrical ground  The passing of charges to or from

Earth to establish a potential difference between two

points.

electric cell  A chemical device for generating electricity.

electric circuit  A closed conducting loop consisting of a

source of potential difference, conducting wires, and

other devices that operate on electricity.

electric field  The region where an electric force is

exerted on a charged object.

electric field intensity  A vector quantity that measures

the ratio of the magnitude of the force to the magnitude

of the charge on an object.

electromagnet  A coil of wire, wrapped around a

ferromagnetic core (usually made of iron), that generates

a magnetic field when current is passed through it.

electromagnetic field  The field produced by an

electromagnet or moving electric charges.

electromagnetic induction  The production of a potential

difference in a conductor due to the relative motion

between the conductor and an external magnetic field, or



due to the change in an external magnetic flux near the

conductor.

electromagnetic spectrum  The range of frequencies

covering the discrete emission of energy from oscillating

electromagnetic fields; included are radio waves,

microwaves, infrared waves, visible light, ultraviolet light,

X rays, and gamma rays.

electromagnetic wave  A wave generated by the

oscillation of electric charges producing interacting

electric and magnetic fields that oscillate in space and

travel at the speed of light in a vacuum.

electromotive force (emf)  The potential difference

caused by the conversion of different forms of energy into

electrical energy; the energy per unit charge.

electron  A negatively charged particle that orbits a

nucleus in an atom; the fundamental carrier of negative

electric charge.

electron capture  The process in which an orbiting

electron is captured by a nucleus possessing too many

neutrons with respect to protons; also called K-capture.

electron cloud  A theoretical probability distribution of

electrons around the nucleus due to the Heisenberg

uncertainty principle. The most probable location for an

electron is in the densest regions of the cloud.

electron volt (eV)  A unit of energy related to the kinetic

energy of a moving charge and equal to 1.6 × 10−19 J.

electroscope  A device for detecting the presence of

static charges on an object.

elementary charge  The fundamental amount of charge

of an electron.

emf  See electromotive force.



emission spectrum  The discrete set of colored lines

representing the electromagnetic energy produced when

atomic compounds are excited into emitting light because

of heat, sparks, or atomic collisions.

energy  A scalar quantity representing the capacity to

work.

energy level  One of several regions around a nucleus

where electrons are considered to reside.

entropy  The degree of randomness or disorder in a

thermodynamic system.

equilibrant  The force equal in magnitude and opposite in

direction to the resultant of two or more forces that

brings a system into equilibrium.

equilibrium  The balancing of all external forces acting on

a mass; the result of a zero-vector sum of all forces acting

on an object.

escape velocity  The velocity attained by an object such

that, if coasting, the object would not be pulled back

toward the planet from which it came.

excitation  The process by which an atom absorbs energy

and causes its orbiting electrons to move to higher

energy levels.

excited state  In an atom, the situation in which its

orbiting electrons are residing in higher energy levels.

F

farad (F)  A unit of capacitance equal to 1 C/V.

Faraday’s law of electromagnetic induction  The

magnitude of the induced emf in a conductor is equal to



the rate of change of the magnetic flux. Named for British

chemist/physicist Michael Faraday.

ferromagnetic substances  A metal or a compound

made of iron, cobalt, or nickel that produces very strong

magnetic fields.

field  A region characterized by the presence of a force on

a test body like a unit mass in a gravitational field or a

unit charge in an electric field.

field intensity  A measure of the force exerted on a unit

test body; the force per unit mass; the force per unit

charge.

first law of thermodynamics  A statement of the

conservation of energy as applied to thermodynamic

systems: The change in energy of a system is equal to

the change in the internal energy plus any work done by

the system.

fission  The splitting of a uranium nucleus into two

smaller, more stable nuclei by means of a slow-moving

neutron, with the release of a large amount of energy.

flux  A measure, in webers, of the product of the

perpendicular component of a magnetic field crossing an

area and the magnitude of the area.

flux density  A measure, in webers per square meter, of

the field intensity per unit area.

focal length  The distance along the principal axis from a

lens or spherical mirror to the principal focus.

focus  The point of convergence of light rays caused by a

converging mirror or lens; either of two fixed points in an

ellipse that determines its shape.

force  A vector quantity that corresponds to any push or

pull due to an interaction of matter that changes the



motion of an object.

force constant  See spring constant.

forced vibration  A vibration caused by the application of

an external force.

frame of reference  A point of view consisting of a

coordinate system in which observations are made.

free-body diagram  A diagram that illustrates all of the

forces acting on a mass at any given time.

frequency  The number of completed periodic cycles per

second in an oscillation or wave motion.

friction  A force that opposes the motion of an object as it

slides over another surface.

fuel rods  Rods packed with fissionable material that are

inserted into the core of a nuclear reactor.

fundamental unit  An arbitrary scale of measurement

assigned to certain physical quantities, such as length,

time, mass, and charge, that are considered to be the

basis for all other measurements. In the SI system, the

fundamental units used in physics are the meter,

kilogram, second, ampere, kelvin, and mole.

fusion  The combination of two or more light nuclei to

produce a more stable, heavier nucleus, with the release

of energy.

G

galvanometer  A device used to detect the presence of

small electric currents when connected in series in a

circuit.



gamma radiation  High-energy photons emitted by

certain radioactive substances.

gravitation  The mutual force of attraction between two

uncharged masses.

gravitational field strength  A measure of the

gravitational force per unit mass in a gravitational field.

gravity  Another name for gravitation or the gravitational

force; the tendency of objects to fall to Earth.

ground state  The lowest energy level of an atom.

H

heat  The energy observed due to particle collisions in

matter; the energy produced when matter interacts with

particles that are colliding randomly with each other, as

in a gas.

hertz (Hz)  The SI unit of frequency, equal to 1 s−1.

Hooke’s law  The stress applied to an elastic material is

directly proportional to the strain produced. Named for

English scientist Robert Hooke.

I

ideal gas  A gas for which the assumptions of the kinetic

theory are valid.

image  An optical reproduction of an object by means of a

lens or a mirror.

impulse  A vector quantity equal to the product of the

average force applied to a mass and the time interval in



which the force acts; the area under a force-versus-time

graph.

induced potential difference  A potential difference

created in a conductor because of its motion relative to

an external magnetic field.

induction coil  A transformer in which a variable potential

difference is produced in a secondary coil when a direct

current, applied to the primary, is turned on and off.

inelastic collision  A collision in which two masses

interact and stick together, leading to an apparent loss of

kinetic energy.

inertia  The property of matter that resists the action of

applied force trying to change the motion of an object.

inertial frame of reference  A frame of reference in

which the law of inertia holds; a frame of reference

moving with constant velocity relative to Earth.

instantaneous velocity  The slope of a tangent line to a

point in a displacement-versus-time graph.

insulator  A substance that is a poor conductor of

electricity because of the absence of free electrons.

interference  The interaction of two or more waves,

producing an enhanced or a diminished amplitude at the

point of interaction; the superposition of one wave on

another.

interference pattern  The pattern produced by the

constructive and destructive interference of waves

generated by two point sources.

isobaric  In thermodynamics, referring to a process in

which the pressure of a gas remains the same.

isochoric  In thermodynamics, referring to a process in

which the volume of a gas remains the same.



isolated system  A combination of two or more

interacting objects that are not being acted upon by an

external force.

isotope  An atom with the same number of protons as a

particular element but a different number of neutrons.

J

joule (J)  The SI unit of work, equal to 1 N · m; the SI unit

of mechanical energy, equal to 1 kg · m2/s2.

junction  The point in an electric circuit where a parallel

connection branches off.

K

K-capture  See electron capture.

kelvin (K)  The SI unit of absolute temperature, defined in

such a way that 0 K equals −273°C.

Kepler’s first law  The orbital paths of all planets are

elliptical. Named for German astronomer Johannes Kepler.

Kepler’s second law  A line from the Sun to a planet

sweeps out equal areas in equal time.

Kepler’s third law  The ratio of the cube of the mean

radius to the Sun to the square of the period is a constant

for all planets orbiting the Sun.

kilogram (kg)  The SI unit of mass.

kilojoule (kJ)  A unit representing 1,000 J.

kilopascal (kPa)  A unit representing 1,000 Pa.

kinematics  In mechanics, the study of how objects move.



kinetic energy  The energy possessed by a mass because

of its motion relative to a frame of reference.

kinetic friction  The friction induced by sliding one

surface over another.

kinetic theory of gases  The theory that all matter

consists of molecules that are in a constant state of

motion.

Kirchhoff’s junction rule  The algebraic sum of all

currents at a junction in a circuit equals zero. Named for

German physicist Gustav Kirchhoff.

Kirchhoff’s loop rule  The algebraic sum of all potential

drops around any closed loop in a circuit equals zero.

L

laser  A device for producing an intense coherent beam of

monochromatic light; an acronym for light amplification

by the stimulated emission of radiation.

law of inertia  See Newton’s first law of motion.

lens  A transparent substance, with one or two curved

surfaces, used to direct rays of light by refraction.

Lenz’s law  An induced current in a conductor is always in

a direction such that its magnetic field opposes the

magnetic field that induced it. Named for German

physicist Emil Lenz.

line of force  An imaginary line drawn in a gravitational,

electrical, or magnetic field that indicates the direction a

test particle would take while experiencing a force in that

field.

longitudinal wave  A wave in which the oscillating

particles vibrate in a direction parallel to the direction of



propagation.

M

magnet  An object that exerts a force on ferrous materials.

magnetic field  A region surrounding a magnet in which

ferrous materials or charged particles experience a force.

magnetic field strength  The force on a unit current

length in a magnetic field.

magnetic flux density  The total magnetic flux per unit

area in a magnetic field.

magnetic pole  A region on a magnet where magnetic

lines of force are most concentrated.

mass  The property of matter used to represent the inertia

of an object; the ratio of the net force applied to an object

and its subsequent acceleration as specified by Newton’s

second law of motion.

mass defect  The difference between the actual mass of a

nucleus and the sum of the masses of the protons and

neutrons it contains.

mass number  The total number of protons and neutrons

in an atomic nucleus.

mass spectrometer  A device that uses magnetic fields

to cause nuclear ions to assume circular trajectories and

then determines the masses of the ions based on their

charges, the radius of the path, and the external field

strength.

mean radius  For a planet, the average distance to the

Sun.

meter (m)  The SI unit of length.



moderator  A material, such as water or graphite, that is

used to slow neutrons in a fission reaction.

mole (mol)  The SI unit for the amount of substance

containing Avogadro’s number of molecules.

moment arm distance  A line drawn from a pivot point.

momentum  A vector quantity equal to the product of the

mass and the velocity of a moving object.

monochromatic light  Light consisting of only one

frequency.

N

natural frequency  The frequency with which an elastic

body will vibrate if disturbed.

net force  The resultant force acting on a mass.

neutron  A subatomic particle, residing in the nucleus,

that has a mass comparable to that of a proton but is

electrically neutral.

newton (N)  The SI unit of force, equal to 1 kg · m/s2.

Newton’s first law of motion  An object at rest tends to

remain at rest, and an object in motion tends to remain in

motion at a constant velocity, unless acted upon by an

external force; the law of inertia. Named for British

mathematician/physicist Sir Isaac Newton.

Newton’s second law of motion  The acceleration of a

body is directly proportional to the applied net force; 

→

F = m
→
a .

Newton’s third law of motion  For every action, there is

an equal, but opposite, reaction.



nodal line  A line of minimum displacement when two or

more waves interfere.

nonconservative force  A force, such as friction, that

decreases the amount of kinetic energy after work is

done by or against the force.

normal  A line perpendicular to a surface.

normal force  A force that is directed perpendicularly to a

surface when two objects are in contact.

nuclear force  The force between nucleons in a nucleus

that opposes the Coulomb force repulsion of the protons;

the strong force.

nucleon  Either a proton or a neutron as it exists in a

nucleus.

O

ohm (Ω)  The SI unit of electrical resistance, equal to 1

V/A.

Ohm’s law  In a circuit at constant temperature, the ratio

of the potential difference to the current is a constant

(called the resistance). Named for German physicist

Georg Ohm.

optical center  The geometric center of a converging or

diverging lens.

P

parallel circuit  A circuit in which two or more devices are

connected across the same potential difference and

provide an alternative path for charge flow.



pascal (Pa)  The SI unit of pressure, equal to 1 N/m2.

Pascal’s principle  A change in the pressure applied to an

enclosed fluid is transmitted undiminished to every

portion of the fluid and to the walls of the containing

vessel.

period  The time, in seconds, to complete one cycle of

repetitive oscillations or uniform circular motion.

permeability  The property of matter that affects an

external magnetic field in which the material is placed,

causing it to align free electrons within the substance and

hence magnetizing it; a measure of a material’s ability to

become magnetized.

phase  The relative position of a point on a wave with

respect to another point on the same wave.

photoelectric effect  The process by which surface

electrons in a metal are freed through the incidence of

electromagnetic radiation above a certain minimum

frequency.

photon  A single packet of electromagnetic energy.

Planck’s constant  A universal constant representing the

ratio of the energy of a photon to its frequency; the

fundamental quantum of action, having a value of 6.63 ×

10−34 kg · m2/s. Named for German physicist Max Planck.

polar coordinate system  A coordinate system in which

the location of a point is determined by a vector from the

origin of a Cartesian coordinate system and the acute

angle it makes with the positive horizontal axis.

polarization  The process by which the vibrations of a

transverse wave are selected to lie in a preferred plane

perpendicular to the direction of propagation.



polarized light  Light that has been polarized by passing

it through a suitable filter.

positron  A subatomic particle having the same mass as

an electron but a positive electrical charge.

potential difference  The difference in work per unit

charge between any two points in an electric field.

potential energy  The energy in a system resulting from

the relative position of two objects interacting via a

conservative force.

power  The ratio of the work done to the time needed to

complete the work.

pressure  The force per unit area.

primary coil  In a transformer, the coil connected to an

alternating potential difference source.

principal axis  An imaginary line passing through the

center of curvature of a spherical mirror or the optical

center of a lens.

prism  A transparent triangular shape that disperses white

light into a continuous spectrum.

pulse  A single vibratory disturbance in an elastic medium.

Q

quantum  A discrete packet of electromagnetic energy; a

photon.

quantum theory  The theory that light consists of discrete

packets of energy that are absorbed or emitted in units.

R



radioactive decay  The spontaneous disintegration of a

nucleus due to its instability.

radius of curvature  The distance from the center of

curvature to the surface of a spherical mirror.

ray  A straight line used to indicate the direction of travel

of a light wave.

real image  An image formed by a converging mirror or

lens that can be focused onto a screen.

refraction  The bending of a light ray when it passes

obliquely from one transparent substance to another in

which its velocity is different.

resistance  The ratio of the potential difference across a

conductor to the current in the conductor.

resistivity  A property of matter that measures the ability

of that substance to act as a resistor.

resolution of forces  The process by which a given force

is decomposed into a pair of perpendicular forces.

resonance  The production of sympathetic vibrations in a

body, at its natural vibrating frequency, caused by

another vibrating body.

rest mass  The mass of an object when the object is not

moving.

rotational equilibrium  The situation when the vector

sum of all torques acting on a rotating mass equals zero.

rotational inertia  The ability of a substance to resist the

action of a torque; moment of inertia.

S



scalar  A physical quantity, such as mass or speed, that is

characterized by magnitude only.

second (s)  The SI unit of time.

secondary coil  In a transformer, a coil in which an

alternating potential difference is induced.

second law of thermodynamics  Heat flows only from a

hot body to a cold one; the entropy of the universe is

always increasing.

series circuit  A circuit in which electrical devices are

connected sequentially in a single conducting loop,

allowing only one path for charge flow.

sliding friction  A force that resists the sliding motion of

one surface over another; kinetic friction.

Snell’s law  For light passing obliquely from one

transparent substance to another, the ratio of the sine of

the angle of incidence to the sine of the angle of

refraction is equal to the relative index of refraction for

the two media. Named for Willebrord Snell.

solenoid  A coil of wire used for electromagnetic induction.

specific heat  The amount of energy, in kilojoules, needed

to change the temperature of 1 kg of a substance by 1°C.

speed  A scalar quantity measuring the time rate of

change of distance.

spherical aberration  In a converging spherical mirror or

a converging lens, the inability to properly focus parallel

rays of light because of the shape of the mirror or lens.

spring constant  The ratio of the applied force and

resultant displacement of a spring.

standard pressure  At sea level, 1 atm, which is equal to

101.3 kPa.



standing wave  A stationary wave pattern formed in a

medium when two sets of waves with equal wavelength

and amplitude pass through each other, usually after a

reflection.

static electricity  Stationary electric charges.

static friction  The force that prevents one object from

sliding over another.

statics  The study of the forces acting on an object that is

at rest relative to a frame of reference.

superposition  The ability of waves to pass through each

other, interfere, and then continue on their way

unimpeded.

T

temperature  The relative measure of warmth or cold

relative to a standard; see also absolute temperature.

tesla (T)  The SI unit of magnetic field strength, equal to 1

W/m2.

test charge  A small, positively charged mass used to

detect the presence of a force in an electric field.

thermionic emission  The emission of electrons from a

hot filament.

thermometer  An instrument that makes a quantitative

measurement of temperature based on an accepted

scale.

third law of thermodynamics  The temperature of any

system can never be reduced to absolute zero.

threshold frequency  The minimum frequency of

electromagnetic radiation necessary to induce the



photoelectric effect in a metal.

torque  The application, from a pivot, of a force at right

angles to a designated line that tends to produce circular

motion; the product of a force and a perpendicular

moment arm distance.

total internal reflection  The process by which light is

incident on a medium in which its velocity would increase

at an angle greater than the critical angle of incidence.

total mechanical energy  In a mechanical system, the

sum of the kinetic and potential energies.

transmutation  The process of changing one atomic

nucleus into another by radioactive decay or nuclear

bombardment.

transverse wave  A wave in which the vibrations of the

medium or field are at right angles to the direction of

propagation.

U

uniform circular motion  Motion around a circle at a

constant speed.

uniform motion  Motion at a constant speed in a straight

line.

unit  An arbitrary scale assigned to a physical quantity for

measurement and comparison.

universal law of gravitation  The gravitational force

between any two masses is directly proportional to the

product of their masses, and inversely proportional to the

square of the distance between them.



V

vector  A physical quantity that is characterized by both

magnitude and direction; a directed arrow drawn in a

Cartesian coordinate system used to represent a quantity

such as force, velocity, or displacement.

velocity  A vector quantity representing the time rate of

change of displacement.

virtual focus  The point at which the rays from a diverging

lens would meet if they were traced back with straight

lines.

virtual image  An image, formed by a mirror or lens, that

cannot be focused onto a screen.

visible light  The portion of the electromagnetic spectrum

that can be detected by the human eye.

volt (V)  The SI unit of potential difference, equal to 1 J/C.

voltmeter  A device used to measure the potential

difference between two points in a circuit when

connected in parallel; a galvanometer with a high-

resistance coil placed in series with it.

volts per meter (V/m)  The SI unit of electric field

intensity, equal to 1 N/C.

W

watt (W)  The SI unit of power, equal to 1 J/s.

wave  A series of periodic disturbances in an elastic

medium or field.

wavelength  The distance between any two successive

points in phase on a wave.



weber (Wb)  The SI unit of magnetic flux, equal to 1 T × 1

m2.

weight  The force of gravity exerted on a mass at the

surface of a planet.

work  A scalar measure of the relative amount of change

in mechanical energy; the product of the magnitude of

the displacement of an object and the component of

applied force in the same direction as the displacement;

the area under a graph of force versus displacement.

work function  The minimum amount of energy needed to

free an electron from the surface of a metal using the

photoelectric effect.
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