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INTRODUCTION

About the Book and TestWare®

This book provides an accurate and complete representation of the GRE Physics Subject Test. The
four practice exams and review section are based on the format of the most recently administered GRE
Physics Test. Each exam is two hours and fifty minutes in length and includes every type of question
that can be expected on the actual exam. Following each exam is an answer key, complete with detailed
explanations designed to clarify the material for the student. Take the two practice tests on CD-ROM
first These will give you a good sense of the areas that require the most review. By studying the review
section, completing all four exams in the book, and studying the explanations that follow, students can
discover their strengths and weaknesses and thereby become well prepared for the actual exam.

About the Test

The GRE Physics Test is offered three times a year by the Educational Testing Service, under the
direction of the Graduate Record Examinations Board. Applicants for graduate school submit GRE test
results together with other undergraduate records as part of the highly competitive admission process to
graduate school. The GRE tests are intended to provide the graduate school admissions committee with a
means of evaluating your competence in certain subject areas. Scores on the test are intended to indicate
mastery of the subject matter emphasized in an undergraduate program.

The test consists of about 100 multiple-choice questions, some of which are grouped in sets and based
on such materials as diagrams, experimental data, graphs, and descriptions of physical situations. Emphasis
is placed on the ability to grasp fundamental principles of physics as well as the ability to apply these princi-
ples. Most test questions can be answered on the basis of a mastery of the first three years of undergraduate
physics. Emphasis is placed on the following major areas of physics and occur in the percentages indicated.
These percentages reflect the relative emphasis placed on these topics in most undergraduate curricula.

[

Fundamentals of electromagnetism, including Maxwell’s equations (18%)
Classical mechanics (20%)

Atomic physics (10%)

Quantum mechanics (12%)

Physical optics and wave phenomena (9%)

Special relativity (6%)

Thermodynamics and statistical mechanics (10%)

Laboratory methods (6%)

 ® N kv

Advanced topics: Lagrangian and Hamiltonian mechanics, solid state physics, nuclear and particle
physics, and miscellaneous (9%)
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SSD ACCOMMODATIONS FOR STUDENTS WITH DISABILITIES

Many students qualify for extra time to take the GRE Physics Test. For information on how ETS
meets disability needs, contact:

ETS Disability Services

Educational Testing Service

P.O. Box 6054

Princeton, NJ 08541-6054

Phone: 1-866-387-8602 (toll free)
Monday—Friday 8:30 a.m. to 5:00 p.m.
Eastern Time (New York)

TTY: 1-609-771-7714

Fax: 1-973-735-1892

E-mail: stassd@ets.org

Our TestWare® can be adapted to accomodate your time extension. This allows you to
practice under the same extended-time accomodations that you will receive on the actual test
day. To customize your TestWare® to suit the most common extensions, visit our website at
www.rea.com/ssd.

About the Authors

Dr. Joseph Molitoris is a professor of Physics at Muhlenberg College in Allentown, Pennsylvania,
where he teaches introductory and advanced physics. His teaching responsibilities include courses in Gen-
eral Physics, Modern Physics, Mechanics, Advanced Mechanics, Statistical Physics, and Nuclear Physics.

After receiving his Bachelor of Science degree in Physics from Massachusetts Institute of Technol-
ogy, Dr. Molitoris went on to receive his Master of Science degree in Mathematics from the University of
North Florida. He was awarded a doctorate in Physics from Michigan State University. His post-doctoral
work was performed as a fellow of the Alexander von Humboldt Foundation in Frankfurt, Germany.

Hasan Fakhruddin is Instructor of Physics at The Indiana Academy for Science, Mathematics, and
Humanities In Muncie, Indiana where he teaches Modern Physics and Advanced Optics.

After receiving his Bachelor of Science degree in Physics and Math from the University of Bombay
in Mumbai, India, Mr. Fakhruddin went on to receive his Master of Science degree in Physics from the
University of Toledo in Toledo, Ohio. He has written physics questions for The College Board and
Educational Testing Service and participated in the Fulbright Teachers Exchange.



INTRODUCTION

About the Subject Review

The subject review in this book is designed to further your understanding of the test material. It includes
techniques you can use to enhance your knowledge of physics and to earn higher scores on the exam.
The review includes extensive discussions and examples to refresh your knowledge. Topics covered in the
review are:

Classical Mechanics

¢ Vectors

e Linear Motion

* Two-Dimensional Motion
¢ Newton’s Laws

¢ Momentum

* Energy and Work

« Harmonic Motion

e Collisions

* Lagrangian Mechanics

Electromagnetism

* Electric Fields

* Capacitors

 Current and Resistance

* Circuits

* Magnetism

» Maxwell’s Equations and Electromagnetic Waves

Atomic Physics

* Rutherford Scattering
* Atomic Spectra

* The Bohr Atom

* The Laser

Thermodynamics

* Temperature

* Coefficient of Thermal Expansion

* Heat Capacity, Specific Heat, and C,

* Heat of Vaporization and Heat of Fusion

¢ Conduction, Convection, and Radiation

» Heat, Work, and the Laws of Thermodynamics
* Entropy



GRE PHYSICS

Quantum Mechanics

* Wave Functions and Equations

» Schrodinger’s Equation

* Potential Wells and Energy Levels

* Harmonic Oscillator

» Reflection and Transmission by a Barrier

Special Relativity

* Time Dilation and Length Contraction
* Dynamics
* Lorentz Transformations

Optics and Wave Phenomena

¢ Mechanical Waves
» Ray Optics

e Thin Lenses

* Interference

« Diffraction

Scoring the Exam

Two types of scores are obtained from your results on the GRE Physics examination: a raw score and
a scaled score. The raw score is determined first and is then converted into the scaled score.

To determine the raw score, a number of things must be done. The following equation represents the
process:

R — W/4 = Raw Score (round off if necessary)

First calculate the total number of wrong (W) answers. Next, calculate the total number of right (R)
answers. Unanswered questions are not counted. At this point, divide the total number of wrong answers
by four and subtract his result from the total number of right answers. This adjustment is made to com-
pensate for guessing. Finally, take the last result and round it off to the nearest whole number, which will
be the raw score.

To determine the scaled score, find the number that corresponds to the raw score in the table on the
following page.

It is important to note that the raw score can vary slightly and still result in the same scaled score.
This is because various forms of the test may be administered.

For more information, please visit the official GRE Web site at www.gre.org.



Raw Score
84-100
83
81-82
80
79
77-78
76
75
73-74
72
71
69-70
68
67
65-66
64
63
61-62
60
59
57-58
56
55
53-54
52
51
49-50
48
47
45-46
44
43

INTRODUCTION

GRE Physics—Total Score

Scaled Score
990
980
970
960
950
940
930
920
910
900
890
880
870
860
850
840
830
820
810
800
790
780
770
760
750
740
730
720
710
700
690
680

Raw Score
41-42
40
39
37-38
36
35
33-34
32
30-31
29
28
26-27
25
24
22-23
21
20
18-19
17
16
14-15
13
12
10-11

Scaled Score
670
660
650
640
630
620
610
600
590
580
570
560
550
540
530
520
510
500
490
480
470
460
450
440
430
420
410
400
390
380
370
360
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GRE Physics Pro Study Plan

Making the Most of REA’s 12-Week Pro Study Plan

As a busy student or professional, you may be wondering how you will find time to work, have a
social life, take care of family obligations, and prepare for the GRE Physics. But don’t worry, our GRE
Pro Study Schedule gives you a complete road map from now until test day. This flexible schedule allows
you to work at your own pace and shows you how to prepare for the GRE as efficiently as possible. You’ll
get organized, stay on track, and make the most of your valuable study time.

You will need to make time every day to study for the GRE Physics. How and when you study is
up to you, but consistency is the key to completing your GRE preparation. Make studying a priority and
consider it a “job” until you take the GRE exam.

Keep in mind that a high score on the GRE doesn’t just help you get into a better grad school; it
helps move your career forward. Therefore, a solid commitment to daily study is worth every minute of
your time. The results will pay off in the long run!

This study schedule will help you become thoroughly prepared for the GRE Physics exam. Al-
though the schedule is designed as a 12-week study program, it can be compressed into a 6-week plan by
combining two weeks of study into one. If you choose the 12-week schedule, you should plan to study
for at least one hour a day. GRE examinees who are following a 6-week program need to set aside at least
two hours for studying every day.

Find a study routine that works for you and stick to it! Some people like to get up early and study
for an hour or two before going to work. Others might choose to study while commuting, on their lunch
hour, at the library, or at home after work. Whatever schedule you choose, make a commitment to study
every day — even on weekends.

Remember, daily focused concentration on the GRE Physics subject matter will help you retain
more information, fully grasp the material tested, and improve your overall score.
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Week

Activity

Read and study our introduction to the GRE Physics on the following pages. Be sure you under-
stand the format of the GRE Physics and know exactly what is tested on the exam. Now would
be a good time to plan a study schedule. When and where will you study? How will you balance
your responsibilities with studying? Decide when and where you study best, and get ready to
tackle the GRE Physics!

Start your study routine by taking the GRE Physics Practice Test 1 on CD to determine your
strengths and weaknesses. Make sure you give yourself at least 3 hours after work, on a week-
end, or at another convenient time to take the exam. You will need to focus and concentrate, so
take the practice test at a time and place where you will not be disturbed. When you take the
test, try to do your best, even on sections where you may be confused. After you have finished
the test, record your scores. This will help you track your progress as you study. If you score
low in any area, thoroughly review the relevant chapters. Later in the week, study the detailed
explanations for the questions you answered incorrectly. In the cases where you erred, find out
why. Take notes and pay attention to sections where you missed a lot of questions. You will need
to spend more time reviewing the related material.

Make a firm commitment to study for at least an hour a day, every day for the next few weeks. It
may seem hard to find time in your busy schedule, but remember: the more you study, the better
prepared you will be for the GRE Physics. This week, study chapters 1 and 2. Be sure you are
comfortable with the material you’ve just covered before continuing to next week’s study agenda.
Give yourself more time to practice and review areas in which you feel you need improvement.

This week, focus your study on chapters 3 and 4. Make sure you fully understand the top-
ics and have a good grasp of the formulas and theories discussed. Pay close attention to the
examples outlined in chapter four; they will show you how to solve questions you may en-
counter on the actual GRE exam. If you find yourself in need of extra review or clarification
on a subject, you may want to consult your physics textbook or ask a classmate or professor
for additional help.

Take Practice Test 3 in the book. Record your score and see how well you did. After you’ve
evaluated your test results, go back through each chapter and brush up on the topics, theo-
ries, or formulas that you need to review. Later this week, study the detailed explanations
of answers for any questions you answered incorrectly. Make sure you understand why you
answered the question wrong, so you can improve your test-taking skills.
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Week

Activity

Congratulations! You’ve reached the halfway point! Success is just around the corner, but
keep going, there’s more work to be done. Study chapters 5 and 6 this week. If you feel you
have a good grasp of the material, review your notes and restudy any areas of weakness from
previous chapters.

Take Practice Test 4 in the book. After scoring the exam, record your score and measure your
progress. How much have you improved since you took Practice Test 1? Go back and study
the detailed explanations of answers to any questions you answered incorrectly. Give yourself
a break and do something fun — after you’ve finished studying for the day.

Your hard work is paying off! By the time you’ve finished studying for the GRE, you’ll have
an excellent understanding of all the topics tested on the exam — and that will help you get a
high score! Take time this week to study chapters 7 and 8. Pay close attention to the examples
and formulas discussed!

This week, review any questions you answered incorrectly on the previous practice tests. Read
through the detailed answer explanations to clarify any subjects or areas in which you are weak. If
you feel you need extra GRE Physics practice, why not review a chapter during your lunch hour
or during your commute?

10

Now you’re ready for Practice Test 2 on CD. Allow yourself at least 3 hours to take the practice
test. Take your time, remember what you’ve learned, and answer every question to the best of your
ability. After the test, thoroughly review all the explanations for the questions you answered incor-
rectly. Review any areas in which you still need improvement. Remember, your primary goal right
now is to get a high score on the GRE Physics, so keep working!

11

You’ve just about reached your goal! Study chapter 9, the last review chapter in the book.
Make sure you have a good grasp of these specialized topics, so you're ready for any question
on the GRE Physics exam.

12

Use this time to restudy any sections in which you need improvement. You may want to re-
read our review chapters or retake practice tests to help you boost your skills. Just for fun, why
not take Practice Test 1 again? After you’ve completed the exam, compare your two scores
and see how far you’ve come in just a matter of weeks!

Congratulations! You’ve worked hard and you’re ready
for the GRE Physics!
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About Research & Education Association

Founded in 1959, Research & Education Association is dedicated to publishing the finest
and most effective educational materials—including software, study guides, and test preps—for
students in elementary school, middle school, high school, college, graduate school, and beyond.

REA’s Test Preparation series includes books and software for all academic levels in almost all dis-
ciplines. Research & Education Association publishes test preps for students who have not yet entered
high school, as well as high school students preparing to enter college. Students from countries around
the world seeking to attend college in the United States will find the assistance they need in REA’s
publications. For college students seeking advanced degrees, REA publishes test preps for many major
graduate school admission examinations in a wide variety of disciplines, including engineering, law, and
medicine. Students at every level, in every field, with every ambition can find what they are looking for
among REA’s publications.

REA’s series presents tests that accurately depict the official exams in both degree of difficulty and
types of questions. REA’s practice tests are always based upon the most recently administered exams, and
include every type of question that can be expected on the actual exams.

REA’s publications and educational materials are highly regarded and continually receive an unprec-
edented amount of praise from professionals, instructors, librarians, parents, and students. Our authors
are as diverse as the fields represented in the books we publish. They are well-known in their respective
disciplines and serve on the faculties of prestigious high schools, colleges, and universities throughout
the United States and Canada.

We invite you to visit us at www.rea.com to find out how “REA is making the world smarter.”
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for setting the quality standards for production integrity and managing the publication to completion;
Michael Reynolds, Managing Editor, for project management; R.D. Murphy, Ph.D., and James L. Love,
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CHAPTER

Classical
Mechanics

A. VECTORS

A vector is a measure of both direction and magnitude. Vector variables are usually indicated in
boldface or with an arrow, such as v.

The Components of a Vector

a, and a are the components of a vector a. The angle
0 is measured counterclockwise from the positive
x-axis. The components are formed when we draw
perpendicular lines to the chosen axes.

The Formation of Vector Components on the Positive x — y axis

The components of a vector are given by

ax=ac050

a. = asin 6
y

A component is equal to the product of the magnitude of vector 4 and the cosine of the angle between
the positive x axis and the vector.

The magnitude can be expressed in terms of the components

‘a‘ = \/ax2+(ly2
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Finally, the angle 6 is given by

. a
0 =tan~ ' 2
ay

Like scalars, which are measures of magnitude, vectors can be added, subtracted, and multiplied.

To add or subtract vectors, simply add or subtract the respective x and y coordinates. For example,

a— bimpliesa —b_=c,
X X X

a —b =c
y y y

Therefore, ¢ is the difference of a and b and is given by ¢ = 1/ cx2 4 ¢y 2.

There are two forms of multiplication: the dot product and the vector, or cross product. The dot
product yields a scalar value:

a-b=uabcosb
The cross product of two vectors yields a vector:

axXb=c¢
and

le| = ab sin 0

S
S
Q ~
0 S

(a) Dot Product (b) Cross Product

Vector Multiplication

The direction of the vector product a X b = ¢ is given by the “right-hand rule”:

1) With a and b tail-to-tail, draw the angle 6 from a to b.

2) With your right hand, curl your fingers in the direction of the angle drawn. The extended thumb
points in the direction of ¢.

A The direction of the vector product, ¢ = a
b X b(/c| = ab sin 0), is into the page.



TWO-DIMENSIONAL MOTION

Properties of the Cross Product:

axXb=-bXa
axX(+c)=(aXxXb)+(aXec)

c(a X b) = (ca) X b = a X (cb), where c is a scalar
l]a X b> = a?b* — (a - b)?

B. LINEAR MOTION

Any object in motion has an average and an instantaneous velocity:

a) Average Velocity

A xn—x Units: Meters
AN bh—1 " Sec
b) Instantaneous Velocity
Ax  dx Meters
V=1m —=—=vy(¢ Units:
Azlglo At dt v(t) s Sec

Just as the average and instantaneous velocities are the rate of change of position with respect to
time, acceleration is the rate of change of velocity with respect to time.

dx dv
dt dt

From this, the following basic kinematic equations of motion can be derived:

—

v=v0+at

2. vV =vi+ 2a(x — xy)
_ 1 2

3. X =Xx) T vt + 5at

4

_ 1
x=x,+ i(vo + )t

where vy and X, are initial values.

C. TWO-DIMENSIONAL MOTION

For two-dimensional, or planar, motion, simply break the velocity and acceleration vectors down into
their x and y components. Once this is done, the preceding one-dimensional equations can apply.
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A special case of two-dimensional motion is uniform circular motion. For a particle to be held on
a circular path, a radial force must be applied. This force is called centripetal force.

Centripetal Acceleration: This is also radial

where  a = acceleration
v = tangential component of velocity
r = radius of the path

For uniform circular motion, a can also be written as

_47r2r
=

where T, the period or time for one revolution, is given by

p_ 2
1%

The tangential component of the acceleration is the rate at which the particle speed changes; for
uniform circular motion, this acceleration is zero.

When dealing with circular motion or other situations involving motion relative to a central force
field, it is often appropriate to use polar coordinates, where the position is a function of radius and angle

(r, 6).



TWO-DIMENSIONAL MOTION

In the case of the three dimensions, the coordinates become (r, 6, z), where the z-coordinate is identi-
cal to the respective Cartesian z-coordinate. This is known as the cylindrical coordinate system.

z (r, 0, 2

(r.8,0)
In describing two-dimensional motion, « represents angular acceleration
dw
dt
and w represents angular velocity

(@)

If angular acceleration, «, is constant, then equations correlating to those previously stated for linear
motion can be shown to apply as given in the table below.

Comparison of Rotational and Linear Motion Equations

Rotational Motion Linear Motion Equivalent

a = constant a = constant
w=w,t af v =y, + at
0= W9+ ® _¥ +v ¢

2 2
0 = wyt + %atz x=vyt+ %atz
w2=w(2)+2a0 v2=v(2)+2ax
0,, 0 = initial and final angular displacements
o), w = initial and final angular velocities

Another type of coordinate system used is the spherical coordinate system, with components

(p, &, 6).
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z (p, b, 6)

¢
z
y

X/?\i

7= psin¢ X =rcosf X = psin ¢ cos 0
z=pcos¢ y=rsinf y = psin ¢ sin 0
0=0 z=z z=pcos ¢

Circular Orbits

Gravitational pull is the centripetal force on the satellite:

The speed of a satellite in circular orbit about a body of mass M:

|GM
V=13/—
’

The time period (7) of the satellite is proportional to 3% (Kepler’s Third Law)

2
T? = %/Irz'
Elliptic Orbits
Kepler’s Laws for Elliptic Orbits
First Law

The orbit of every planet is an ellipse with the sun at a focus.

Planet



TWO-DIMENSIONAL MOTION

Second Law
A line joining a planet and the sun sweeps out equal areas during equal intervals of time.

dt dt  dr*
Planet

Third Law
“The square of the orbital period of a planet is directly proportional to the cube of the semi-major

axis of its orbit.”

T2 o« g3
and
T2 4n’a’
GM
T — period of the planet

G — universal gravitational constant
M — mass of the sun

a — semi-major axis
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Conservation of Angular Momentum in Elliptic Orbit

A
vy
o gl
Aphelion . Perhelion
Vo
Sun Planet

mvlrl = mv2r2

D. NEWTON’'S LAWS

First Law

Every body remains in its state of rest or uniform linear motion, unless a force is applied to change
that state.

Second Law

If the vector sum of the forces F acting on a particle of mass m is different from zero, then the par-
ticle will have an acceleration a directly proportional to, and in the same direction as, F, but inversely
proportional to mass m. Symbolically,

F = ma

Units: Newtons = kgm/s?

(if mass is constant)

Third Law

For every action, there exists a corresponding equal and opposing reaction, or the mutual actions of
two bodies are always equal and opposing.



NEWTON'S LAWS

Newton’s Laws all refer to the effects of forces on particles or bodies. These forces are often repre-
sented with vectors and can be added/subtracted vectorially. In addition, certain mathematical operations
can be used on vectors to obtain components, unit vectors, directional cosines, and resultants.

y
A
d,
'
B¢ T
0 1 * dy X
~—y
[ dy L
p4
OP =dx + dyy +dz
Unit Vector:
or 1
u= ﬁ = g (dxx+dyy+dzZ)
Force F:
F
F=Fu= 7 (dx+dyy+d.z)
Components:
Fd, Fd, Fd,
b=y h="g =7
Distance:

d=\/d>+d,?+d;?

Directional Cosines of F:

dy
o=cos | =
d
d
I
B =cos J
d
O 1
Y= cos p

Unit Vector Expressed in Terms of Angles:

u=cosax+tcosBy+cosyz

d = distance
between 0 and P

11
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Relationship Between Angles:

cos’a + cos’B + cos’y =1

Non-Inertial Frame of Reference

A frame of reference for which acceleration a = 0 is called an inertial frame. A frame of reference
that is accelerating is a non-inertial frame.

The velocity of an inertial frame is dependent on the frame of reference of the observer. The velocity
of an inertial frame cannot be determined from any experiment performed within the frame of reference.
The acceleration of a non-inertial frame can be determined by making localized measurement within it.
Newton’s First Law is apparently violated in a non-inertial frame because an object in it may accelerate
without application of a force. For example, a rider in an amusement park ride called Gravitron feels
pinned to the wall of the well as the floor beneath her drops away. This force that a person feels in rotat-
ing frame of reference directed away from the center is referred to as “centrifugal force” and is said to
be pseudo force.

A person can determine the acceleration of a train compartment from within the train. One way this
can be done is to hang a simple pendulum from the ceiling as in the figure below.

Hey, my train

is accelerating! Acceleration

\/%%
=

As the train accelerates, the pendulum makes an angle of 6 with the vertical.

Tcosf = mg

Tsinf = ma
Hence, Tsinf/Tcos 6 = mg/(ma) — tanf = g/a — a = g tanf
The acceleration of the train is given by the equation

a = g tanf



MOMENTUM

E. MOMENTUM

LINEAR MOMENTUM

. kgxm
p=my units :
sec
where  p = linear momentum of particle
m = mass of particle
v = velocity of particle
NEWTON'S SECOND LAW
_dp d(mv)
S dt dt

where F = the net force on the particle

LINEAR MOMENTUM OF A SYSTEM OF PARTICLES

Total Linear Momentum

n
P= Epl =pi+p2+...+pu
=1
=mvy +myvy+...+m,v,
where P = total linear momentum of system

p; m;, v, = linear momentum, mass, and velocity of the ith particle, respectively.

Newton’s Second Law for a System of Particles (Momentum Form)

dapP
Fext = E

where F . = sum of all external forces

€x

Momentum is conserved. The total linear momentum of the system remains unchanged if the sum of
all forces acting on the system is zero.

According to Newton’s Second Law:

dp
E = ZFext =0

13
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ANGULAR MOMENTUM

Vector Equation
L=rXP=1Iw  Units: kgm¥/s

Scalar Equation
I =rPsin6

where = angular momentum

= radius vector from axis of rotation to p
linear momentum vector

= moment of inertia about axis of rotation

= angular velocity

€ i = ™
I

Angular Momentum

Note that these two equations are equivalent with producing a vector result that is perpendicular to the
plane formed by r and p, as shown in the figure. Using cross-product form, the magnitude is found by

L=rpsing
with the direction and sense given by the right-hand rule.
For the second form, the same result is achieved with
L=1lw

where | is the moment of inertia about any selected axis of rotation and is defined by

I:/rzdm

and is a measure of rotational inertia.
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Torque

Torque can be defined as
T=r XF Units: Nm

and is a vector with magnitude given by cross-product operation and direction/sense as determined by the
right-hand rule. An equivalent form is

T =dL/dt

Determination of [:

Integration Method

Area—General Formula:

I:/ssz
A

where s = perpendicular distance from the axis to the area element.

Example:

For a rectangular area,

y
_ _— da = bdy
T .
1
I I
|[«<— b—> X
h 1
I, = / by*dy = —bh®
0 3

This is the moment of inertia with respect to an axis passing through the base of the rectangle.

Moments of Inertia of Masses:

15
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I:/rzdm

A

< X
~Sa X
\$A

In Polar Coordinates, the polar moment of inertia is noted as J.

Polar Moment of Inertia:
h:/ﬂm

In terms of rectangular moments of inertia:
Jy=1+1
x oy
The Radius of Gyration can be determined once the moment of inertia and the area are known.

[=k24; [ =k4
y y

Rectangular component form:

I
ky=1/—
A
I
ky =1/~
Y A
Polar form:
Jo
ko =1/ —
0 A

Relation between rectangular component form and polar form:

K=K+ K



ENERGY AND WORK

Masses
1= Km
1
k=
m

Impulse and Momentum

Impulse-Momentum Method—An alternate method to solving problems in which forces are

expressed as a function of time. It is applicable to situations wherein forces act over a small interval of
time.

Linear Impulse-Momentum Equation:
2
/ F dt = impulse = mvy —mv
1

Ideal impulse produces an instantaneous change in momentum and velocity of the particle without
producing any displacement.

Mv, + ZFAt = Mv,

Any force that is non-impulsive may be neglected, e.g., weight or small forces.

F. ENERGY AND WORK

The work done by a force F through a displacement dr is defined as:

dw = F - dr in Joules (SI units)

Over a finite distance from point 1 to point 2:

2
W1,2:/ F x dr
1

Work-Energy Principle

Kinetic energy for a particle of mass M and velocity v is defined as
1
KE. = Emv2

Kinetic energy is the energy possessed by a particle by virtue of its motion.

17
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Principle of Work and Energy—Given that a particle undergoes a displacement under the influence
of a force F, the work done by F equals the change in kinetic energy of the particle.

W, , = (KE), = (KE),
Results of the Principle of Work and Energy:

A) Acceleration is not necessary and may not be obtained directly by this principle.
B) The principle may be applied to a system of particles if each particle is considered separately.

C) Those forces that do not contribute work are eliminated.
Kinetic Energy and Newton’s Law:
dv d
F=mv— = —(KE
" dx dx( )
where  KE = a function of x.

(This applied only in an inertial reference frame.)

Power and Efficiency

Power is defined as the time-rate of change of work and is denoted by dw/df,

d
Power:—w =F-v
dt

Mechanical Efficiency:

Power out
= Power in

NOTE: 7 is always < 1.

Potential Energy

Potential Energy = The stored energy of a body or particle in a force field associated with its posi-
tion from a reference frame.

If PE represents potential energy,

PE = mgh
U, , = (PE), — (PE),

A negative value would indicate an increase in potential energy.



HARMONIC MOTION

Types of potential energy include:

Gravitational Potential Energy:

MM,

PE, = -G
Spring Potential Energy:

1
PE = —ky*
Ky

Conservation of Energy

Conservative Case

For a particle under the action of conservative forces:

(KE), + (PE), = (KE), + (PE), = E (1)

The sum of kinetic and potential energy at a given point is constant.
Equation (1) can be written as:

1
E=; mv? + (PE)

The potential energy must be less than or equal to the total energy.
In a conservative system, if PE = E, then velocity = 0.

In a non-conservative system, relating potential and kinetic energy with the nonconservative force F’

d(PE + KE) = /F’- dr

1) The direction of F' is opposite to that of dr.
2) Total energy E decreases with motion.

3) Friction forces are nonconservative.

G. HARMONIC MOTION

Simple Harmonic Motion—Linear motion of a body where the acceleration is proportional to the
displacement from a fixed origin and is always directed towards the origin. The direction of acceleration
is always opposite to that of the displacement.

19
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Equation of Motion:

mx" +kx =0

or X +px=0
where  p? = k/m.

General Solution of Equation (2):

x = ¢, sinpt + ¢, cos pt
where ¢, and ¢, may be obtained from initial conditions.

An alternate form of Equation (2):
x =x, sin(pt + ¢)

where  x, = the amplitude
¢ = the phase angle

b | 1 cycle

Period of
Xm Sind Time (T)

0 A

Xm
Y

X = X, Sin (pt + )

Period =T = 27/w

Frequency, f= 1/T = w/27

2)

For small angles of vibration, the motion of a simple pendulum can be approximated by simple har-

monic motion.




HARMONIC MOTION

For small angles of vibration,
& =s/l
Equation of Motion:
¢+ 56 =0
The solution is:
b = ¢, cos (vt + a)

where o, = /g/I
¢, = max amplitude of oscillation
a, = phase factor

The period of oscillation is:

The Spherical Pendulum refers to the simple pendulum-like arrangement, but with motion in
three dimensions.

The equations of motion become:

X"+ (g/hx =0
V' +(g/hy =0

with solutions:

x = A cos (wt + 1)
y = B cos (wt + d)

where @ =/g/l
On the x—y plane, the motion is an ellipse.

Spherical Coordinates—More accurate than the previous solution.

21
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Equations of Motion:

ma, = F = Mgcost — T
ma :F¢ = —Mg sin ¢
mag, = F,4 = 0
In spherical coordinates:
¢" — V2sinpcose + gsing =0
1

d /22 _
ma( sin gb)—O

Forced (Driven) Harmonic Oscillator

For periodic driving force:

Equation of Motion:

d*x , R
—5 = —@W"X+ —COSs Wt
m

dr

where w,= driving frequency
F, = max. magnitude of the driving force

The solution will be equal to the sum of the complementary solution and the particular solution.

X =A cos ®t+ B sin O + —————> Cos !
w —(Df
X, X,

Resonance occurs when wf = .

Damped Oscillator

A common damping force is

If an object’s motion is damped in this manner, then the equation of motion is:



HARMONIC MOTION

d’x  dx
mﬁ +Ca +kx:0

—c ( c )2 k
a=—— —) ——
' om 2m m
—c n ( c )2 k
a) = — —) —=
27 2m 2m m
The critical damping coefficient is defined as

[k
Ceritical = 2my [ —
m

Now, three cases must be considered with respect to C

critical®

A) Ifc>C_...» a, and a, are both real, the motion is nonoscillating, and the system is overdamped.

The general solution is given by
x = Ae“’ + Be®!
B) Ifc = C_;.ar @ = @, and the system is critically damped with general solution:

Ceritical >l‘

x= (A+Bt)e7< 2m

C) If ¢ < C_i0a @, and a,, are complex and imaginary, and the system is underdamped with the
solution given by:

where constants 4, B, E, and s are determined from initial conditions. The graph representing the above
equation is shown in the following figure

23
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Damped Force (Driven) Vibration

The equation of motion becomes:

m= j;;C—FCCZ—i—kx:Fsin ot
AssumingXp = A4 sin (wt — )
A= F/k
-t el
¥ = tan ! cofk

2
(1)
NOTE: Angle s is the phase difference between the resulting steady-state vibration and the applied force.

The magnification factor is defined as:

A 1
Magnification Factor = — =
Frk \/|:1_4m2a)2}2 [4m(0c]2
Czritical Cgrilical

and the graph is shown in the following figure. Resonance occurs only when the damping is zero and the
frequency ratio is one.

C_
c = 0
critical

Magnification
Factor

/KM

H. COLLISIONS

When kinetic energy is conserved, the collision is elastic. Otherwise, the collision is said to be
inelastic.

A) For an elastic collision,

1 1
2 2 2
Smavy, = Smivi, + omv;,

2L 2 2

2
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B) For an inelastic collision, some kinetic energy is transformed into internal energy. However, linear
momentum is still conserved. If the two bodies stick and travel together with a common final veloc-
ity after collision, it is said to be completely inelastic. From conservation of momentum, we have

mv,; + my, = (m; + m2)vf

Collisions in Two and Three Dimensions

Since momentum is linearly conserved, the resultant components must be found and then the conser-
vation laws applied in each direction.

A) The x—component

m,v

vy, = myv, cos 0, + MV, COS 0, (1)

1 ]_/
B) The y—component
MV, = My, sin 6, + myVs, sin 6, @A)
where 0, = the angle of deflection, after the collision, of mass m,
6, = the angle of deflection, after the collision, of mass m,

C) For three dimensions, there would be an added z—component and an added angle, 6,.

For the above cases, i denotes initial value; f denotes final value.

I. LAGRANGIAN MECHANICS

Generalized Coordinates and Forces

The position of a particle is described by employing the concept of a coordinate system. Given, for
example, a coordinate system such as the spherical or the oblate spherical coordinates, etc., a particle in
space may be characterized as an ordered triple of numbers called coordinates.

A constrained particle in motion on a surface requires two coordinates, and a constrained particle on
a curve, requires one coordinate to characterize its location.

Given a system of m particles, 3M coordinates are required to describe the location of each particle.
This is the configuration of the system. (If constraints are imposed on the system, fewer coordinates are
required.)

A rigid body requires six coordinates—three for orientation and three for the reference point, to
completely locate its position.

25
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Generalized coordinates—A set of coordinates, q,, ¢,, . .

. » q,,» €qual to the number of degrees of
freedom of the system.

If each g, is independent of the others, then it is known as holonomic.

The rectangular coordinates for a particle expressed in generalized coordinates:

x = x(q) Motion on a curve (one degree of freedom)
x = x(q,, q,) Motion on a surface (two degrees of freedom)
y =4 9)

x = x(q,» 9, q;) Spatial motion (three degrees of freedom)
Y =4y 95 95)
z = 2(4, 9 43)

Small changes in coordinates:

Ox ox Ox

ox=—06q;+=—0q,+ —90q;
66]1 q1 6 2 q> 5 3
oy Oy oy

oy = 5 15q1+5 5612+5q 0q;
az az aZ

ox = 3 15611—1—8 25q2+a 38

For a system of m particles in generalized coordinates:

26

ox;

Ox; = a—xl5qk k=1,2,....m
£l l<i<m
dy; _

8y, = =L 8¢ k= ?,2,...,m
gy l<i<m
07 k=1,2,....m

&’:qu&”‘ l<i<m

expressed in tensor notation.
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Generalized forces:

Work done ow=F - 8r = F, - bx,
For one particle, 1<i<3
and for m particles, 1<i<3m

In terms of generalized coordinates:

Ox;
bw=F,—9§
v lan o
Ox;
or ow = Q,dq,, where Q; = Fi—x
Oqy
and is known as the generalized force.
Conservative Systems
Forces expressed in terms of the potential energy function:
—0v
Fi =
8)(,'
where v is the potential energy.
In terms of the generalized force,
ov Ox; ov
Qk = —— = - —
Ox; gy 94

Lagrange’s Equation

For a system, kinetic energy KE is

1
T=KE=-mx? i=1,2,...,3M

where x| =

27
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The Lagrange equation of motion using the equations above is:

d [ oT oT
m(&%)—QV+&ak—J,Z”wM

or if the motion is conservative and if the potential energy is a function of generalized coordinates, then
the equation becomes

d (0T oT  Jdv
$<&%>_&h—&%k_szwM

Lagrange’s Function (L)

L =T — V,where T and V are in terms of generalized coordinates.

Lagrange’s Equation in Terms of L:

d ( JL JdL

Lagrange’s equation for nonconservative generalized forces:
If 0, =0 — —

where Q' is nonconservative, then Lagrange’s equation becomes

ia_L _Q’ _’_%
dtdq, kT dq,

and is useful, for example, when frictional forces are present.
General Procedure for Obtaining the Equation of Motion:

A) Choose a coordinate system.
B) Write the kinetic energy equation as a function of these coordinates.
C) Find the potential energy, if the system is conservative.

D) Combining these terms in Lagrange’s equation results in the equation of motion.
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Lagrange’s Equations with Constraints

Holonomic Constraint—Constraints of the form

dq
—d0g =0
Oqy

Non-holonomic Constraint—Constraints of the form
h,6q,=0

Differential equations of motion by the method of undetermined multipliers (the non-holonomic
case):

Multiply the equation by a constant A and add the result to the integrand of

T oL daL]
= T Sg,dt =0
/,u[@qk dioq, | “N

Select A such that the terms in the brackets equal zero,

oL d JL
— =+ Al =0(k=1, 2,....M
hiqy =0
There now exists m + 1 equations to obtain m + 1 unknowns, i.€., (¢, Gy, - - - » 4, A).

This technique may be employed with moving constraints or with several constraints by having cor-
responding undetermined coefficients with corresponding /4’s in the Lagrangian equations.

Hamiltonian Mechanics

The Hamiltonian mechanics is a reformulation of Lagrangian mechanics.

The Hamiltonian equations are generally written as follows:

__9%H
P==2,
_9H

=5

29
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where p = p(¢) is the generalized momenta and ¢ = ¢(¢) is the generalized coordinate. “Dot” represents
derivative with respect to time. H = H (p,q.?) is called Hamiltonian.

The above equation can be written as

(0 =~ S Hp(0). 40,
a0 = S-H (.40

When the terms from both sides of the equation are associated, the equations above yield Hamiltonian
Equations:

JH JoH JH dL

dg; oy o T o

The canonical forms of the above equations are

JH JH JoH JdL

dg oy T o

Basic physical interpretation: The Hamiltonian H represents the energy of the system, which is the sum
of kinetic (7") and potential energy (V):

2

P
H=T+V, T=—,V=V(q)=V
v, 1= v=vig=v

here T is the function of p alone, and V' is a function of x or ¢ alone.
Four steps to applying the Hamiltonian Equation:

1. Start out with Lagrangian L = T — V with T and V expressed for a Lagrangian equation.
From the derivative of the Lagrangian with respect to velocity, obtain the momentums.

Invert the expressions in Step 2 above to express velocities in terms of momentums in Step 2

> won

Calculate the Hamiltonian using the usual definition. Substitute for the velocities using the results
in Step 3. Apply Hamilton equations.

H:Zpiqi_l
i
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Fluid Statics

Determination of density using Archimedes Principle: Density of a solid or liquid can be found
using the Archimedes’ principle with any of the following equations:

Fbuoyant = Wair — Wliquid

Wair
= L

Ps Wair — Wliquid p

or
Wair
Ps = PL
’ F bouyant
or
W .
Ds air oL

~ Weight of liquid displaced

W,.. = weight of the body in air
W, quid = weight of the body when it is immersed completely in a liquid
p, = density of the liquid

Buoyancy on a Floating Body:

For a body floating in a liquid

) 4

T

I:buoyant
4 )

V2
pfloating body = VI pquuid

The weight of the floating body = the weight
of the liquid displaced = the buoyant force
on the floating body Fbuoyant = Wiioating body
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Density of a Floating Body:

Vi
Density of a floating body = 7 PL

V, = Volume of the floating body inside the liquid
V = Total volume of the floating body
p, = Density of the liquid

Fluid Dynamics

It is assumed here that the fluid is incompressible, nonviscous, and that any flow of the liquid is
streamlined (irrotational).

Continuity equation: Let P, and P, be any two points in a liquid flowing through a pipe of a varying
cross-sectional area. If the density of the liquid is constant, then

(4) Vi Vo [ Ay
_ - > !

A1 V1 = A2V2

where A, = area of cross section at point P,
v, = velocity of the liquid at point P,
A, = area of cross section at point P,
v, = velocity of the liquid at point P,

Rate of flow of liquid:

Volume flow rate through a pipe = Av (m?/s)
Mass flow rate through a pipe = pAv (kg/s)

Bernoulli’s Equation: Let p, and p, be any two points in a streamlined flow of a liquid of density p.
Then at these two points

Py + 3pvi+ pgy, = Py + 5pV3 + pgy,
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Yo
A
1 Vi
R ——
Tl
Y1

where P, and P, = the pressures at the points p, and p,
p = the density of the liquid
y, and y, = the heights of points p, and p, above an arbitrary reference level
v, and v, = the velocities of the fluid at points p, and p,

Bernoulli’s equation for horizontal flow:
If the points P, and P, are at the same height, y, = y,. Hence, the Bernoulli’s equation above reduces to
1 _ 1
Pt 2pvi =Dt 3oV

Flow of liquid through a hole in a container:

NG

A container with a large area of cross section is filled with a liquid. There is a small hole at distance h
below the liquid level. The velocity of water through the hole is given by

v=1+/2gh
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CHAPTER

Electromagnetism

A. ELECTRIC FIELDS

Definition of an Electric Field

F
E=— Units :i
q0 coul

where E = electric field
F = electric force
q, = positive test charge

1. Coulomb’s Law

By definition, the force between two point charges of arbitrary positive or negative strengths is given
by Coulomb’s law as follows:

Fo 0,0,

B 43‘[8()d2

where O, and O, = positive or negative charges on either object in coulombs
d = distance separating the two point charges
&, = permittivity in free space
= 8.854 X 1072 F/m

NOTE: ¢ = g;¢, for media other than free space, where &, is the relative permittivity of the media.
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The force F can be expressed in vector form to indicate its direction as follows:

Fo 0,0,

B 4m—:0d2

a4

The unit vector a » 1s in the direction of d:

L4 _d
‘Tl " d

Naturally, O, and Q, can each be either positive or negative. As a consequence, the resultant force
can be either positive (repulsive) or negative (attractive).

2. Gauss's Law
Gauss’s law states that the net electric flux passing out of a closed surface is equal to the total charge
within such surface.

Hence, since

and by Gauss’s law,

Yo = fSD ~ds = Q,

where Q_is the total number of charges enclosed by the surface.

Application of Gauss’s Law

The following spherical surface is chosen to enclose a given charge to be determined: QO

spherical
closed
surface
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Applying Gauss’s law:
The charge O, enclosed by the spherical surface is

0, = st-ds

where ds in this case is equal to 472 (NOTE: r is the radius of the sphere). Hence,

0, = D4 r?
and
D= 4%2 a
Since electric field intensity E is equal to
o
daeod”

and d is equal to r in this case, then D = g E.
Some hints for choosing a special Gaussian surface:

A) The surface must be closed.
B) D remains constant through the surface and normal to the surface.

C) D is either tangential or normal to the surface at any point on the surface.

It is easier in solving a problem if we can choose a special Gaussian surface. In other words, this sur-
face should be chosen to conform to the flux at any given point on the closed surface about the charge.

3. Electric Potential, Energy, and Work

Electric Potential Difference:

W,
Vg —Vy = ZAB ., units: Volts
q0

electric potential at point B
electric potential at point 4
= work done by external force
q, = electrical test charge
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More generally:

The potential difference between two points p and p’, symbolized as Vp,p (or ¢p’p) is defined as
the work done in moving a unit positive charge by an external force from the initial point p to the final
point p’.

v, Z—/pE-szV,—V
pp P P P

The unit for potential difference is the volt (V) which is Joules/coulomb.

B. CAPACITORS

The capacitance of two oppositely charged conductors in a uniform dielectric medium is

1
C= g Units: Farads = cowl
V() 1%

where QO = the total charge in either conductor
V, = the potential difference between the two conductors

Example:

Capacitance of the parallel-plate capacitor:

conductor
E surface
+

¢ is the permittivity of the homogeneous dielectric:

D=p, -a
On the lower plate:
Dn = Dz = Ps

D, 1s the normal value of D.
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On the upper plate:
Dn = _Dz
V, = the potential difference
lower
— [ B
upper
=— / ’ &dz _P vd
d € £
Q0 _s
Vo d

d
0= p,Sand Vg — p?

considering conductor planes of area S are of linear dimensions much greater than d.

Total energy stored in the capacitor:

1 1 /S rde
Wg =~ eE dy = f/ / %dz ds
2Jo Jo €

2vol
1 . 107
We=3V =30V =5"

Multiple Dielectric Capacitors

conducting

Area S

NN
NS

% NEETE Cy

A parallel-plate capacitor containing two dielectrics with the dielectric
interface parallel to the conducting plates; C = 1/{(d,/e,S) + (d,/e,S)}.
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€S

h C =
whnere 1 dl
€S

C =
1 dl

Vo = a potential difference between the plates
=E1d) +Exd;

Vo €1
E = — | d

ps, = the surface charge density = D; = g E}

e VO —
OHORS
0 Ps-S 1 1

ELECTROMAGNETISM

C. CURRENT AND RESISTANCE

Definitions

Current:

. q
I = —— amperes
dt P

where i = electric current
g = net charge
t = time

Current Density and Current:

i= ! Amperes/m>
a

where  j = current density
i = current
A = cross-sectional area

Mean Drift Speed:

Vp = —



CIRCUITS

where v = mean drift speed
j = current density
n = number of atoms per unit volume

Resistance:

R= K Ohms (RQ)
i

where R = resistance
V' = potential difference
i = current

Resistivity:

E
p = — Ohms-meters({2m)

J

where  p = resistivity
E = electric field
j = current density

Power:

V2
P=VI=I’R= — Wats (W)

where P = power
I = current
V' = potential difference
R = resistance

D. CIRCUITS

Electromotive Force, EMF(<)

dw
dq

= electromotive force
work done on charge
q = electric charge

where

= o
1

1
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Current in a Simple Circuit

R
= —
R
where i = current
& = electromotive force
R = resistance
Resistances
R, Ro Rs

Ry = (R, + R, + R;) () (in series)

Total

i 1 1 1
= | — 4+ — 4+ — | (in parallel)
Rrotal (R 1 R R ) P

The Loop Theorem

AV, + AV, + AV, ... =0
For a complete circuit loop
Example:
. i
[
| r
i | i Ts Q il R
| |
I
b
|
Simple Circuit with Resistor
Then V,=e&—iR=+ir
e—IiR—ir=90
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NOTE: If a resistor is traversed in the direction of the current, the voltage change is represented as a
voltage drop, —iR. A change in voltage while traversing the EMF (or battery) in the direction of the EMF
is a voltage rise +e&.

Circuit with Several Loops

Example:

Multiloop circuit

RC Circuits (Resistors and Capacitors)

RC charging and discharging

Differential Equations

d
€=R ji] + % (charging)
d
O=R j“tl + % (discharging)

 ERCEE

An RC Circuit

Charge in the Capacitor
q=(Ce) (1 - eR;é) (charging)

q= (Ce)eR;é (discharging)
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Current in the Resistor
._ (&N ~ .
= (R) eRC (charging)

i=— (1%) eR;é(discharging)
where e = 2.71828 (exponential constant)

Kirchhoff’s Current Law

The algebraic sum of all currents entering a node equals the algebraic sum of all currents leaving it.
N
Y in=0
n=1

Kirchhoff’s Voltage Law (Same as Loop Theorem)

The algebraic sum of all voltages around a closed loop is zero.

Thevenin’s Theorem

In any linear network, it is possible to replace everything except the load resistor by an equivalent
circuit containing only a single voltage source in series with a resistor (R, Thevenin resistance), where
the response measured at the load resistor will not be affected.

fth
Linear —=X E:WNLE—. X
Active LTV |
Network ey ::,,,T%'—' y

Procedures to Find Thevenin Equivalent

1) Solve for the open circuit voltage V  across the output terminals.

2) Place this voltage ¥/ in series with the Thevenin resistance, which is the resistance across the
terminals found by setting all independent voltage and current sources to zero (i.e., short circuits
and open circuits, respectively).

RLC Circuits and Oscillations

These oscillations are analogous to, and mathematically identical to, the case of mechanical har-
monic motion in its various forms. (AC current is sinusoidal.)
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Simple RL and RC Circuits

Source Free RL Circuit

+ R
+
i (t)T LIV
Properties: Assume initially i(0) = 1,
. di
A) vg+vi=Ri+L— =0
dt
H — —Rt/L — —t/T : L
B) i(t) = Ie = l,e ", T = time constant = 7
C) Power dissipated in the resistor =
P, = 2R = [2Re 2RI
D) Total energy in terms of heat in the resistor =
_ 1772
Wr= 2LI,
Source Free RC Circuit
i(t) —
+
C = v(t) R

Properties: Assume initially v(0) = V,

dv v
A C=—+—-=0
) dt+R

B) v(1) = w(0)e”"RC = e~ "RC

) é / i) +i()R =0

i(f) = i(0)eRC
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The RLC Circuits

Parallel RLC Circuit (Source Free)

Circuit Diagram:

KCL equation for parallel RLC circuit:

v 1 7 dv
S vdr—i)+C 2 =0;
RTL), vt ilio)+C 5 =0:

and the corresponding linear, second-order homogeneous differential equation is

P idv v
d? Tdt L

C
General Solution:

V=A,e5"+ 4,5

where

P 1\> 1
127 3RC 2RC LC
or Sl’zz—aﬂ: 062—0)02;

where  a = exponential damping coefficient neper frequency

_
"~ 2RC

and o, = resonant frequency

1
VIC
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critically damped

overdamped
~_

\ t(s)

Complete Response of RLC Circuit

underdamped

The general equation of a complete response of a second order system in terms of voltage for an RLC

circuit is given by
w(t) = Vf + A5 + BeS
forced

response natural response
- -

(i.e., constant for DC excitation)
NOTE: 4 and B can be obtained by

1) Substituting vatz = 0"

2) Taking the derivative of the response, i.e.,

d
Y 045145 + S, BeS
dt
d
where di‘t} att =07 is known

E. MAGNETISM

Force in a magnetic field
F,=qvXB

where  F, = force on particle due to field
g = charge on particle
v = velocity of particle
B = magnetic field
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The Biot-Savart Law

_ Hoi sin 0dl

4 12

dB

where B = magnetic field
W, = permeability constant
i = current through a wire
| = length of wire
r = distance from assumed point charge to a point in the magnetic field
0 = angle between r and the direction of the element

NOTE:

Integral form:

B:,u_m' dl' x ag
dr J. 12

where primed terms refer to points along the source of the field.

Ampere’s Law

The line integral of the tangential component of B is exactly equal to the current enclosed by that

path.
fB ~dL =1

Curl of a Vector Field

The curl of any vector is defined as a vector where the direction is given by the right-hand rule and
the magnitude is given by the limit of the quotient of the closed line integral and the area of the enclosed
path as the area approaches 0.

H.dL
(curl H), = lim g
Asp—0  Asy,

Asn is the area enclosed by the closed line integral, and # is any component; this is normal to the surface
enclosed by the closed path.
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Stokes’ Theorem

f[rdL:/S(VxF)-ds

F is any vector field; s is a surface bounded by /. It gives the relation between a closed line integral
and surface integral.

By using the Divergence Theorem and Stokes’ theorem, we can derive a very important identity:
V- VXA=0
where A = any vector field.

Magnetic Flux and Magnetic Flux Density

B = u, H, B is the magnetic flux density in free space.
Unit of B is webers per square meter (wh/m?) or Tesla (T) a new unit.
Wy = 4 X 1077 H/m (permeabiilty of free space)

H is in amperes per meter (4/m).

j{B'dSZO

N

This is Gauss’s law for the magnetic field
V-B=0
after application of the divergence theorem. This is the fourth and last equation of Maxwell.

Faraday’s Law

Faraday’s law can be stated as follows:

emf :%E-dL:—CZ(V)

The minus sign is by Lenz’s law which indicates that the induced e.m.f. is always acting against the
changing magnetic fields which produce that e.m.f.

Faraday’s law describes the relationship between electric and magnetic fields.
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Inductance (L)

_ N¢ _ Total flux linkage

L —
1 Current link

Unit of inductance is H, which is equivalent to wb/A.

Applications

Inductance per meter length of a coaxial cable of inner radius a and outer radius b.

L= ym
2T a

A toroidal coil of N turns and /4,

2
I - HoN~s
27R

where R = mean radius of the toroid

Different expressions for inductance:

2Wx
L:IT
| _ JuB-Hav

= 12
1
:2/ H-(V-A)dv
I vol
L_IIZU V-(A-H)dv+/ A-(V-H)dv]
vol vol

0
1

LZZ/ AJdV
I vol
1

_ 1 AN
L= 12 /vol (/vol 47TRdv> J dv

Mutual inductance between circuits 1 and 2:

N -
L,=™ P12
I




MAXWELL’'S EQUATIONS AND ELECTROMAGNETIC WAVES

where N = the number of turns

1
L, = —/ (MH] X Hz)d’U
L1 vol

Ly, =Ly

F. MAXWELL'S EQUATIONS AND ELECTROMAGNETIC WAVES

Maxwell’s Equations

Maxwell’s equation in differential form:

0B
VXE=——
8 ot
oD
VxH=J+ —
ot
V:-D=p
V:-B=0
Auxiliary equations relating D and E:
D =¢E D=¢E+P
B =uH B = u,(H+ M)
J =0oE J=pU

Lorentz force equation:

F =p(E + U X B)

Maxwell’s equations in integral form:

0B
E. —_ | ==
7{ dL /sat ds
%H-dL—H—/aD-ds
. Ot
j{D-ds:/ pdv
K vol
%B-ds-O

51



ELECTROMAGNETISM

These four integral equations enable us to find the boundary conditions on B, D, H and E which are
necessary to evaluate the constants obtained in solving Maxwell’s equations in partial differential form.

Electromagnetic Waves

Maxwell’s equations in phasor form:

VX H, = jwgE
VXE, = —jouH,
V-E =0

V-H =0

S

Wave equations:

VXVXE =V(V-E)— VE = —jou,V X H

wz,uOSOE = -VE,

S

VZE, = —o’u,eE,
0’Eyy  0’Ey  0%Ey

VZE, =
W ox? + dy? + 7>

= — 0’ Upgy Eixg

For
PEy _ PEs _
ay? 072
ie., E  is independent of x and y.
This can be simplified to
J’E
azzxs = _wz.uOSO Eys

E,=E,, cos|[o(t—z\/Ho&)]

and Ex=Ey cos[o(1+2y/Ho&)]
E = value of E atz =0,7=0
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Velocity of the traveling wave:

To find the velocity U, let us keep the value of £ to be constant; therefore,

t—2y/Ho€& = constant

Take differentials; we have

1
df—EdZZO
dz _
dr

in free space.

1
Velocity of light = U = ——— =3 x 10% m/s
VHo€
U 2nU
Wave length =4 = — = ——
f (0]

The field is moving in the Z direction with velocity U. It is called a traveling wave.

Form of the H field:

If E_is given, H_ can be obtained from

VXE, = —jop,e,H

S
8 Exs )
o, ouoH,

= EXO (_]w /,u()‘C:O) efja)\/.u()'g()Z

&
=E,, \/‘u(:)cos (@ (t—zv/H0&))]
Ho
&

@ =

1s a constant where

o=
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where 7 = The intrinsic impedance: It is the square root of the ratio of permeability to permittivity

and is measured in ().
Mo =4/ Ho _ 377Q
&

m, = m of free space

The term uniform plane wave is used because the H and E fields are uniform throughout any plane,
Z = constant, and it is also called a transverse electromagnetic (TEM) wave since both the £ and H fields
are perpendicular to the direction of propagation.

A Uniform TEM Wave

Atoms in Electric and Magnetic Fields

If one or more electrons are added to or removed from an atom, it can turn into a negative or positive
ion, respectively. If the ions are traveling through a region that contains electric field E and magnetic field
B, the force acting on the ion is given by the Lorentz force equation:

F = ¢[E + (v X B)],



CHAPTER

Atomic Physics

A. RUTHERFORD SCATTERING

Alpha
*Particle

Y
~ 0
Y
Y
.
Y
~
.

Target o . /

Nucleus .« .

0 is the scattering angle and b is the impact parameter.

In this collision, it is assumed that the nucleus has sufficient mass so as to not be moved by the alpha
particle. In this case, the energy of the alpha particle stays the same. It follows that the magnitude of the
momentum remains constant:

Therefore, by the Law of Sines:
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Solving for the change in momentum:

0
Ap =2mv sin <§>

It can also be shown that the scattering angle 6 can be determined by the equation:

. t@ dmegk
ot— = ———
2 Z,e?

where & = the alpha particle energy

B. ATOMIC SPECTRA

When an atomic gas is excited, it emits radiation at certain specific wavelengths. This produces the
gas emission line spectrum.

When white light (all wavelengths) is passed through a gas, the gas will absorb certain specific wave-
lengths of the light. This produces the absorption line spectrum.

Wavelengths in atomic spectra fall into spectral series. There are five such series and five similar
equations:

Lyman Series

1 1 1

Balmer Series

1 1 1
X:R<?_ﬁ) I’l:3,4,5,...

Paschen Series

1 1 1
X_R<?_E> n:4,5,6,...

Brackett Series

1 1 1
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Pfund Series

1 1 1

In general, series k is

1 1 1

R is known as the Rydberg constant:

R=1.097 X 10’ m™!

C. THE BOHR ATOM

Classical physics is not adequate in describing the atom, due to the fact that in order to resist falling
into the nucleus, an electron would have to whirl rapidly around the nucleus using the pull as centripetal
acceleration. This motion would cause the electron to radiate electromagnetic energy, thereby rendering
the system unstable. A quantum solution must therefore be sought.

Hydrogen Atom (1 Electron)

If viewed classically, the required electron velocity for stability, not considering electromagnetic
generation, would be

Cc

\/ 4me mr

y =

The DeBroglie wavelength for any object in motion is

.". Orbital electron wavelength

P h [Awe,r
e m

The conditions for stable orbit can be described as the situation when the circumference of the orbit
contains an integral number of DeBroglie wavelengths.
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A condition for orbit stability
nh =2mr, n=12,3,...
with possible radii

2,2
n°b-g,

Tme?

Iy = n=1,273 ...

The aforementioned spectra correspond to differing discrete energy levels, one level for each elec-
tron radius ,. Using the theory of the Bohr atom, an explanation of spectral series can be found.

2
1 k
E,=— ¢ (E:mvz—f—clq)
8ne,r, 2 r

Substituting 7, it can be shown that

and that

The Bohr model can be used to derive accurately the value of the Rydberg constant.

Note, however, that the Bohr theory is not in fact a complete and accurate description of what is
occurring, and is limited in its application. For a more complete and accurate picture, quantum mechan-
ics must be used.

Energy Levels and Emission and Absorption of Photons

According to the Bohr’s model of H-atom, there are certain discrete orbits around the nucleus in
which an electron does not radiate energy even though it is accelerating. These orbits are given quantum
numbers n = 1, 2, 3 ... in increasing order of the size of the orbits. An atom has certain energy associ-
ated with the electron in such an orbit. Hence, different stationary orbits correspond to different energy
levels for an atom.
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The energy of the H-atom in any orbit is given by

136

E = eV

n2

The orbit closest to the nucleus (smallest orbit) is said to be the ground state of the atom and has the
lowest possible energy state. Theoretically, there are an infinite number of orbits around a nucleus; as one
moves to higher orbits, the energy level increases.

Eint = 0 €V Continuum n = infinity
Es = —0.54 eV n=5
E,= —0.856V n=4
Ey= —151eV n=3
E, = —3.4eV n=2
E;= —1366V n=1

Energy Level Diagram for H-Atom. (only six levels are shown)

Emission of Radiation by an Atom

When an electron is bumped to a higher orbit, the atom is said to be in an excited state. The electron
later returns to the ground state directly or through one or more stationary orbits to the ground state. As
the electron descends to lower energy states, the difference of energy between the two levels is radiated
out as a photon. Thus,

hf = (Ei—Ey)

The diagram on the next page shows an excited atom of hydrogen in which an electron has been
raised (by heating or passing an electric discharge through hydrogen gas) to the n = 3 state.

One can calculate the three possible wavelengths emitted by the hydrogen atoms in n = 3 excited
states as on the next page.
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Eif = 0eV Continuum n = infinity
Es = —0.54 eV hn=5
E,= —0.85eV n=4
Ez= —151eV e n=3
hf1 = E3 - E2
QD —
E,=-34eV ——— n=2
QD —
hfs = E3 - E1
QD —
hf2 = E2 - E1
E;=—13.6eV n=1

For n = 3 — n = 2 transition:

hf, =E,; —E,—6.63 X 10_34f1 =(—1.51)—(—3.4)=1.89eV=3.024 X 107 ] f;=(3.024 X 10719/
(6.63 X 107°%) = 4.56 X 10'* Hz — A =cf, =3 X 10%)/(4.56 X 10'%) — A, = 6.577 X 107" m =
657.7 nm

For n = 2 — n = 1 transition:

hf2 =E,—E —6.63X 10’34f2 =(—3.4)—(—13.6)=10.2eV=16.32 X 10719]— f2 =(16.32 X 10’19)/
(6.63 X 10’34) =246 X 10!° Hz — A, = c/f2 =3 X 108)/(4.56 X 1015) — A, = 1219 X 107" m =
121.9 nm

For n = 3 — n =1 transition:

hfy = E; — E, = 6.63 X 1073 f, = (—1.51) — (—13.6) = 12.09 eV = 19.344 X 1079
— £, = (19.344 X 10719/ (6.63 X 1073) = 2,918 X 10 Hz — A, = ¢/f; = (3 X 10%)/(2.918 X

101%) > A, =1.028 X 10~ m = 102.8 nm

Absorption of Radiation by an Atom

A reverse process of emission of photons is the absorption of an incident photon by an atom. For
absorption to take place, the energy of the photon must be exactly equal to the energy difference between
the two levels through which an electron goes up. If the energy of the photon is more or less than the energy
difference between the two levels, the photon will pass through the gas without getting absorbed.



Atomic Structure—Electronic Configuration

THE BOHR ATOM

Atomic #
1

O 0 9 N W R~ W

W W W N N NN NN NN NN = e e e e e e e e e
N = O O 0 9 N R WD, O O 0NN N WD = O

Name
Hydrogen
Helium
Lithium
Beryllium
Boron
Carbon
Nitrogen
Oxygen
Fluorine
Neon
Sodium
Magnesium
Aluminum
Silicon
Phosphorus
Sulfur
Chlorine
Argon
Potassium
Calcium
Scandium
Titanium
Vanadium
Chromium
Manganese
Iron
Cobalt
Nickel
Copper
Zinc
Gallium

Germanium

Symbol
H
He

Electronic Config

Is!

1s?

[He] 2s!
[He] 252
[He] 252 2p!
[He] 252 2p?
[He] 2s% 2p°
[He] 2s% 2p*
[He] 252 2p°
[He] 2s% 2p°
[Ne] 3s!
[Ne] 3s2
[Ne] 3s2 3p!
[Ne] 3s2 3p?
[Ne] 3s2 3p3
[Ne] 3s? 3p*
[Ne] 3s? 3p®
[Ne] 3s2 3p°®
[Ar] 4s!
[Ar] 452
[Ar] 3d! 452
[Ar] 3d2 45
[Ar] 3d? 4s?
[Ar] 3d5 4s!
[Ar] 3d5 4s2
[Ar] 3d° 4s?
[Ar] 3d7 452
[Ar] 3d8 42
[Ar] 3d!0 4s!
[Ar] 3d!0 452

[Ar] 3d10 4s? 4p!
[Ar] 3d0 452 4p?
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Atomic #

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

ATOMIC PHYSICS

Arsenic
Selenium
Bromine
Krypton
Rubidium
Strontium
Yttrium
Zirconium
Niobium
Molybdenum
Technetium
Ruthenium
Rhodium
Palladium
Silver
Cadmium
Indium

Tin
Antimony
Tellurium
lodine
Xenon
Cesium
Barium
Lanthanum
Cerium
Praseodymium
Neodymium
Promethium
Samarium
Europium
Gadolinium
Terbium

Dysprosium

Symbol

Electronic config

[Ar] 3d'0 452 4p3
[Ar] 3d10 452 4p*
[Ar] 3d'0 452 4p>
[Ar] 3d'0 452 4p°
[Kr] 55!

[Kr] 552

[Kr] 4d! 552

[Kr] 4d? 552

[Kr] 4d* 55!

[Kr] 4d5 55!

[Kr] 4d° 552

[Kr] 4d7 5s!

[Kr] 4d8 5s!

[Kr] 4d'°

[Kr] 4d!° 55!
[Kr] 4d10 552
[Kr] 4d0 552 5p!
[Kr] 4d'° 552 5p?
[Kr] 4d'0 552 5p3
[Kr] 4d0 552 5p*
[Kr] 4d'0 552 5p°
[Kr] 4d'°0 552 5p°
[Xe] 65!

[Xe] 652

[Xe] 5d' 652
[Xe] 4f' 5d! 652
[Xe] 4£3 652
[Xe] 4f* 652
[Xe] 43 652
[Xe] 4f6 652
[Xe] 4f7 652
[Xe] 4f7 5d! 652
[Xe] 4f° 652
[Xe] 410 652
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Atomic # Name Symbol Electronic config
67 Holmium Ho [Xe] 4f!! 652
68 Erbium Er [Xe] 4f12 652
69 Thulium Tm [Xe] 4f13 652
70 Ytterbium Yb [Xe] 4f!# 652
71 Lutetium Lu [Xe] 4f'4 5d! 652
72 Hafnium Hf [Xe] 4f14 5d2 652
73 Tantalum Ta [Xe] 4f'4 5d3 652
74 Tungsten W [Xe] 4f'# 5d* 652
75 Rhenium Re [Xe] 4f'# 5d° 652
76 Osmium Os [Xe] 4f'# 5d° 652
77 Iridium Ir [Xe] 4f'4 5d7 652
78 Platinum Pt [Xe] 4f'# 5d° 65!
79 Gold Au [Xe] 4F14 5410 6s!
80 Mercury Hg [Xe] 4f4 5d10 652
81 Thallium Tl [Xe] 4F14 5d10 652 6p!
82 Lead Pb [Xe] 4f!4 5d10 6s? 6p?
83 Bismuth Bi [Xe] 414 5d10 652 6p3
84 Polonium Po [Xe] 4f!# 5410 65 6p*
85 Astatine At [Xe] 4f!4 5d'0 6s? 6p°
86 Radon Rn [Xe] 44 5d'0 652 6p°
87 Francium Fr [Rn] 7s!
388 Radium Ra [Rn] 7s2
89 Actinium Ac [Rn] 6d' 7s2
90 Thorium Th [Rn] 6d? 7s?
91 Protactinium Pa [Rn] 5f% 6d' 7s?
92 Uranium U [Rn] 5f3 6d' 7s?
93 Neptunium Np [Rn] 5f4 6d! 7s?
94 Plutonium Pu [Rn] 5f¢ 7s?
95 Americium Am [Rn] 5f7 7s?

Selection Rules

A selection rule is a quantum mechanical rule that describes types of quantum mechanical transi-
tions that are permitted. Transitions not permitted by selection rules are said to be “forbidden,” although
in practice, such transitions are generally forbidden “to first order” only, which means they may occur in
practice but with low probabilities.
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Selection Rules for Electronic Spectra of Transition Metal Complexes

The selection rules governing transitions between electronic energy levels of transition metal com-
plexes are:

1. AS =0 The Spin Rule
2. Al = +/—1 The Orbital Rule (Laporte)

D. THE LASER

Light Amplification by Stimulated Emission of Radiation

Properties

1. The light is coherent. (Waves are in phase.)

2. Light is nearly monochromatic (one wavelength).
3. Minimal divergence.
4

Highest intensity of any light source.

Many atoms have excited energy levels which have relatively long lifetimes (103 s instead of 108 s).
These levels are known as metastable.

Through a process known as population inversion, the majority of an assembly of atoms is brought
to an excited state.

Population inversion can be accomplished through a process known as optical pumping, where
atoms of a specific substance, such as ruby, are exposed to a given wavelength of light. This wavelength
is enough to excite the ruby atoms just above metastable light. The atoms rapidly lose energy and fall to
the metastable level.

Ruby
2.25eV
Transition (energy loss
without radiation)
1.79 eV
Laser Transmission
Optical
Pumping AR
Ground
State



THE LASER

Once population inversion has been obtained, induced emission can occur from photons dropping
from an excited metastable state to ground state. The photons have a wavelength equal to the wavelength
of photons produced by each individual atom. The radiated light waves will be exactly in phase with the
incident waves, resulting in an enhanced beam of coherent light. Hence, the familiar laser effect.

Helium-Neon Laser

As shown in the figure below, a helium-neon laser corresponds to transition between two levels in
Ne atoms that are 1.96 eV apart. Helium is used to assist the population of the 20.66 eV energy level in
the Ne atoms.

Ne 85%

He 15% - T 632.8 nm
““““““““ 1.96 eV

i QD —
~~—_ Spontaneous
emission
20.61 eV 20.66 eV
Ground state Ground state

Black-Body Radiation

Planck’s Law of Black-Body Radiation Equation

2m3 1
v, T)dv="2"_*

1(v,T)dv is the amount of energy per unit surface area per unit time per unit solid angle emitted in the
frequency range between v and v + dw by a black body at temperature 7.

h = Planck’s constant
¢ = the speed of light

k = Boltzmann’s constant

Wien’s displacement law: If T is the absolute temperature of a black body and A is the wave-
length at which the radiation has maximum intensity, then
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A T=2898%10°mK

Stefan—Boltzmann law: For a body at absolute temperature 7, the rate of radiation dQ/dt from its
surface is proportional to 7. Hence,

d
Q_ oeT?
dT

where o = Stefan-Boltzmann constant

& = the emissivity of the surface, £ = 1 for black body
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Thermodynamics

A. TEMPERATURE

The average kinetic energy possessed by the molecules of a body is referred to as its temperature.
The zeroth law of thermodynamics states this more formally as:

There exists a scalar quantity called temperature, which is a property of all thermodynamic sys-
tems (in equilibrium states), such that temperature equality is a necessary and sufficient condi-
tion for thermodynamic equilibrium.

The two main scales in use for measuring temperature are the Celsius (formerly known as Centi-
grade) and the Kelvin scales. On the Celsius scale, water boils at 100° (1 Atm) and freezes at 0°. The
100 equal divisions between these two points determine the size of the Celsius degree, and from this, the
points above 100 and below 0 can be determined. When a temperature is shown followed by a degree
sign, but without an abbreviation to show the scale used (e.g., 25° instead of 25°C.), it is presumed to be
a Celsius temperature. The degrees on the Kelvin scale are the same size as those on the Celsius scale.
Kelvin, however, starts at absolute zero; hence, it has no negative temperature. A temperature in Kelvin
is never reported with the degree sign (e.g., 300 K). To convert Kelvin to Celsius, simply subtract 273.15
from the Kelvin temperature. Put mathematically,

C=K—-273.15
For example, 300 K would be
(300 — 273.15) = 26.85° C

Converting from Celsius to Kelvin is just the opposite of this. Two older scales of temperature measure-
ment, Fahrenheit and Rankine, are not often used, and hence need not be learned.
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B. COEFFICIENT OF THERMAL EXPANSION

As a substance is heated, its molecules vibrate faster and move further apart, or the material is said to
expand. This phenomenon is much more pronounced in gases than in liquids and solids. If the material is
a solid, and one of its dimensions is much more pronounced than the other two (e.g., a rod), a coefficient
of linear expansion, a, can be determined, i.e., a value to determine the increase of the material in that
one dimension only. For all other materials, a coefficient of volume expansion, «,, is used.

For solids, the « is equal to three times the «,. For liquids and solids, the , will vary somewhat with
the temperature; for gasses (at constant pressure), it is usually equal to 0.00367/°C.

Example:

The «, for glycerin is 5.1 X 1074/°C. If 25.62 liters of glycerine are heated from 25° to 125°, what
will be its new volume?

V="V,+," a AT

where V' = the new volume

Vo= the initial volume

AT = the change in temperature
AT can be calculated as 125 — 25 = 100. Putting everything into an equation, we get

V=V,+, a AT
= 2562+ (25-62-5.1 X 107% - 100)
= 26.93 liters

The same method is used for the linear coefficient of expansion.

Example:

The «, for aluminum is 2.4 X 107/°C. If an aluminum needle is 20 cm long at 350 K, how long will
it be at 100 K?

The formula, much like the above, is

L=LO+(LO-aZ-AT)
or L =20+ (20)(2.4 X 107°)(—250)
= 19.88 cm

Note that in this instance, the AT is negative; hence, the value decreases.
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C. HEAT CAPACITY, SPECIFIC HEAT, AND Cp

Specific Heat of Gases

Specific Heat at Constant Pressure (Cp): The amount of heat required to raise the temperature of 1
mole of a gas through 1 K (or 1°C) at a constant pressure. Hence,

Q=nCpAT

Specific Heat at Constant Volume (C,)): The amount of heat required to raise the temperature of 1
mole of a gas through 1 K (or 1°C) at a constant volume. Hence,

Q =nC,AT
For a monatomic gas (such as Ar, He, Ne, H, O etc.),
Cp = 20.78 J/(mol.K), C,, = 12.47 J/(mol.K)

Internal Energy of Ideal Gas (U): The internal energy change (AU) of a given amount (n moles) of an
ideal gas depends only on the temperature change (AT). It is independent of the path between its initial
and final states.

AU = (3/2) nRAT

For an isothermal process, AU = 0 because AT = 0.

Dulong Petit Law

For an atom in a crystal, three translational degrees of freedom and additionally three degrees of
freedom for atomic vibrations give the total energy per atom of 3kT. Thus,

3kTN, = the energy per mole
k = Boltzmann’s constant

T = temperature in Kelvin
N, = Avogadro’s number

The specific heat at constant volume is

C, = the derivative with respect to T of 3kTN, = 3kN, or 3R  This is the Dulong-Petit Law.
C, = measured in J/kg/K

R = universal gas constant

M = molecular mass in kg/mol
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Example:

A statue made of a metal alloy has a heat capacity of 55.8 Joules/°C. How many Joules of energy will
have to be absorbed to raise its temperature from 25° to 100°?

T =100 — 25 =75°

C = AQ/AT
or 55.8 = AQ/75
or AQ = 55.8 X 75 = 4,185 Joules
or =4.185kJ

A more useful value is the specific heat, or c. Specific heat is defined as heat capacity per unit mass
of body, or

¢ = AQ/(mAT)
where  m = the mass of the object

At ordinary temperatures and ordinary temperature ranges, specific heats can be considered constant.
However, it must be specified if the specific heat is measured with constant pressure (c,) or constant
volume (c,). For gasses,

c,—¢,= R/M

where R = the universal gas law constant (8.314 J/mole °C)
M = the molecular weight of the gas

Sometimes specific heats are given in J/mole °C, rather than in the standard J/gram °C; hence, the
units need to be inspected carefully.

Example:

The ¢, for lead is 0.1277 J/gm °C, and for water it is 4.186 J/gm °C. If a lead block of 75 grams is
placed in 200 grams of water at 25°, and the final temperature of the water and lead is 28.11°, what was
the initial temperature of the lead (assuming no heat is lost to the surroundings)?

The fact that both ¢ ’s are given in J/gm °C saves us the trouble of doing any conversions. The Joules
lost by the lead will be equal to the number of Joules gained by the water, or

Jeb = Jh,0

This can be restated as

(AT ¢, m)p, =(AT-c,- m)Hzo
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The ¢ ’s and m’s for each are given, the ATs can be calculated. For water, AT = 28.11 — 25 = 3.11°. For
lead, the initial temperature is not known, it will be assigned the value X; hence, AT = X — 28.11. Putting
these values into the above equation, we obtain

(X — 28.11)(0.1277)(75) = (3.11)(4.186)(200).
Performing the indicated operations we get
2,603.7 = 9.578X — 269.2,

solving for X yields X = 299.95°, which was the initial temperature of the lead.

D. HEAT OF VAPORIZATION AND HEAT OF FUSION

When a substance changes state, e.g., from a liquid to a gas, energy is absorbed by the substance
without change in temperature. For example, for water at 100° to change to steam at 100°, it must absorb
2,260 Joules per gram of water. This value is known as the Heat of Vaporization (L ) and is unique for
each substance.

The melting of a solid involves a similar process, Joules are absorbed by the substance, but rather
than an increase in temperature, there is a change of physical state. Ice at 0° to melt to water at 0° must
absorb 335 Joules per gram. This value, again unique for each specific substance, is known as the Heat
of Fusion (Lf).

Example:

For mercury the boiling and freezing points are 358° and —39°, respectively. The L and L care 2,197
J/gm and 11.7 J/gm, respectively. The <, for liquid mercury is 0.138 J/gm °C. How much energy would
have to be lost by 1 kg of Hg vapor at 358° to become solid Hg at —39°?

To calculate this, one needs to find: (1) The Joules to convert 1 kg of Hg vapor to 1 kg of liquid Hg.
(2) The Joules lost to cool 1 kg of Hg from 358° to —39°. (3) The Joules lost to convert 1 kg of liquid Hg
to 1 kg of solid Hg. Put mathematically,

[m-Lv]+[m-cp-AT]+[m-Lf]
= [1,000 - 297] + [1,000 - 0.138 - 398] + [1,000 - 11.7]
= [297,000] + [54,924] + [11,700]
= 406,848 Joules = 407 kJ lost

Had the mercury been heated to change it from a solid to a liquid and then to a gas, the procedure would
have been just the opposite, and we would have been adding Joules. If a material changes directly from a
solid to a gas (e.g., carbon dioxide), a similar term, Heat of Sublimation (L ) is used, just as L and Lf.
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E. CONDUCTION, CONVECTION, AND RADIATION

Heat can travel from one body to another by three processes: conduction, convection, and radiation.
In conduction, one body is physically in contact with another, and the heat travels directly. The thermal
conductivity of a material tells how easily it can transport heat. Metals are usually good at this. Steel, for
example, has a thermal conductivity of 4.60 X 1072 kJ/sec-meter-°C, whereas asbestos has a value of
8.37 X 1073 kl/sec-meter-°C.

Example:

Compare how much heat is transmitted per second by a steel plate 1 cm thick, with a surface area of
5,000 cm?, and a temperature of 300° on one side and 25° on the other, to how much heat is transmitted
by an asbestos plate of equal dimensions under the same conditions.

heat transfer = thermal conductivity - area - (T}, — T,)/thickness
For the steel plate this gives
(4.6 X 1072)(0.500)(275/0.0100) = 632.5 kJoules/sec
Note that cm? and cm were converted to m? and m. For the asbestos plate we get
(8.37 X 1077)(0.500)(275/0.0100) = 1.151 kJoules/sec

Convection simply involves heating the air molecules around an object, which then travel, via air
currents, to another object where they impart their acquired energy by collisions.

Radiation involves the transfer of heat by photons, which can pass through a vacuum. A black body is
one that absorbs all radiant energy that falls upon it, and emits radiation perfectly. The Stefan-Boltzmann
equation states that £, the watts of power radiated by a black body, is equal to the Stefan constant ()
times the fourth power of the absolute temperature, times the surface area, 4, or

E = AST*

The value of § is 5.67 X 108 Watts/m? - K. A black cubic body, 25 cm on the side, is heated to 325°C.
At what rate is energy radiated from its surface? First, the surface area of the cube must be determined.
Converting cm to m, we get 0.2502 X 6 = 0.375 m? = A. The absolute temperature is 325 + 273 =
598 K. Putting these into the equation,

E = A5T*

which yields E = (0.375)(5.67 X 10~8)(598)* = 2,719 Watts
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Ideal Gas Laws and Kinetic Theory of Gases

Boyle’s Law:

For a given quantity of gas at constant temperature ﬂ

PV = const.
PV, =PV,

Charles’ Law:

For a given quantity of gas at constant pressure

— = const. .‘.’.°.'
T 2 e el
Ni_t ROLTEN
Tl_T2 ..0:0.0:1

T, T, and T, are absolute temperature (in Kelvin). )

The Ideal Gas Law:

PV
— = const.
T
PV _ PV,
D
PV = nRT
m = nM
N = nN,

where P = pressure of the gas
V' = volume of the gas
n = number of moles of the substance
m = mass of the gas in kg
M = molecular mass of the substance
N = number of molecules in the sample of the substance
N, = Avogadro’s number = 6.02 X 10%* molecules/mole
R = universal gas constant = 8.314 J/(mole.K)

Some reversible thermodynamic processes:

1. (constant pressure): Isobaric Process

W=—PAV=—P(V,— V)
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2. (constant volume): Isochoric Process
AV =0, hence W = 0
Hence, Q = AU. (All the supplied heat goes to increasing the internal energy of the system.)
3. (constant temperature): Isothermal Process
AU = 0, hence Q = —W
4. (thermally insulated system, Q = 0): Adiabatic Process

AU =W
P P Isochoric Process
Isobaric Process [ ________
_—
i i
I 1
1 1
| |
I e
i : |
0 \Y% 0 \
p Isothermal Process
ré
Adiabatic Process
0 \

Kinetic Theory of Gases

According to the kinetic theory, gas consists of tiny particles called molecules. The molecules move
around randomly with all possible speeds.

Average KE per Molecule: The average kinetic energy per molecule of an ideal gas depends only
on its absolute temperature and is given by

3
KE,, = EkT

Internal Energy: The total kinetic energy of all the molecules is called its internal energy and is
given by

U = -nRT
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Change in the Internal Energy: The change in the internal energy AU of a gas is independent of its
pressure and volume. It depends only on the temperature change AT. Thus,

3
AU = EnRAT

The Root-Mean-Square Speed: The average speed of the molecule that can relate to the KE, is not
the arithmetic mean but the root-mean-square speed (v, ). The root-mean-square speed is obtained by
finding the square root of the average of the squares of the speeds of all the molecules.

For example, if there are five molecules with different speeds v, v,, v;, v,, and v, then v is
given by

¢ﬁ+%+%+ﬁ+%
Vrms = 5

The v, for an ideal gas is given by

In the above equations:

KE, = average KE for one molecule of the gas

U = internal energy of the given gas = total KE of all the molecules
M = molecular mass of the gas

m = mass of one molecule of the gas

V,.,— oot mean square speed of the molecules of the gas

R = universal gas constant = 8.32 J/(mole.K)

T = absolute temperature of the gas

N = number of molecules of the given amount of gas

k (Boltzmann’s constant) = R/N, = 1.3807 X 1073 J/K

N, (Avogadro’s number) = 6.02 X 10% molecules/mole

F. HEAT, WORK, AND THE LAWS OF THERMODYNAMICS

The First Law of Thermodynamics

Recall that work is defined as a force acting through a distance, and is measured in the same units as
heat. Therefore, one might correctly conclude that a transfer of heat can be made to do work. The First
Law of Thermodynamics states that there is a constant amount of energy in the universe which can be
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neither created nor destroyed; it can only change its form. It is this change from one form to another that
we observe and call work. Expressed mathematically, we have

AU=0—-W

where AU = the change in energy of a system
W = the energy spent in doing useful work
0O = any energy added to the system

If QO > W, the energy remains within the system, i.e., work was done on the system. If O < W,
energy was lost by the system, and work was performed. When gasses are heated at a constant volume,
the added energy increases the internal energy of the molecules. However, when it is heated at constant
pressure, the internal energy of the molecules is increased, but in addition, work is done by expanding the
gas against the walls of its container (hence, the different values for gases of ¢, and c ). Under isobaric
conditions (constant pressure):

0= mcp(T2 - Tl)

where  m = the mass of the gas
W = (density) - (V, = V)
V' = the volume of the gas

Work is also defined as
W= m(cp —c T, —T)
in such a system. In a constant volume process (isovolumic), W = 0; hence,
Q=AU=mc(T,—T))

In an isothermal process (constant temperature), AU = 0; hence, Q = W. An adiabatic process is one
in which heat is not transferred to or from the system. As a result, 0 = 0 = AU + W. Hence,
AU = —W.

The Second Law of Thermodynamics

The Second Law of Thermodynamics states that it is impossible for heat to travel of its own accord
from a colder to a hotter body. As a result of this, the maximum efficiency of any heat engine is given by
the formula

(I —T)
T
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where T, = the temperature (Kelvin) of the reservoir which supplies the working substance
T, = the temperature of the reservoir to which the working substance is exhausted

The Third Law of Thermodynamics

The Third Law of Thermodynamics states that it is impossible to reduce any system to absolute zero
in a finite series of operations. Hence, a reservoir of absolute zero cannot be constructed, and hence (by
the above formula), a heat engine of 100% efficiency cannot be built.

G. ENTROPY

Many volumes have been written about entropy. To sum it up, for the purposes of this book, entropy
can be defined as the amount of disorder in a system. By the Second Law of Thermodynamics, this means
that entropy will usually increase, or at the best, remain constant. It takes energy to keep things neat! By
the Third Law of Thermodynamics, at absolute zero there would be no entropy. Common units of entropy
are Joules/Kelvin.

Statistical Mechanics

Entropy (S) of a system is defined by the equation due to Boltzmann:
S =kyInQ)

where kB = Boltzmann’s constant

() = the total number of microstates available to the system

Maxwell-Boltzmann Distribution

The Maxwell-Boltzmann distribution for number of molecules in the range v and v + dv:

3 1,2
U SR L BN LS
dN = 4nN {277:/{7"} exp ! T ] vedy

The Maxwell-Boltzmann distribution of speeds is written as

ém"Q)] 2

3
m 13 (
flv) =4n [anT] xp [_ kT
where speed, v, is defined as

v=/vi+vi+v?
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This equation gives the number of molecules with velocities in the range v + dv.

where 7T = the absolute temperature
N = the number of molecules,
m = the mass of a molecule
v = the velocity of a molecule
k = the Boltzmann constant

Miscellaneous Thermodynamic Functions

Helmholtz free energy:

Iz
B

Internal energy:

U—_ <Ban>
IB Jny

Pressure:

. <aF> _1<a1nz>
V)N p\ v NT

Entropy:
S = k(In Z + BU)

Gibbs free energy:

InZ InZ
G:F+PV:—£—+K<an>
B B\ 3V Jyr

Enthalpy:
H=U+PV

Constant volume heat capacity:

U
v= (w)w
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Constant pressure heat capacity:

cr=

Chemical potential:

.__l<
ui = B

oH

aT

>MP

amz)
IN; T,V.N
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CHAPTER

Quantum
Mechanics

A. PHOTOELECTRIC EFFECT

Emitted electrons
~ Incident radiation Q e

T
:

Metal surface

Photoelectric Effect

Electrons will be emitted only if the wavelength
of the incident radiation is sufficiently small.

The emission of electrons from the surface of a material when light (or UV) is incident on it is called
photoelectric effect.

An experiment on photoelectric effect performed using a vacuum tube with cathode as the photo-
electric surface and variable voltage between the anode and the cathode reveals a number of interesting
characteristics for this phenomenon, namely:
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1. The emission of photoelectron is instantaneous.
2. The photoelectrons have a velocity distribution from zero to certain maximum.

3. The maximum kinetic energy (KE
incident radiation.

) of the photoelectron is independent of the intensity of the

max

4. KE_,, depends on the frequency of the radiation.

5. Ifthe frequency of the radiation is changed, there exists a threshold frequency below which there
is no emission of photoelectron however intense the radiation.

6. The number of photoelectrons (hence the photoelectric current) is proportional to the intensity
of the radiation.

The wave nature of light failed to explain all these characteristics of the photoelectric effect!!!

Einstein’s Theory of Photoelectric Effect

The energy (E) of the photon, according to Einstein, is proportional to the frequency (f) of radia-
tion.

where h = Planck’s Constant

This minimum energy required to detach the electron from the surface is called the work function (¢b)
of the material and depends on the nature of the material. The photoelectrons coming from the surface
thus have the maximum kinetic energy (KE_ ) among the photoelectrons emitted from the surface. This
leads to Einstein’s photoelectric equation:

max:

KE__=hf-¢

max
The threshold frequency can be obtained from the equation
hf = ¢

The maximum kinetic energy (KE,_, ) can be determined by measuring the stopping voltage (V,) that
would stop the photoelectric current. Thus,

KE,  =eV,

max

Relationship Between Momentum (p) and Wavelength (A) of a Photon
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Rate of Emission of Photons from a Given Source of Light

The number of photons/second (N/s) emitted by the light source is proportional to the power (P) of
the source

Number of photons emitted per second = P / (hf)

Compton Scattering

In Compton scattering an x-ray photon collides with a free electron of a material just like two balls col-
liding on a pool table. The scattered x-ray photon has its wavelengths increased due to the loss of some energy
to the electron. The change in wavelength is a function of the scattering angle from the initial direction.

A== (mhc> (1 —cos®)

where A’ = the wavelength of the scattered photon
A = the wavelength of the incident photon
0 = scattering angle
m_ = the rest mass of electron
¢ = the speed of light

The quantity h/m ¢ = 0.00243 nm is called the Compton wavelength (A ) of electrons. The Compton
wavelength is indicative of the scale of the wavelength changes in the Compton scattering.

The recoil energy of the scattered electron is equal to the loss of energy of the photon. Therefore,

hc hc

KEe:T—F

Wave Particle Duality

The momentum of the photon is given by

> =

de Broglie Wavelength

de Broglie proposed that the wavelength of a particle having a momentum p would be

Al
p

The de Broglie’s Wavelength for an Accelerated Electron

If an electron (charge —e and mass m) is accelerated from rest, through a potential difference V,

1
then e. V= Emv2 — mv = V2meV.

Hence, p=V2meV
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Thus, using the de Broglie equation, we get

2meV

X-ray production: In x-ray production with a Coolidge tube, electrons are accelerated through a
voltage of V, and are suddenly stopped by a metal anode. Their energy eV, converts to x-rays and heat in
varying proportion. The shortest wavelength (most energetic) corresponds to the electrons for which the
heat produced is zero. The shortest wavelength A_. for the x-rays produced is given by

he/A = €V,

Planck’s constant
= speed of light
e = elementary charge

where h

o

B. WAVE FUNCTIONS AND EQUATIONS

The wave function i has no physical interpretation, but |¢s* for a body at a given place and time is
proportional to the location of the body at that given time.

Once ¥ is determined, the momentum, angular momentum, and energy of the body can be deter-
mined.

Wave Function

W =4+iB
where A4, B = real functions
Complex Conjugate

V* =4 —iB
If dealing with complex wave functions:

|W)? =W *w

Conditions for a wave function:



SCHRODINGER’S EQUATION

1) / ) |w|2dV # 0(V = Volume)

2) W must be single valued.

¥ 0¥ oY
and —

3) 2= 20
) dx’ dy dz
must be finite, single valued, and continuous.

Normalization: A wave function is normalized when |W|? is equal to the probability density, not
merely proportional to it.
[ vlav =1

C. SCHRODINGER'S EQUATION

W is not measurable, and therefore may be complex.
Specify ¥ in the x direction:

where w =27y

vV =Av
then
N7 :Ae—zm(w—ﬁ)
E =27h
2nh
A=
p

For a free particle:

i(Et—px)
B

Y = Ae

To obtain Schrddinger’s equation,
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a;):f:—f;‘l‘andi:f:f‘l’
E-L iy
therefore:
EY = pz—‘P+V‘P
2m
EY = ? = 8;‘ and p*¥ = —hza;xlf

Time Dependent One-Dimensional Schrodinger’s Equation

2 2
WL (P)

o T am \ o2

In three dimensions:

2 2 2 2
P (8‘1’ PR aT)—i—V(x,y,z,t)‘P

2m \ ox2 + dy? + 7>

Steady-State Form (3-D)

¥  P¥ IP¥ 2m
2 T T ez + S (E-V)¥=0

D. POTENTIAL WELLS AND ENERGY LEVELS

Particle in a Box
A particle trapped in a box with infinitely hard walls is the simplest quantum-mechanical problem.

Equation (Schrodinger’s) in the box:

Y 2m
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HARMONIC OSCILLATOR

AsV =0,
E V2mE
¥ =A sin n x+ B cos 1:1 X
AsV =0atx=0andx =L,
2mE
" p—nr n=123,...
2,212
Tk
=T 123,
2mlL?

W/ N[\
N

T

Wave Functions

Normalized wave function of particle in box:

2
¥, = \/7sin nax
L L

E. HARMONIC OSCILLATOR

P2

[W,2
IWy12
Probability Density
n=1,2,3,...

There are three differences from a classical oscillator:

1. Allowed energies a discrete spectrum.
2. Lowestenergy not £ = 0,but £ = E .
3. May go beyond * A (tunneling)




QUANTUM MECHANICS

The Schrodinger equation for harmonic oscillator:

This leads to energy levels

E =+ %)hvwithE0 = % hv

Evenly Spaced Energy Levels

F. REFLECTION AND TRANSMISSION BY A BARRIER

Tunnel Effect

According to classical mechanics, when a particle of energy £ approaches a potential barrier /' when
V' > E, then the particle must bounce back. In quantum mechanics, there is a chance, though usually very
small, that the particle could penetrate the barrier.

According to Heisenberg’s uncertainty principle,
h
Ax Ap > 5

If we 100% certain that the principle is not inside the barrier, then we are saying that Ax = 0. Therefore,
AP and E would be infinite, which is impossible. Therefore, there must be some positive finite change of
the particle penetrating the barrier.

A particle energy E > V approaches potential barrier:



REFLECTION AND TRANSMISSION BY A BARRIER

Ay M
AVAVAVAVAVAVY, = AVAVAVAVAVAVY 4
A2
~ >
W
: —

some reflect, others go on.

Wave functions and probability densities of particles in finite potential wells. (Particle can be found
in well.)

‘I’ﬁ
AVAVAVAVAVAVAVAVAVAVAVAV, =
AVAVAVAVAVAVAVAVAVAVAVAY, =
i W+
<~V WVVVVVVVVV W\
V-
Schrodinger’s Equations
I 2y g
o2 R
82‘1’111 4 2mElP —0

92 R oAM=
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QUANTUM MECHANICS

with solutions

W, = 4ef* + Be ki
P, = Fef* + Gem ik

Outside barrier:

r vV2mE B 2£
)
Incoming Wave:
W, = Adet
Reflected Wave:
W, = Be ik
Transmitted Wave:
Y = Felkix

1+
Transmission Probability:

Y.’y FF*
T:’III+|V_

WPy A
Approximation:
T = e*2k2L
5 2m(V —E)
>k

Expectation Values

As Schrédinger’s equation yields probabilities, an expectation value can be described by W(x, ),
<x>> is the value of x that would be obtained by measuring the position of a large quantity of particles,
described by a given wave function, at a given time, and averaging the results.

For position:

<x>:/ x|¥|? dx

20



REFLECTION AND TRANSMISSION BY A BARRIER

The expectation value of either quantity such as potential energy, that is dependent on x and described
by W, can also be found

<f0)>= [ f@NP dx

The Franck-Hertz Experiment

The Franck and Hertz experiment confirms the quantum theory by revealing the excited states in
mercury atoms.

As shown in the figure below, a glass tube is filled with mercury vapors. Electrons are accelerated
toward a positively charged grid and are collected by a collection plate that has small negative potential.
The flow of the electrons in the outer circuit can be measured as a current by an ammeter. The current vs.
accelerating voltage graph shows peak as shown below. The peaks are 4.9 V apart which corresponds to
the excited states of mercury atoms. The first peak appears when the 4.9 V energy of electron is lost to
the mercury atoms and the current drops. The successive peaks appear when the electrons that have lost
energy to mercury atoms are reaccelerated again to 4.9 V energy.

I I I
—_ I | I
Collection i i i
Cathode Grid  plate | ' '
— ! ! |
= + - 3 A
: 5 T 1 | 1
o— i o | i i
i o i i
—> I [0} 1 1 1
Q— ' S : : :
g I I I
ST Ji\/ i\
Ammeter | | |
I I I
4] if | | | | |
/m I I 49V 9.8V 147V
Accelerating Negative Accelerating Voltage
voltage bias

Franck and Hertz Apparatus
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CHAPTER

Special Relativity

A. TIME DILATION AND LENGTH CONTRACTION

Time Dilation

Jo

2
Vi-a

where  f; = time passed on clock at rest relative to observer
f = time interval on clock in motion relative to observer
v = speed of motion relative to observer (relative motion)
c = speed of light (3 X 108 m/s)

f=

For an object or observer in motion, less time passes in a given interval (to the observer in motion)
than for objects or observers relatively at rest.

Length Contraction

where L, = Length of object when at rest relative to observer
L = Length when approaching speed of light relative to observer

To an observer relatively at rest, as an object approaches the speed of light, its length contracts.
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B. DYNAMICS

Relativistic Mass
mo

Relativistic Momentum
mov

Mass and Energy

Total Energy
mc? = m0c2 + k (kinetic energy)

Rest Energy
2

Total Energy

C 2 = 24 2.2
o Ef=mye” + pe

C. LORENTZ TRANSFORMATIONS

Given two reference frames (x, y, z, f) and (x', y', z', '), when there is motion of the second frame

in the x direction.
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LORENTZ TRANSFORMATIONS 6

Not considering relativity:

X =x—t
I
Galilean Transformation z ' :;)
"=t

To convert velocities in the “rest” frame to the moving frame, differentiate x’, y’, and z’ with respect
to time:

If we take v _to be c, then according to the intuitively correct Galilean transformations, ¢’ = ¢ — v,
which is impossible since ¢ is an absolute speed.

An alternate transformation can be proposed:
x' = k(x — vi)
which can reduce to x — vt.
Xin terms of x":

X=kx'"+vt), y =y, z =z

Therefore,
x = K (x — vt) + kvt’
1—k%
and t =kt + ( ) X
kv

As light has the same speed for all inertial observers:
x=ctandx = ct’

we can evaluate £ and solve for x.

1—k?
k(x—vt) = ckt + <kv> cx
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SPECIAL RELATIVITY

ckt + vkt
50 YT e
k—( n )c

for x to = ct,
1+2
1 =1
C
-1z 1) v
1
k= -
-5
Lorentz Transformation:
x' = k(x — vi)

Velocity Addition in Special Relativity

Non-relativistic Velocity Addition (Galilean Transformation)

Let a train be moving with velocity v with respect to the ground in the x direction. A ball is thrown in
the train with velocity u along the x direction. Then the velocity of the ball «" with respect to the ground

is (for u and v<<<c)

!

Relativistic Velocity Addition: U =v*tu

If u and v are high enough that relativistic effect cannot be ignored, then the equation above takes

the form

vEtu
lj:%

!/
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Optics and Wave
Phenomena

A. MECHANICAL WAVES

Basic Properties

One way of transporting energy from one point to another is through wave motion.
There are two main types of wave motion.

Transverse waves: the disturbance in the medium is transverse, or at right angles, to the line of
motion of the wave.

The shape of a transverse wave is a sine wave function, like the one shown below.
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where A = wavelength (distance between adjacent peaks or valleys)
A = amplitude (distance between the central position and an extreme position)

Longitudinal waves: the disturbance in the medium acts in the same direction that the wave is trav-
elling.

A longitudinal wave appears in a spring as shown below.

Sound waves are an example of longitudinal waves.
The period, 7, is the amount of time to complete one oscillation in all types of waves.

The frequency, v, is the number of oscillations per second. In other words, frequency is the inverse
of T for all types of waves.

For all waves, the waveform travels a distance A in time 7. Therefore, the speed of the wave, c, is

=vA

CcC =

A
T

Superposition Principle

When two wave-forms are travelling in the opposite direction along the same line of motion, and the
waveforms collide, the resultant displacement at a point along the line of motion is simply the algebraic
sum of the separate wave disturbances. This is referred to as the principle of superposition.

However, the two waves will leave the collision exactly as they were before the meeting.

The superposition of separate waveforms is known as interference.
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Constructive interference: The resultant displacement is greater than the individual displace-
ments.

Destructive interference: The resultant displacement is less than the individual displacements.

Reflection

Reflection occurs when a wave meets a boundary or a place where the medium propagating the wave
changes.

—_— —_—

TN

Infinitely Massive Boundary Free End
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EPZaN

>

D

|

g

ﬁ//\

— N

|

—_—

N\ /AN

Right String Density Greater Left String Density Greater

Beats

When two tones of nearly the same pitch are sounded simultaneously, the human ear encounters a
sensation known as beats.

For two sinusoidal waves with frequencies v, and v, and the same amplitude, the equation for dis-
placement (the beat equation) becomes

y= [ZA cos 27r<v1 ;vz)t] cos 27r<v1—;v2>t

The beat frequency, v, is

=V1_

B. RAY OPTICS

Reciprocity Principle

If a ray travels from 1 to 2, a ray will also travel from 2 to 1 by the same route. (See the following

figure.)
A A

Y
[\
\

Y

Y
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Reflection and Refraction
Law of Reflection
0, =0,
Law of Refraction
sin 6;
sin 6, i

where 6, = Angle of Reflection
6, = Angle of Incidence
6, = Angle of Refraction

n,, = Index of Refraction of medium 2 with respect to medium 1

i Normal

Incident Ray :

N | Reflected
Source Q_,//)) 61/"5‘\9’1\ Ray

I
]
| Air
i Water
]
]
I
i Reflected
i Ray

Reflection and Refraction

Total Internal Reflection

Critical Angle, 0

. np
sinQ, = —
ni

0, is the critical

angle (total internal
reflection)

Internal Reflection
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C. THIN LENSES

Thin Lens: Any lens whose thickness is small when compared with its radius.
Focal Point: The point at which all rays intersect.

Focal Length: The distance from focal point to the center of the lens.

Real Image: Light rays actually pass through the image location.

Virtual Image: The image is formed by rays that appear to come from the location of the image.

Ray Tracing

Procedure for locating image given object location, lens type, and focal length.

Example:

Lens tracing using a convex lens

Image

Object

Ray 1: Passes through the center of the thin lens and, therefore, its path is unchanged.

Ray 2: Is parallel to the lens axis and, therefore, is deviated so that the ray goes through the principle
focus, F,.
)

Ray 3: Passes through F', and, therefore, is deviated parallel to the lens axis.

Result: Real image is formed at distance s’ from the lens.

Other examples of ray tracing:
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THIN LENSES 7

Convex Lens with Real Image

< f>|<f

F;, F, = Focal points
f = Focal length

Convex Lens with Virtual Image

Axis

Axis

i

Graphical locations of images for three different object
distances and three thin lenses

The other lens equation may be used to find f, s, or s':

1 1 1

fos ' ¥

NOTE: For concave lens f'< 0; for virtual images s’ < 0,

The magnification of the image is

9%

“ |

103



Chapter

7 OPTICS AND WAVE PHENOMENA

D. INTERFERENCE

Young’s Experiment

)

Diffraction Wave Patterns for Young’s Double-Slit Experiment

i

incident
light

/ wave-form

interference
pattern on screen

Interference Maxima and Minima

Maxima
dsin 6 = mA
where m = 0,1, 2,...(maxima)
Minima
dsin 0 = (m — )\
where m =1,2,...(minima)

d = distance between slits or point sources
0 = angle between the midpoint of the two slits or point sources and a point on the screen
A = wavelength

E. DIFFRACTION

Single Slit Diffraction

asin 0 = mA

=1,2,3,...(minima)
width of slit

= angle of diffraction
= wavelength

where

> o 3
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Diffracted Intensity

na
where « = ——sinf

A
= diffracted intensity
|, = maximum intensity
a = width of slit
A = wavelength
0 = angle of diffraction

N%N

The Rayleigh Criterion

Rayleigh’s Criterion provides the minimum angle 6, that two objects subtend at the lens or slit of
an optical system at which the two images formed with their diffraction pattern are just visible as two
separate images.

If 6 < 6 the two images will be unresolved.

If 6 > 6 the two images are well resolved.

Rayleigh’s Criterion

Well Resolved Just Resolved Unresolved

Rayleigh’s Criterion for Single Slit: sin g = 2 (in spectrometer)

o . . A .
Rayleigh’s Criterion for circular aperture: sin Og = 1.225 (in telescope and microscope)

Double Slit Diffraction

o

Io = In(cos B)? (Sm“>2
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nd
where f3 = — sin 0
Ta
o=— =sinb
7 = sin
1, = diffracted intensity

I, = maximum intensity

d = distance between centers of slits
a = width of slit

A = wavelength

0 = angle of diffraction

Multiple Slit Diffraction

OPTICS AND WAVE PHENOMENA

Maxima
dsin 0 = mA

where m=0,1,2,...
d = distance between centers of slits
0 = angle of diffraction
A = wavelength

Angular Width

A

AG, = ———
Ndcos 6,

where A6 = angular width of the maxima
A = wavelength
N = number of slits
d = distance between the centers of slits

6, = angle of diffraction for the principal maximum

Diffraction Gratings

Dispersion
m
D=
dcos

where D = dispersion (angular separation)
m = order of maxima
0 = angle of diffraction
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Resolving Power

R A N
= —— = m
AL

where R = resolving power

A = mean wavelength

AX = wavelength difference

N = number of rulings in the grating

m = order of maxima
Polarization

Polarizer axis

Incident wave

f—

Transmitted wave

Ip— >

/N /N

NN

I = I cos28

N

Polarizer

Law of Malus gives the intensity of polarized light transmitted through a polarizer. If /, is the intensity of
the incident polarized light (see figure above) and 6 is the angle between the polarizer axis and the plane
of vibration of the incident polarized light, then the intensity of the transmitted light is given by

I, =1, cos*9

Doppler Effect for Sound

The frequency of sound as heard by an observer may not be the same as that generated by the source.
The frequency of sound may be affected by the motion of the source and/or the observer. This phenom-

enon is called the Doppler effect.

Here we consider the cases in which the medium is stationary (no wind) and the source (S) and
observer (O) are constrained to move along the line joining them.
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Let v be the speed of sound in the medium (not affected by the speed of the source or the observer).

v, = the speed of the observer
v, = the speed of the source
f = the actual frequency generated by the source

f' = the frequency as heard by the observer

Then the Doppler frequency f” is given by

ViV,
VLV

f'=r

. . . source observer
Use v + v, if the observer is moving toward

the source élé S A O

. . . source observer
Use v — v  if the observer is moving away

from the source % O —_—

. . . source observer
Use v + v_if the source is moving away from

the observer e % O

. . . source observer
Use v — v, if the source is moving toward the

observer élé —_— O

Change in Wavelength: The wavelength of sound is changed due to the motion of the source only.
Motion of the observer does not affect the wavelength of sound. If the source is moving toward the
observer, the wavelength received by the observer is

, V=V (Vs
p=Yloa (-1

If the source is moving away from the observer, the wavelength received by the observer is

V4V Vs
A= 7 —/1<1+V>
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DIFFRACTION
Standing Waves
Standing sound waves in pipe organs:
CLOSED PIPE
L
L=My L=3Ny L=5My

Standing Waves of Sound in Open Tube

Closed Pipe: A pipe of length L closed at one end. For the standing sound waves created in the closed
pipe, there is always a node at the closed end and an antinode at the open end. Let the speed of sound

be v.

For the closed pipe only the odd harmonics are present. Even harmonics are missing.

(Note: The speed of sound does not depend upon what mode the organ pipe is resonating.)

IST MODE (Fundamental harmonic or 1st harmonic):

v
M =4L, fj = —
1 » I X
2ND MODE (3rd harmonic):
4 \%
3RD MODE (5th harmonic):
4 \%
As==(L), fs=—=5f1...

In general, the resonant frequencies for the closed pipe are given by

nv
fn:E,n:1,3,5,7,9,
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Open Pipe: For the open pipes, both the ends are open. When a standing wave is set up in the open pipe,
there are antinodes at both the open ends. Unlike the closed pipe, all the harmonics are present in the

open pipe.
Fundamental Second Third
Mode Mode Mode
L
N=2L N =2L/2 N =2L/3

Speed of sound (v) is independant of the modes of vibration
f=vI\

1ST MODE (Fundamental harmonic or 1st harmonic):

A =2L, f; = %1
2ND MODE (2nd harmonic):
A= %(L), fz_/l%:Zf
3RD MODE (3rd harmonic):
13:§(L), fy = /113 =31 ...

In general, the resonant frequencies for the open pipe are given by

nv
fo=sp n=12345 ..

Note:

1. For any standing wave, A = 2 X length of one loop.

2. Speed of a wave does not depend on modes of vibrations.
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Standing Waves on a Stretched String

Speed of a wave on a string: The speed (v) of a transverse wave on a string depends on the tension
(T) in the string and the linear mass density (w) of the string and is given by

T
V=y[|—
u
Standing waves on a string stretched between two points:

When a standing wave is set up on the stretched string, it vibrates to form one or more loops. The
points of zero displacements are called nodes and those of maximum displacement are called antinodes.
The length of each loop equals 2A for the wave travelling on the string.

In the first mode the string vibrates with one loop; hence, the wave on the string has maximum wave-
length and minimum frequency in the first mode. This frequency is called first harmonic or fundamental
frequency. The higher modes have multiples of the fundamental frequency.

Standing Waves on a String

f L {
Fundamental Mode
=2LN
(1st harmonic) M v
Second Mode Ao = 2L/2

(2nd harmonic)

Third Mode
(3rd harmonic)

N3 =2L/3

Speed of wave (v) on the string is
independant of its mode of vibration v = fA

Note:
* The wavelength A = 2 X length of one loop.

T
* The speed of the wave on a string is v =4 | 0

Brewster’s Law

Brewster’s angle: Let an unpolarized beam of light be incident on the plane surface of a nonconduct-
ing transparent medium (such as glass, water) of index of refraction n. The angle at which the reflected
light is plane polarized is called Brewster’s angle 6 ,. At this angle,
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* The reflected and refracted beams are at right angles.

o tan@B =n

Brewster’s
angle
]

Reflected ray
(plane polarized)

Incident ray
(unpolarized)

90°

Refracted ray
(partially polarized)

]
Brewster's Law

Table of Information

Rest mass of the electron m,=9.11 X 1073 kilogram
=9.11 X 10728 gram

e =1.60 X 1079 coulomb
= 4.80 X 10719 statcoulomb (esu)

N, = 6.02 X 10% per mole
R = 8.314 joules/(mole - K)

k=138 X 10723 joule/K
=1.38 X 107 % erg/K

¢ =3.00 X 108 m/s
= 3.00 X 10!° cm/s

h = 6.63 X 1073*joule - second
=4.14 X 10~ eV - second

£, = 8.85 X 10712 coulomb?/(newton - meter?)

Magnitude of the electron charge

Avogadro’s number
Universal gas constant

Boltzmann’s constant

Speed of light

Planck’s constant

Vacuum permittivity

112

Vacuum permeability
Universal gravitational constant
Acceleration due to gravity

1 atmosphere pressure

1 angstrom

Rydberg Constant

= 4 X 1077 weber/(ampere - meter)
G = 6.67 X 107! meter’/(kilogram - second?)
g = 9.80 m/s? = 980 cm/s?

1 atm = 1.0 X 10° newton/meter?
= 1.0 X 10’ pascals (Pa)

1A =1xX10"19meter
1 weber/m? = 1 tesla = 10* gauss

R=1.097 X 10" m™!
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Notations
Vectors—bold letter F,v
Unit vectors—usually bold letters X,V,Z
h
Planck’s constant — =h
2
Derivatives—indicated by primed symbols x', X"

d
(Whether the derivative is with respect to time 2o position dr is apparent from the context of the

problem.)
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Laboratory
Methods

A. DIMENSIONAL ANALYSIS

Most quantities in mechanics are measured in units that involve mass (M), length (L), and time (7).
Hence the dimensions of physical quantities can be expressed in terms of M*L*T*,

Examples: mass — M'L°T?, length or distance — M°L!T?, time — M°LT"!
Volume — MOL3T?, speed or velocity — MOL'T~!, force = ma — M'L'T 2

A real number is dimensionless or its dimension can be written as M°LOT?, For example, the number

I/, in K = 1/, my? and 7 in area of a circle = m 2.

A dimensional analysis will reveal that an equation is not correct if the dimensions of the quantities
on the two sides of the equations are not equal.

Example: A student writes a formula for the surface of the sphere as

4
A= §7L’r3

On the left-hand side, the area 4 has the dimension of M°L*T?. On the right-hand side gﬂ? is dimen-
sionless and 72 has the dimensions of M°L2T?, which is not the same as the dimensions of 4. Hence, the
equation is wrong.

Dimensional analysis can also be used to determine the power of quantities that another quantity
depends on.

Example: In circular motion, the centripetal force F' acting on a particle depends only on its mass m,
radius 7, and speed v. Determine the formula for F' in terms of m, r, and v.
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Dimensional analysis will not be able to reveal the constant factor in the equation.
Let F = constant (m*v¥1?)
Dimension (F) = Dimension (m*v¥r%)

MILIT—Z = (MILOTO)x (MOLIT—I)y (MOLITO)Z = M&+ 0+ 0 0+y+2)T(0~y+0) = MX[y*+zT Y
—»x=Ly+tz=1;,—-y=-2

12,1 my?
Thus, F = (constant) m'v°r~ ' = (constant) —
r

Data and Error Analysis

Averages and Deviations

For n measurement of a discrete quantity x, the X average is

i (X
n
Then the standard deviation is given by
o [T
n

The standard deviation of the mean is a measure of precision of the measurements and is given by

-
"n
This is the uncertainty Ax. Thus,
Ax = Z:?:1(')(:1 _)Z)Z
n

General Formula for Propagation of Errors:

If a calculated variable z depends on the measured variable x and y with uncertainties Ax and Ay,
respectively, then the uncertainty Az is given by

w3

Counting Statistics

v/N Rule: In an experiment, if the number of counts recorded is &, then the uncertainty in the num-
ber of counts is v/N. If an experiment is repeated many times, the number of counts will form a Gaussian
spread with average at N, and standard deviation of \/Nyy.

If there is only one trial to count N, then the best estimate for N is N + v/N.
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If count N occurs in time 7 (as in radioactivity), then the count rate is given by

N VN
R==+Y"
T T
Thus, the uncertainty in R is
N
sp— YN
T
and uncertainty in N is
SN =VN
Thus, fractional uncertainty in R is
SR_T _ON_VN_ 1
== = =
R~ YN N N

Michelson Interferometer

| Interference
Fringe Pattern

Screen
A
50% partial mirror X
(beam splitter) 15
* > ) 4)

Source L
of Light Mirror 1
Movable

A
Y
Mirror 2

Michelson Interferometer
Measurement of Wavelength
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When Mirror 1 moves a distance x, number of circular fringes m move in. This can be used to find
the wavelength of the unknown light from the source by the equation:

2x=mA,m= *1,*2, +3, ...

| Interference
Fringe Pattern

Screen
M
50% partial mirror
(beam splitter) f— L —]
* > ) >
Source —'G

-
of Light as Cell I Mirror 1

To
vacuum pump

Mirror 2

Index of Refraction of a Gas by
Michelson Interferometer

A monochromatic light of known vacuum wavelength A, is used. The gas cell of length L is filled
with a gas (or air) at a known pressure. The gas is then gradually evacuated and the number of fringes m
moving in is counted. Using the following equation, the index of refraction of the gas can be calculated.

2x(n — 1) = mA

118



CHAPTER

Specialized Topics

A. NEUTRON STARS AND CONSERVATION OF ANGULAR MOMENTUM

Stars eventually run out of their nuclear fusion fuel in a few stages and become neutron stars or black
holes. A neutron star is a very compact body of density millions of times greater than the original star.
Hence, the radius of the neutron star is very small compared to the star. Therefore, the moment of inertia
of a neutron star is tremendously less than the parent star. Since angular momentum is conserved, the

angular speed of the neutron is proportionally larger than the parent star. The equation for the conserva-
tion of angular momentum is:

neutron star wneutron star Istar wstar

B. RELATIVISTIC DOPPLER SHIFT

For light and other electromagnetic waves, the relationship is different from that of sound due to
application of special relativity.

For observer and source moving toward each other with speed v, the observed frequency and wave-
lengths are given by:

_
|
o<

—_
+
o<

<
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For observer and source moving away from each other with speed v the observed frequency and

wavelengths are given by:
[1-1Y 1+
f [ ﬁf e Z/o = —v Ae

The redshift z can be written

ol

—

ol<

Ao 1+
i+l= == 5
A 1=t

In the non-relativistic limit—i.e., when v <€ c—the approximate expressions are

Af v AL
f ’ A

~

[

C. HUBBLE'S LAW

Hubble’s Law: The redshift in the light from a distant galaxy is proportional to its distance.

The light coming to us from distant galaxies has its wavelength increased due to the Doppler Effect.
This phenomenon is called redshift. Virtually all the galaxies (barring a few very close to us) show red-
shift. One can calculate the speed of a galaxy from the redshift z from the equation

Ao I+

A \1-

al<

z+1=

ol

Hubble analyzed this observation and concluded that those galaxies are moving away from us and
also moving away from each other, i.e., the universe is expanding. He derived the following relationship
between the velocity of the galaxy and its distance from us:

v=H,D,H, = 70.1 = 1.3 (km/s)/Mpc is called the Hubble’s constant

D. ELECTRON THEORY OF METALS AND SUPERCONDUCTIVITY

The electron theory of metals describes physical and chemical properties of metals, including bond-
ing, flow of heat and electric current, and superconductivity through metals.

Meissner effect in superconductors: A small magnet placed over a superconductor will float over
the magnet. This phenomenon is called the Meissner effect.
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The Meissner effect was explained by Fritz and Heinz London. According to their theory, a weak
magnetic field B is able to penetrate only a small depth A below the surface of a superconductor; A is
called London penetration depth. The field decays exponentially to zero inside the bulk of the supercon-
ductor and is given by the London Equation:

V2B=1"%B
The value of A for most superconductors is of the order of 100 nm.

Type I Superconductors: In these superconductors, the superconductivity is destroyed when the
magnetic field rises above a certain critical value B..

Type II Superconductors: With these superconductors, there are two critical values for the applied
magnetic field viz. B and B,. When the field rises above B, an increasing amount of magnetic field
penetrates the superconductors which retains zero resistance for currents not too large. When the field

rises above B.,, the superconductivity is lost.

Fluxon: The magnetic flux bounded by a supercurrent is quantized. This is a quantum of magnetic
flux and is a fundamental physical constant given by

Its value is 2.067 833 636 X 10~15 Wh.

The physical, chemical, transport, and bonding of metals can be explained by the Electron Theory
of Metals.

E. NUCLEAR STRUCTURE

An atom consists of a nucleus and electrons in various shells around it. The nucleus contains all the
positive charge of the atom and most of its mass. Each of the electrons carries a negative charge and very
little mass.

Inside the Nucleus

The total number of protons in the nucleus is called the atomic @ Proton @ Neutron
number (Z.). Different elements have different atomic numbers. The
neutrons and protons are together called a nucleon. The total number of @p z-3
nucleon is called the mass number of the nucleus (A). Thus, the num- @@{'ﬂ
ber of neutrons in the nucleus is N = A — Z. There are no electrons in D A=7

the nucleus, contrary to what was assumed before the discovery of the

neutrons.
Nucleus of Lithium
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What Holds the Nucleons Together?

However, a problem immediately arises when it is assumed that there are protons in the nucleus.
Since protons repel each other, the nucleus will break apart. Then how are the protons held together
against the repulsive forces in the nucleus. This led to the discovery of the new fundamental force called
nuclear strong force.

The nuclear strong force is the strongest of all the known fundamental forces. It is a short-range force.
This acts between the nucleons only when they are closer than certain distance. This distance is of the order
of the size of the nucleus. The nuclear force does not distinguish between the protons and neutrons.

Another nuclear force is called nuclear weak force. This force is responsible for the beta decay in
which a neutron gives rise to a proton and an electron (beta particle).

Radioactivity

Some of the elements such as radium, uranium, etc., naturally emit radiation, which are classified as
alpha rays, beta rays, and gamma-rays.

Alpha rays consist of particles that are same as the nucleus of the helium atom, that is, they consist
of two protons and two neutrons. Hence, alpha particles have twice the positive elementary charge and
nearly four times the mass of a hydrogen atom.

Beta rays consist of highly energetic electrons.
Gamma rays are short-wavelength, electrically neutral, EM waves.

The rate of disintegration is called activity and is proportional to the number (N) of atom present.
Thus, the rate of integration is given by

dN
— =—AN
dt

A is called the decay constant of the element.
The ST unit for A is s~ 1.
The SI unit for the activity A = dN/dt is becguerel (Bq). 1 Bq = 1 disintegration/s.

Solving the above equation we get

where N is the number of nuclei present at time ¢ = 0.

This equation represents an exponential decay relationship.
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Half-Life (T, ,,)

The time in which half the number of nuclei present initially decays is called half-life (T, ,). Half-life
is related to decay constant by

T,, = 0.693/A
The equations for the activity (A) and amount of sample (m) left after time # are given by:

A=A e ™

and m=m_ e —At

The half-life of the radioactive elements can vary from billions of years to a millionth or billionth of
a second.

Secular Equilibrium: If a radioactive nuclide A produces a radioactive daughter nuclide B, then the
number of atoms of B will be constant (equilibrium) when

dN A/dt = dNB/dt
or —)\ANA = —)\BNB — /\ANA = )\BNB

Nuclear Fission and Fusion

In the case of fission and fusion reactions, the total mass of the product is less than the total mass
of the reactant. The missing mass is called mass defect, Am. This missing mass has been converted
into energy in the fission or fusion reaction. The mass defect can be calculated by subtracting the total
mass of the product particles from the total mass of reacting particles. Thus, Am = mass (reacting par-
ticles) — mass (product particles)

The energy thus evolved from an event is called Q-value of the reaction. Thus, the amount of energy
per event can be calculated from the equation:

E = Amc?

Atomic mass unit (u): This unit is defined as (1/12) the mass of a '2C atom. Its energy equivalence
is:

1u=931.49 MeV

Nuclear Fission

For some elements the nuclei are not stable. One such nucleus breaks apart into two large fragments,
one or more neutrons, and a large amount of energy. This phenomenon is called nuclear fission. The
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kinds of fragments produced are not unique but do follow a certain pattern. Nuclear fission can be spon-
taneous or induced.

For example, 22U when bombarded by slow neutrons absorbs the neutron and may break up into a
nucleus of '“°La, /Br with the emission of two neutrons and a large amount of energy.

/

Unstable

@/
slow
@ B — B — B —

@

N

These neutrons if slowed down may be absorbed by other 2°U nuclei and produce more fission.
When this process becomes self-sustaining, it is called chain reaction. The controlled chain reaction is
used in the nuclear power plants to produce electricity.

Some fission reactions:

Average energy output for 23U fission = 200 MeV per event

in + 2350 — '¥Ba + 3Kr + 3 |n
on + 20U — 1iBa + 22Kr + 3 n
on 4+ 23U — 0%e + 3Sr + 2 |n
in + 28U — 1¥Ba + 22Kr + 3 |n

1 238 140 97 1
on+ 92U—> 57La + 35B1r + 2 on

Nuclear Fusion

In nuclear fusion two nuclei when brought close together may combine to form a larger nucleus
and release large amounts of energy. For example, two nuclei of deuterium (heavy hydrogen) may fuse
together to form an isotope of He and emission of a neutron. To initiate the nuclear fusion reaction the
nuclei have to be brought very close together so that the short-range nuclear forces could overtake. It is,
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however, very difficult to bring the two nuclei together because of the mutual repulsion due to their like
(positive) charges. In order for them to come close enough, they should be made to move toward each

Short range for
nuclear strong force

S

Two nuclei are out of range for nuclear strong force.
There is coulomb repulsion but no nuclear attraction.

—> Coulomb repulsion

<__> 4__, —» Nuclear strong force

Two nuclei are close enough to be within the range of nuclear strong force.
Strong nuclear attraction fuses the nuclei with emission of energy.

other with very high speeds equivalent to the temperatures of millions of degrees Kelvin. The sun gets its
energy from the nuclear fusion reactions, which was initiated at the time of evolution of the solar system.
Inside the sun’s core, the temperature is 6 million Kelvin, which is sufficient to sustain the fusion reac-
tion. However, on the earth the fusion reaction created so far is of only an uncontrolled nature (hydrogen
bomb). This is triggered by creating high temperatures with an atomic bomb (fission bomb) and allowing
fusion materials such as heavy hydrogen, to rise to a temperature of millions of Kelvin for the fusion
reactions to start. But once started, the fusion reaction is out of control and results in an explosion. Efforts
are underway to produce a controlled fusion reaction to obtain clean energy (almost free of radioactive
waste) for peaceful purposes.

Some fusion reactions:

H — proton, 2H — deuteron, 3H — triton
H+ H-?H+ % + v+ 1.44 MeV
H + 2H — 3He + y + 5.49 MeV
{H+3He —JHe + ,%¢ + v
3He + 3He — #He + 'H + 'H + y + 12.86 MeV
*He + {H — 3He + (n + 3.3 MeV
2H + 2H — 3H + H + 4.0 MeV
2H + 3H — jHe + !n + 17.6 MeV
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Elementary Particles

Name - Electric Charge

—— Number of Color Charges

r

Symbol ~<—1— Mass in MeV

Model of Elementary Particles

Three Generations of Matter Force Carriers
(Fermions) (Gauge Bosons)
I I 11
Up +o/3 || Charm 55 || Top/ |55 Photon
Truth
Electro
3 3 t 3 magnetism
olU 1C . U -
u ~5 ~ 1350 >131,000 0
a
' |Down _ Strange Bottom/ Gluon
|; 1/3 1/3 Beauty 1/3 0
Strong
d 3 S 3 b 3 Interactions
~9 ~175 ~ 4500 g 0
Electron 0 Muon 0 Tau 0 Z zero 0
neutrino neutrino neutrino
Ve V. V. L
e
~0.0000070 27 31 911,870
ﬁ’ o= T = Weak
o |Electron _ Muon Tauon W . Interactions
1 1 1 Pl +1
n us
s Minus
e 0.511 “” 105.66 T 1777 1 80,220

Symbol Antiparticle  Charge (e) Mass (MeV/c2)

Up U i +2/3 1.5-3.3
Down d d -1/3 3.5-6.0
Charm c ¢ +2/3 1160-1340
Strange s s —1/3 70-130
Top 7 +2/3 169,100-173,300
Bottom b b -1/3 4,130-4,370

Electron, tauon, and muons are charged leptons, while neutrinos are leptons.
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Leptons
Name Symbol Antiparticle Charge e Mass (MeV/c?)
Electron e E* -1 ~0.511
Electron neutrino v, v, 0 <22eV/c?
Muon wo Y -1 ~ 105.6
Muon neutrino v, v, 0 < 0.170
Tauon T Tt -1 ~1,776.8
Tauon neutrino v v 0 <155

Charge Mass

Symbol Antiparticle (e) Spin  (GeV/c?) Force mediated Existence

Photon 0% Self 0 1 0 Electromagnetism | Confirmed

W boson W- W+ -1 1 80.4 Weak Confirmed

Z boson V4 Self 0 1 91.2 Weak Confirmed

Gluon g Self 0 1 0 Strong Confirmed
Graviton G Self 0 2 0 Gravity Unconfirmed
Higgs boson H? Self? 0 0 > 112 See below Unconfirmed

Hadrons are defined as strongly interacting composite particles. All hadrons are composed of quarks
which are fermions.

Organization of Fermions

First Second Third
Charge generation generation generation
+2/, Up u | Charm ¢ | Top
Quarks
=1 Down d | Strange s | Bottom
-1 Electron e~ | Muon ~ | Tauon T
Leptons . . .
P 0 Electron neutrino | » . | Muon neutrino v, Tauon neutrino v,

X-ray Crystallography

X-ray diffraction can be used to study crystal structures. As shown in the figure that follows, a beam
of X-rays is incident at a grazing angle 6 to the surface of the crystal. The lattice atoms act as scatter-
ing centers for the beam and a diffraction pattern can be detected. The Bragg’s equation helps find the
distance between the lattice planes.
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|
|
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|
|
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|
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|
|
|
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|
|
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Spacing between A
the lattice planesk ? Lattice Plane

dsin6

|
|
|
|
*
|
|
|
Fy
|
|
|
|

X-ray Diffraction from a Crystal Surface
Bragg’s Law d sin # = mA

d = spacing between lattice planes

0 = angle between X-rays and the crystal surface
m = order for intensity maximum

A = X-ray wavelength

Specific Heat of Gases

(Questions present; no questions added)

Specific Heat at Constant Pressure (C_): It is defined as the amount of heat required to raise the
temperature of 1 mole of a gas through 1 K (or 1°C) at a constant pressure. Hence,

Q=n CpAT

Specific Heat at Constant Volume (C,): It is defined as the amount of heat required to raise the
temperature of 1 mole of a gas through 1 K (or 1°C) at a constant volume. Hence,

Q =nC,AT
For a monatomic gas (such as Ar, He, Ne, H, O, etc.),
C, = 20.78 J/(mol.K), C,, = 12.47 J/(mol.K)
Internal Energy of Ideal Gas (U): The internal energy change (AU) of a given amount (n moles)

of an ideal gas depends only on the temperature change (AT). It is independent of the path between its
initial and final states.

AU = <;> nRAT

For an isothermal process, AU = 0 because AT = 0.
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Practice Exam 1

TIME: 170 Minutes
100 Questions

DIRECTIONS: Each of the questions or incomplete statements below is followed by
five answer choices or completions. Choose the best answer to each question.

1. Itis possible that the Newtonian theory of gravitation may need to be modified at short range. Sup-
pose that the potential energy between two masses m and m' is given by

/
V(r)= Gt _ (1—ae™"*)

r

For short distances » <<<< A, calculate the force between m and m’.

A) F— _Gi:;m’ D) F— _Gn;tn:’ a
®) F:_Gmm'(l—a) ) F:_Gmm’(l—a)
2
Gmm'(1+a)
(©) F:_w

2. The Stern-Gerlach experiment in quantum physics demonstrates the quantization of spin. Sample
data is shown in the figure. The conclusion is that

!

(A) the electron is a fermion and can have spin up or down

(B) the electron has no spin

(C) the electron can only have spin up

(D) the electron can only have spin down

(E) the electron is a fermion and can have spin 3/2, 1/2, —1/2, or —3/2
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3. By the early 1900s the two major theories of physics were Maxwell’s equations and Newton’s laws.
The transformation from a lab reference frame to a moving reference frame was achieved by the
Galilean transformation (x’ = x — vt and ' = ¢). Which of the two major theories was initially
thought to be invariant under these transformation equations?

(A) Maxwell’s equations

(B) Neither Maxwell’s equations nor Newton’s laws
(C) Both Maxwell’s equations and Newton’s laws
(D) Newton’s laws

(E) The invariance is not important.

4. A coin placed on a turntable revolves with the turntable without slipping. Which of the following
forces is providing the centripetal acceleration to the coin?

(A) Static friction (D) Its weight
(B) Kinetic friction (E) Nuclear strong
(C) Normal force

5. Consider that a coin is dropped into a wishing well. You want to determine the depth of the well
from the time 7 between releasing the coin and hearing it hit the bottom. If the speed of sound is
330 m/s, and T = 2.059 s, what is the depth / of the well?

(A) 20.77m
(B) 19.60m
(C) 23,564m b
(D) 18.43m
(E) 3920 m

6. A 10 g bullet (m) is fired into a 2 kg ballistic pendulum (M) as shown in the figure. The bullet
remains in the block after the collision, and the system rises to a maximum height of 20 cm. Find
the initial speed of the bullet.

(A) 28.0m/s
(B) 23.8m/s
(C) 3.98m/s
(D) 719 m/s
(E) 398 m/s
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A horizontal beam of length 10 m and weight 200 N is attached to a wall
as shown. The far end is supported by a cable which makes an angle of
60° with respect to the beam. A 500 N person stands 2 m from the wall.
Determine the tension in the cable.

(A) ON
(B) 700N
(C) 500N
(D) 231N
(E) 808N

When a 4 kg mass is hung vertically on a light spring that obeys Hooke’s law, the spring stretches
2 cm. How much work must an external agent do to stretch the spring 4 cm from its equilibrium
position.

(A) 1.57] (B) 0391 (C) 0.201J

(D) 3.14] (E) 0.7817

A cylinder with a moment of inertia I, rotates with angular velocity

w,. A second cylinder with a moment of inertia /, initially not rotating

drops onto the first cylinder and the two reach the same final angular I
velocity ;. Find ;.

(A) w, =,

(B) w,= ol /1,

©) w,= Lyw /I, + 1)) o
(D) w,= o, 1,/1,

E) o.=w/(l,+ 1)l

(E) 'y ody T 1)/, /wo

Three moles of an ideal diatomic gas occupy a volume of 20 m? at 300 K. If the gas expands adia-
batically to 40 m?, then find the final pressure.

(A) 162 Pa (B) 142Pa (C) 284Pa
(D) 182 Pa (E) 374Pa
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Calculate the specific heat of a copper coin using the law of Dulong and Petit, which states that
C,=3R.
v

(A) 0.047 cal/g.K (D) 0.27 cal/g.K
(B) 1.0cal/gK (E) 0.094 cal/g.K
(C) 0.54 cal/g.K

The tire of an automobile is filled with air to a gauge pressure of 35 psi at 20°C in the summer time.
What is the gauge pressure in the tire when the temperature falls to 0°C in the winter time? Assume
that the volume does not change and that the atmospheric pressure is a constant 14.70 psi.

(A) 49.7 psi (D) 31.6psi
(B) 35 psi (E) 46.3 psi
(C) 14.7 psi

Polarized light of intensity / is incident on a polarizer with a plane at an angle of 45° to the optic
axis of the polarizer. The intensity of light /' emerging from the polarizer is

(A) 0 (B) /1 (C) 1K1
D) (1vV2)1 (E) V2I

One of the following lists the four fundamental forces of nature in order of increasing strength.
Choose the correct letter.

(A) Gravitational, weak, electromagnetic, nuclear
(B) Weak, electromagnetic, nuclear, gravitational
(C) Electromagnetic, weak, gravitational, nuclear
(D) Weak, gravitational, electromagnetic, nuclear
(E) Nuclear, electromagnetic, weak, gravitational

A metallic chain of length L and mass M is vertically hung above a surface with one end in contact
with it. The chain is then released to fall freely. If x is the distance covered by the end of the chain,
how much force (exerted by the bottom surface) will the chain experience at any instant during the
process?

(A) N=Mg— Mx" l

(B) N =3Mg Lx

(C) N=Mg—2Mx" N

(D) N= (@M/L)gx T

(E) N=Mg L
—> X |
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16. A thin-shelled sphere of radius p and mass m is constrained to roll without slipping on the lower half

17.

18.

19.

of the inner surface of a hollow, stationary cylinder of inside radius R.

2 . L
If 1= gmpz, the Langrangian function is

1 R? 1
(A) L= m(R~ ,0)2?(9’)2 + ng2(9’)2 +mg(R—p)cos

B) L= mR2(0') +mg(R— p)cos 6

6
1 R L
(C©) L=-mR—p)"—(0")"—-mR(0")"+mg(R—p)cosO
2 p? 6
1 2R2 "2
(D) inm(R—p) ?(9) +mg(R—p)cosO
1 2R2 "2 1 2/0"\2
(E) L:Em(R—p) E(G) —|—8mR (6')"—mg(R—p)cos 6

Two equal masses m; = m, = m are connected by a spring having Hooke’s
constant k. If the equilibrium separation is /, and the spring rests on a fric-
tionless horizontal surface, then derive w,, the angular frequency.

(A) k/m (D) 2+/k/m
(B) /2k/m E) e/l
(C) /3k/m

Which of the following defines a conservative force?

my my

(A) f F-dA=0o0orV-F=0. (D) The force must be electromagnetic.

(B) The force must be frictional. (E) f F-dr=00rVXF =0.

(C) The force must be nuclear.

Consider a particle of mass m at temperature 7 which follows classical
Maxwell-Boltzmann statistics. Find the average speed (v).

(A) \/3kT /m (D) /8KT [wm
(B) /kT/m (E) \/2kT/m
(C) \/2kT/zm
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A 0.1 kg mass attached to a spring moves on a horizontal frictionless table in simple harmonic
motion with amplitude 0.16 m and period 2 s. Assuming that the mass is released fromrestatz = 0 s
and x = —0.16 m, find the displacement as a function of time.

(A) x=0.16 cos (1)

(B) x = —0.16 cos (mt + m) ‘ N
(C) x=0.16 cos (7t + 7) >

(D) x= —0.16 cos 2wt + )

(E) x=-0.16 cos (%t)

Consider a simple laboratory experiment where the length and width of a rectangle are measured
[ =545 % .05cmand w = 3.86 £ .02 cm. Find the uncertainty in the area AA.

(A) 0.05cm? (B) 0.02 cm? (C) 0.035 cm?
(D) 0.27 cm? (E) 0.12 cm?

Suppose that a man jumps off a building 202 m high onto cush-
ions having a total thickness of 2 m. If the cushions are crushed to
a thickness of 0.5 m, what is the man’s average acceleration as he
slows down?

A) g
(B) 133 g
© 5¢g
D) 2¢g
(E) 266¢g

A ball is thrown horizontally from the top of a tower 40 m high. The ball strikes the ground at a
point 80 m from the bottom of the tower. Find the angle that the velocity vector makes with the
horizontal just before the ball hits the ground.

(A) 315° (B) 41° (C) 0°
(D) 90° (E) 82°

A wheel 4 m in diameter rotates with a constant angular acceleration @ = 4 rad/s>. The wheel starts
from rest at + = 0 s where the radius vector to point P on the rim makes an angle of 45° with the
x-axis. Find the angular position of point P at arbitrary time ¢.

(A) 45° P

(B) 45 + 21 degrees

(C) 45+ 114.67 degrees

(D) 4¢* degrees X
(E) 229.2¢> degrees
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A common laboratory experiment involves the thermionic emission of electrons from metal sur-
faces. Use the Richardson-Dushman law, J = 4,T%¢~ %, to estimate the thermionic emission cur-
rent density for a tungsten filament at 2000 K. Take ¢ = 4.55 eV as the work function and 4, =
120 A/cm?K? as the Richardson constant.

(A) 0.00083 A/cm? (B) 0.00104 A/cm> (C) 0.00125 A/cm>
(D) 0.00146 A/em? (E) 0.00166 A/cm>

A spherically symmetric point source emits sound waves with a uniform power of 200 W. At what
distance will the intensity be just below the threshold of pain? (Assume / = 1 W/m?.)

(A) 1592m (B) om (C) 7.98m
(D) 7.07m (E) 3.99m

The electric field of a plane EM wave travelling along the z-axis is
E=(Ex+ EOy y) sin (wt — kz + ).

Find the magnetic field B.

(A) (—Ey,x+ E; y)cos(wt — kz + $)lc
B) (B, x + E()y y) sin (wt — kz + ¢)/c
© (—Ey, x + Eg, y) sin (wt — kz + ¢)/c
(D) (E, x + EOy y) cos (wt — kz + P)/c
(E) (—Ey,x—EyYy) sin (wt — kz + ¢)/c

Parallel rays from a point object are incident on a prism of index
of refraction n (shown) at near normal incidence. Calculate the
deviation angle of the rays.

(A) « (D) (n— 0.5«
B) (n— D (B) (n+ 0.5«
©) (n+ DHa

Find the amount of horizontal deflection of a particle falling freely from height / in the Earth’s
gravitational field. Let A be the latitude and w be the Earth’s rotational frequency.

(A) 1/3w cos(A)y\/8h3/g (D) @Rg cos(A)+\/2h/g
(B) 2w cos(A\)h (E) o cos(A),/8h%/g
(C) ® cos(A)/8hg

Calculate the centripetal force required to keep a 4 kg mass moving in a horizontal circle of radius
0.8 m at a speed of 6 m/s. (r is the radial vector with respect to the center.)

(A) 39.2 N tangent to the circle (D) —180NT
(B) —30.0 N tangent to the circle (E) 180NT
(C) 1440Nr
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32.

33.

34.

35.

36.

GRE PHYSICS

Find the tension 7, in cord 2 for the system drawn below. The
system is in equilibrium.

(A) 19.6N
(B) 392N
(C) ON

(D) 17.0N
(E) 339N

m = 2 kg

A simple pendulum of length 50 cm is suspended from the ceiling of a train compartment. If the
train accelerates at three-fourths the acceleration of gravity, the equilibrium position of the bob is
cm vertically below the ceiling.

(A) 25cm (B) 30cm (C) 40 cm
(D) 50cm (E) Ocm
A wheel 4 m in diameter rotates on a fixed frictionless horizontal T

axis, about which its moment of inertia is 10 kg m?. A constant
tension of 40 N is maintained on a rope wrapped around the rim

of the wheel. If the wheel starts from rest at ¢t = 0 s, find the d
length of rope unwound at ¢t = 3 s.

(A) 36m (D) 720 m
(B) 72m (E) 180m
(C) 18m

In Kepler’s problem of planetary motion, various values of the eccentricity and hence the energy
E classify the orbits according to conic sections. What value of the eccentricity € and the energy £
belongs to a parabolic orbit?

(A) e>1landE>0 (D) e<O0andE<V .
B) 0<e<landV , <E<O0 (E) e=1landE=0
(C€) e=0andE=V_

A scientist wants to take a picture of a distant yellow object using a pinhole camera such that the
picture is of maximum sharpness. Let A = wavelength of yellow light, d = diameter of the pinhole,
and D = the distance from the pinhole to the film. Find d.

(A) V2.44AD (D) VAD
(B) 1.22A%D (E) v1.22AD

(C) 2.44\%/D

A 55-year-old woman has a near point of 100 cm. What lens should be used to see clearly an object
at the normal near point of 25 cm? (Find the focal length of the required lens.)

(A) 20cm (B) —333cm (C) 333cm
(D) —25cm (E) 100 cm
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38.

39.

40.

41.

PRACTICE EXAM 1

Consider a Young double-slit experiment where the two slits are spaced d = 0.1 mm apart. If when
the screen is at a distance / = 1 m, the first bright maximum is displaced y = 0.5 cm from the central
maximum, then find the wavelength of the light.

nm nm nm
A) 400 B) 800 C) 1000
(D) 500 nm (E) 5X 1078 nm

In general, waves have two velocities, the group velocity and the phase velocity. What is the phase
velocity of a relativistic particle?

(A) Its physical speed v (D) c*p/E
(B) ¢4/ 1+ (mc? /hk)? (E) Itis not defined.
(C) dwlok

Two infinite nonconducting sheets of charge are parallel to each other. Each sheet has a positive
uniform charge density . Calculate the value of the electric field to the right of the two sheets.

(A) 0

(0
(B) %X y
o

(o) >
(D) 7?0X X

(E)

(e
—X
& o o

The dimensions for the universal gravitational constant G is

(A) M'L3T2 (D) M'L!'T!

(B) M'L3T1? (E) None; it is dimensionless.
(C) M3L!'T?

A thin rod stretches along the z-axis from z = —d to z = d as shown. z

Let A be the linear charge density or charge per unit length on the rod
and the points P, = (0, 0, 2d) and P, = (x, 0, 0). Find the coordinate x

such that the potential at P, is equal to that at P,. d
(A) 0 (D) V2d
B) d (E) 2d . i
(C) V3d
_g L
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A capacitor is constructed from two square metal plates of area L? separated by a distance d. One-
half of the space between the plates is filled with a substance of dielectric constant (k). The other
half is filled with another substance with constant (k,). Calculate the capacitance of the device
assuming that the free space capacitance is C,,. d

S —
(A) 0.5 Cyk k,/(k; + Ky)
(B) (k, + K2)C0
©) Kk, Cof(k; + K5,) " "

(D) 2Ck,k,/(k, + K,)
(BE) (k; + ky)Cy2

Consider the circuit shown below. Calculate the effective resistance of the circuit and use this
knowledge to find the current in the 4 () resistor.

50 30 10
A) A
B) 'hA il
©) 3, A 12V — 10Q 10 Q 40
D) 1A
(E) 1Y, A

20 20 50

Consider a plane wave travelling in the positive y-direction
incident upon a block of glass of refractive index n = 1.6.
Find the transmission coefficient.

(A) 0.00 (D) 0.59
(B) 1.00 (E) 0.15
(C) 0.77

Which one of the following Maxwell equations implies that there are no magnetic monopoles?

_pr
(A) V-E=
B) V-B=0
JB
(©) VxE=—=

JE
(D) VxB :.UOJ—HJo&)ﬁ

(E) Magnetic monopoles have recently been found.

The diameter of a horizontal pipe changes along its length. As the water flows from the narrow sec-
tion into the broader section of the pipe, which of the following is true about the rate of flow R and
the speed of water v in the broader section?

(A) R isthe same; v decreases. (D) R is the same; v increases.
(B) R decreases; v decreases. (E) R increases; v decreases.
(C) R increases; v increases.
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Consider an hourglass on a scale pictured below at times ¢ = 0, 0.001, and 1 hour. What happens to
the scale’s measure of weight of the hourglass plus sand combination as the sand falls?

(A) The reading of weight is constant.

(B) The reading of weight decreases and then increases.

(C) The reading of weight increases.

(D) The reading of weight increases and then decreases.

(E) The reading of weight increases and then remains constant.

A wire in xy-plane 100 cm in length carries a current of 1 Amp in a region where a uniform mag-
netic field has a magnitude of 1 Tesla in the x-direction. Calculate the magnetic force (including
direction) on the wire if § = 45° is the angle between the wire and the x axis.

(A) 0.707zN (D) —0.707zN
(B) 1.414zN (E) 0, since [ is not parallel to B
(C) —1414zN

A permanent magnet alloy of samarium and cobalt has a magnetization M = 7.50 X 10° J/Tm?.
Consider two magnetized spheres of this alloy each 1 cm in radius and magnetically stuck together
with unlike poles touching. What force must be applied to separate them?

(A) 74N (B) 185N (C) 37N
(D) 11IN (E) 93N

Recall the equation for a series RLC circuit. Compare this to the parallel resonant circuit shown and
find R, if a series RLC circuit and the parallel RLC circuit are to have the same equations for the
potential of capacitor while they both have the same L, C, and Q.

(A) R,=R h I

(B) R,=L

(©) Ri =1/C W/\* &

(D) R, = LYRC? C— Fo L
(E) R,=L/RC

In a simple AC circuit involving only a resistor R = 50 () and a voltage source V, find the linear
frequency of the generator if V' = 0.50 V_ at time ¢ = 1/720 s. (Assume V' = 0 at # = 0 also.)

(A) 120 7 Hz (B) 21,600 Hz (C) 60 Hz
(D) 3400 Hz (E) 60 Hz
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Use Ampere’s law to derive for the magnetic field of a toroid
(N turns) of inner radius a and outer radius b at a distance »
midway between a and b.

(A) u NI2m(b — a)
B) wN/m(b — a)
(C) mNIl/mh

(D) pl/m(b — a)
(B) 4u Nllm(b — a)

Cross section of toroid seen
from the top

Two parallel conductors separated by a distance r carry cur- Iy
rents /, and 7, in the same direction as shown below. What is
the force per unit length exerted on the second conductor by
the first?

(A) (=l L,2mx)x
B)  (mol L,2mx)x
(©) (gl L/m)x e
(D) (=l L/ mx)x X

(B)  (myml L/x)x

y

Consider a series RL circuit with R = 10 ), L = 10 uH, and ¥ = 30 volts. Suppose that / = 0 at
¢t = 0. Find the energy stored in the inductor as t — o,

(A) 9.0 X 1075]J (B) 907 (C) 457
(D) 45X 1075 (E) 1.5%X 10757

Consider a circuit that consists of four resistors (each with R = 1 M()), R

a capacitor (C = 1 wF), and a battery (V' = 10 V) as shown. If the m
capacitor is fully charged and then the battery is removed, find the cur- m
rent at ¢ = 0.5 s as the capacitor discharges through the same resistors. m
(A) 40 uA (D) 14.7 pA c

(B) 20 uA (E) 54 uA |

(C) 243 uA Vv

Two wires are bent into semicircles of radius a as shown. If the upper half has resistance 2R () and

the lower half has resistance R (), then find the magnetic field at the center of the circle in terms of
the current /.

2R QO
(A) —(pl/12a)z
(B) (w,/12a)z
(C) —(w,l/6a)z !
D) (ul/4a)z
(E) —(nel/da)z
R Q
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What is the magnetic field at the center of a circular ring of radius r that
carries current /?

(A)  pli2r (D) wllar I
(B) w27 (E) Itis equal to zero.
(©C) wmlir

Consider a Fermi gas of electrons at low but non-zero temperature 7. How does the thermal energy
vary with the temperature?

(A) Proportional to T (D) Proportional to 72
(B) Proportional to pT’ (E) Proportional to 7/E(p)
(C) Proportional to T*E(p)

How fast must a 2 m stick be moving along its length if its 1 — >y
observed length is 1 m as seen from the laboratory frame?

(A) Length is the same in every reference frame.
(B) 0.866 X 1072 m/s

(C) 1.50 X 108 m/s

(D) 2.60 X 108 m/s

(B) 2.12 X 108 m/s

In the classic Fizeau experiment to verify the special theory of relativity, the speed of light in a mov-
ing liquid of refractive index # is measured. If the speed of the liquid is v, then what is the measured
speed of light in the laboratory frame?

(A em+v (D) (¢/n +v)/(1 — v/cn)
(B) cn (E) ¢
(©) (¢/n+ v)/I(1 + vicn)

An inertial system K’ is moving with a velocity 0.8 ¢ relative to the inertial system K along the xx’
axes. A particle in K has velocity

V= (0.5, \@/2) c

Find the velocity of the particle in K'. y K y K
(A) Vv =catf=120° > 08c
(B) v/ =catf=060°

(C) v =092catf =109°

(D) v =092catf ="171°

(E) v =05cath =30° X - X

Light of wavelength 450 nm is incident on a Na surface for which the threshold wavelength of the
photoelectrons is 542 nm. Calculate the work function of sodium.

(A) 2.76eV (B) 2.29eV (C) 0.47eV
(D) 4.76 eV (E) 1.00 eV
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In a Coolidge tube, electrons are accelerated to energy of 10 keV for x-ray production. The photon
for the x-ray produced have energies

(A) from 0-1 keV (D) 10 keV and higher
(B) from 0-5 keV (E) at10keV
(C) from 0-10 keV

In a Rutherford scattering experiment, 10 MeV « particles are scattered by a gold foil 0.1 wm thick
into a detector whose sensitive area is 10 cm? which is placed 50 cm from the target and makes an
angle of 45° with the incident beam. Calculate the differential cross section in the center of mass
system in barns (b) per steradians (sr). (1 millibarn = 10~28 square meters.)

Y
{ 45° =0
xe————» g
Au
(A) 2.65Db/sr (D) 15.1Db/sr
(B) 1.04 b/sr (E) 4.08 b/sr

(C) 3.78 bfsr

What was achieved by the recent discovery of the /" and Z intermediate vector bosons?

(A) The nuclear force was discovered.

(B) The gravitational and nuclear forces were interlinked.
(C) The proton will decay in 103! years.

(D) There are particles called rishons inside the quarks.
(E) The electroweak unification was verified.

Consider a mechanical model of the proton where the spin is due to its rotation. Assume the proton
to be a uniform solid sphere and derive the equatorial velocity. (Assume m, = 1.67 X 1077 kg,
r=10""m)

(A) 1.58 X 108 m/s (D) 1.87 X 108 m/s
(B) 3.00 X 108 m/s (E) 7.88 X 107 m/s
(C) 3.94 X 107 m/s

In quantum mechanics, one may picture a wave function in either momentum space or configura-
tion space. If the wave function in momentum space is ¢(p) = N/(p*> + o), then calculate the wave
function in configuration space (aside from a multiplicative constant).

(A) e @ (B) cos (px/h) (C) sin (px/h)
(D) e—alxl/h (E) esz/h
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Calculate the coefficient of reflection for a particle incident on a step potential with £> V. Let

k=2mE [k, k' = \/2m(E — V) /k

(A) R=0
Viv
(B) R=
ANANANNANNN
k—K |?
R=|——
© k+k £
V(
k_k/ 0
R=|—" - .
(D) k+k X
k

Consider the hydrogen molecule H, as a rigid diatomic rotor of separation » = 1 X 107! m between
two protons. Calculate the energy of the £ = 3 level in the rotational spectrum.

(mp = 938.280 X 10 eV/c?
h=414X10"5eV -5

(A) 0.10eV (B) 0.05eV (C) 0.15eV
(D) 0.005 eV (E) 0.10eV

An object of mass 0.4 kg is attached to a spring of Hooke’s constant £ = 200 N/m and subject to a
resistive force — bx’ where v = x' is the velocity of the object in m/s. If the damped frequency is
0.995 of the undamped frequency, find the value of b.

(A) 3.20 kg/s (B) 1.79 kgs (C) 1.60 kgs
(D) 0.895 kg/s (E) 0.00 kg/s

The activity of a radioactive sample drops to 1% of the original activity in 5 hours. The half-life of
the element is

(A) 0.05 hour (B) 500 hours (C) 5/In(100) hour
(D) 5(In2/In100) hours (E) (In2)/5 hour

According to classical mechanics, the atom will decay in a very short time. Roughly how long does
it take for the electron to spiral into the nucleus as it emits electromagnetic radiation?

(A) 107i0s (B) 10’25 (C) 107Ss
(D) 107%s (E) 1072s

The w-meson has the same charge as the electron, but a greater mass m | = 207 m,. Use Bohr theory
to find the radius of a u-mesonic atom with nucleus of charge Ze orbited by the u™ as compared to
the radius of the hydrogen-like atom.

(A) Py =Ty (B) = 207 er (©) = 2072 Ty
(D) r,= ry /207 (E) r,= ;1207
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X-rays with an energy of 50 keV undergo Compton scattering from a target. If the scattered rays are
detected at 45° relative to the incident rays, find the energy of the scattered X-ray.

(A) 51.4keV (B) 48.6keV (C) 52.8keV
(D) 47.2keV (E) 50.0 keV
For collisions between identical par- V)
ticles, what is the relationship between
the CM and the laboratory scattering \'2 V= 6iap
angles? > ¢  commmmmoooohoomooooeo
() 0= \
EE; z i Zg ; i Initial and final lab situation U

= 1
(D) 6=4y/2 1/L”
E) 6=2¢

U, =Vy/2 6 = 6cm

Initial and final CM situation

In the Mossbauer effect, the absorption by the absorber may be destroyed by moving the source. For
the case of °’Fe in a lattice where the gamma ray has energy 14.4 keV and lifetime 9.8 X 1073 s,
find the minimum source speed necessary to destroy the resonant absorption.

(A) 0.028 cm/s (B) 0.010 cm/s (C) 0.100 cm/s
(D) 0.014 cm/s (E) 0.007 cm/s

Calculate the speed of a proton of kinetic energy 1 TeV in the Tevatron at Fermilab in Batavia, I1li-
nois. (Use a Taylor expansion.)

(A) 0.999 999 6¢ (B) ¢ (C) 0.999¢
(D) 0.999 9¢ (E) 0.999 999 94c

Calculate the thermal energy associated with the reaction, O, in MeV (with negative and positive
referring to endothermic and exothermic, respectively) for the nuclear reaction 2’ Al(d,p)*8Al given
that m(*’Al) = 26.98154, m, = 2.01473, m, = 1.00794, and m(*8Al) = 27.98154, all in amu.

(A) —6.32 MeV (B) 0.0 MeV (C) 6.32MeV
(D) 6.83 MeV (E) —6.83 MeV

The nuclear charge density as found from electron scattering is given by p(r) = py/(1 + e~ /),
What is the meaning of the fit parameter 5?

(A) b = 1.12 A3 gives the half density radius.

(B) It is merely a fit parameter and has no physical meaning.
(C) Itis the classical electron radius b = e*/m c?.

(D) Generally, b = and r < a, so that p(r) = p,.

(E) b = 0.6 fm is related to the surface thickness.
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81.
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A simple wave function for the deuteron is given by ¢(r) = 4 sin[k(r — a))/r fora <r <a + b
and ¢(r) = Be ¥/r for r > a + b. Which of the following expressions can be used to normalize the
wave function ?

a+b
(A) 1:/ A% sin®k(r —a)dr ro(r)

a+b
(B) 1:/ A% sin?k(r —a)dr
a

26—2kr
+ B 5 dr /\
|

a+b r
© 1= B a a atb
a+b 2

r

a+b
(D) / A2 sin?k(r— a)dr

e—2kr

— B?
a+b

3 dr

a-+b oo —2kr
(B) 0= / A2 sink(r—a)dr+ | B

a a+b

dr
2

Using the Boltzmann factor, calculate the percentage of hydrogen molecules in the first rotational
level relative to the ground state at 7 = 300 K. Assume that » = 1.06 X 107 !% m is the appropriate
molecular distance.

(A) 75% (B) 50% (C) 25%
(D) 0% (E) 90%

SQCO is a B~ emitter. In addition to the B~ particle, there are two more particles produced one of
them is $INi, the other must be

(A) aneutron (B) apositron (C) an anti-neutrino
(D) aneutrino (E) aphoton

According to Bose-Einstein statistics, there exists a Bose condensate for collections of bosons.
What does this mean?

(A) As T— =, all particles reside in excited states.

(B) For T'< T (critical temp.), all particles reside in the ground state.
(C) Bosons are not physically meaningful particles.

(D) Bosons are like fermions.

(E) For T'< T (critical temp.), bosons dissolve into quarks and gluons.

Which of the following most correctly describe Moseley’s law (where v is the x-ray frequency)?

(A) wvis proportional to Z for x-rays. (D) wis proportional to 1/Z? for x-rays.
(B) wvis proportional to 1/Z for x-rays. (E) wvisindependent of Z.
(C) wis proportional to Z? for x-rays.
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In the Zeeman effect, the energies corresponding to spectral lines are found to be split into addi-
tional lines by an external magnetic field, B. The separation of these lines is proportional to

(A) eB2mc (B) eB/mc (C) ugB

(D) 2u,B (E) pyB2

Consider a quantum mechanical two particle system for which the wavefunctions are W (1, 2) and
W (2, 1). What is the symmetric eigenstate of the exchange operator P ,?

1
() —5[¥(1.2) +(2.1) D) ¥ 1)

1 .
(B) ﬁ[‘P(l,Z Y(2,1)] (E) There is none.
€ ¥(1,2)

Consider N noninteracting bosons in an infinite potential box of width a. What is the ground state
energy?

(A) K 7 N/ma?
(B) K 7?/2ma?
(C) K 7*/ma?
(D) h? 7*N/4ma®
(E) h? 7*N/2ma?

Viy |

>

A
Y

—al2 a2

A block of wood is constrained to stay under water by ™\ e
a light string attached to the bottom of the beaker as
shown in the diagram. The weight of the block is W and
the buoyant force on the block is . The tension in the Block
string must be

(A) 0 - String

B) F
(D) W-F,
(E) Fy— W

The specific heat of solids is explained by the Debye theory, which is in agreement with the Law of
Dulong and Petit for

(A) low temperature

(B) high temperature

(C) acritical temperature T'= T only
(D) metals only

(E) insulators only
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[2kT
Use the Maxwell velocity distribution, < v >= e to find the ratio of the average speed of an
N, molecule to the escape speed from the surface of the Earth.

(A) 1.0 (B) 0.44 (C) 0.038
(D) 1.86 (E) 0.056

An unpolarized beam of light is incident on the surface of a glass plate. It is found that at a certain
angle «, the reflected is plane polarized. The index of refraction is then given by

(A) sina (B) cosa (C) tana
(D) cota (E) o

The lowest nucleon resonance state is the A, which has a mass of 1232 MeV/c? and a width of 120
MeV. Calculate the lifetime of this / = 3/2 nucleon state.

(A) 55X 10725 (D) 6.9X107%s

(B) 12x10719s (E) 84x107Vs
(C) 33X10 35

According to the quark model, hadrons are made up of quarks. What is the quark composition of
the proton?

(A) The proton is not a hadron. (D) uu
(B) sss (E) uud
(C) udd

For the one-dimensional harmonic oscillator, the potential energy is U = 1/2 kx? and the ground
state wave function is

Uy = Ce "

Find the constant C. (Note / L VA

— /2102
(A) C=+/2a/ (B) C=+/a/m € Cc=1
(D) C = Qa/m)" (E) C=ua

A spring-mass system is suspended from the ceiling of an elevator. When the elevator is at rest,
the system oscillates with period 7. The elevator now starts and moves upward with acceleration of
a = 0.2 g. During this constant acceleration phase, the spring-mass system will have the period of

(A) Vo2r B) /(5T (C) 0.04T
(D) 25T (E) T
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Time dilation may be observed in a jet airplane using an atomic clock. Suppose that the plane
moves at 600 mph. If the laboratory time is Az = 1.00 s, by what amount is time dilated?

(A) (1 —4X%x10"B)s
B) (1+4x10"B)s
(©) (1 —8X%X10"B)s
(D) (14+8x10"B)s
(E) There is no time dilation for such a low speed.

In an ideal monoatomic adiabatic expansion, if the volume of the gas doubles from V), to 2V, then
what happens to the temperature?

(A) Risesto 1.59 T (D) Fallsto 0.5 7
(B) Remains constant (E) Fallsto 0.63 7
(C) Risesto2 T,

The specific gravity of lead is 11.35 g/cc and the radiation length is 0.53 cm. How much energy is
lost by a beam of 10 MeV photons incident on a lead target of 3.00 g/cm? thickness?

(A) 3.03 MeV (B) 10.0 MeV (C) 6.07 MeV
(D) 9.01 MeV (E) 5.34 MeV

The bulk modulus of water is B = 2.04 X 10° Pa. Find the wavelength of a wave with a frequency

of 262 Hz. (Note: v = / g

(A) 10.9m (B) 5.45m (C) 8.32m
(D) 4.16m (E) 153 m

Which of the following is NOT true for a converging lens in optics?

(A) A ray parallel to the optic axis passes through the focus.

(B) A ray originating at the focus is bent parallel to the optic axis.

(C) A ray through the center of the lens is bent parallel to the optic axis.
(D) An object placed at the focus has image at infinity.

(E) An object at infinity has image at the focus.
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(B)
(D)
(A)
(D)
(B)
(E)
(D)
(A)
©
(E)
(B)
(A)
©
(B)
©
©

86.
87.
88.
&9.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.

(A)
(E)
(E)
(B)
©
©
(A)
(E)
(D)
(E)
(A)
(E)
©
(B)
©
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Practice Exam 1

Detailed Explanations of Answers

1. (B)
The force may be found from the derivative of the potential.
G /
V(r) = -2 (1 —ae ")
r
av. Gmm’ _a Gmm'a _,
dr P2 (1-ae™) - r A° /
Gmm' /A r r
:T<l—ae /(1+1)) z<<l
d /
F:—d—v =G
"lr<<a "

2. (A
The two peaks in the intensity versus z plot verify the quantization of spin. The force exerted upon
the electron in the atom is given by

0B,
F, = .UZO—TZ

Since w_ = * !, w,, there are two peaks.
Mz 21“3 p

3. (D)

Newton’s laws are invariant under the Galilean transformation equations since

x'=x—vtandt =t¢

Thus Vv = d—X/ = @ —
’ ' dt
and R

azi_i_
dr?  df?

However, Maxwell’s equations are not invariant. This was one of the clues that brought about the devel-
opment of the special relativity theory.
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4. (A)
The centripetal force is frictional force pointing toward the center as the coin tries to slip away from
the center. Since the coin is not moving relative to the surface, the frictional force must be static.

5. (B)

The total time 7 is equal to the time ¢ that it takes for the coin
to reach the bottom and the time #* that it takes for the sound waves
to travel back to the ground level. d

1
d=~gt*
28

d
T=t+1", tx=—
1%

1 d\?
d=-g(T-%
(r7)

1 ., 1 ad d
~gT*+-g— —gT——d=0
28 +2gv2 85

2 2
f—d("+b¢>+#T%:o
g
v =330 m/s g =9.8 m/s?
d* —23,583.4d +461,679.5 =0

_ —b+Vb?—dac  23,583.4—23,544.2

d
2a 2

=19.6m

6. (E)
If v’ is the velocity of the combined system of the pendulum and the bullet right after the collision,
then according to the conservation of linear momentum

my = (m + My’



DETAILED EXPLANATIONS OF ANSWERS — PRACTICE EXAM 1

From the conservation of energy

h(m + M) = (m + Mgy

me—> ————————+ Rl S it e e e

M finally
initially

Some energy has been lost during the collision and converted to heat.

M M
V= +m\/: +m\/2gy

m m
2.010
=2 1/2(9.8)(.20
= 398 m/s

7. (D)

Since the system is in equilibrium, the sum of the torques
with respect to any point must be zero. By choosing the point of
the beam to the wall as the reference, we can write:

27=0,7=rFsina T
(500)(2) sin (90°) + (200)(5) sin (90°)
—(10)(7) sin (120°) = 0 60°

Therefore, T = 231 N is the desired tension.

200N
500 N
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8. A
Work done by the external agent is:
X
W= / F-dx
0
X
= / kx dx
0
1, ™
= Ekxz
0
1 =
_ Ekxz F = kx
In the free body diagram for the hanging mass, the downward Xx=2cm
gravitational force is balanced by the upward spring force. ”
F=mg=ix m = 4 kg Free Body
. mg 4(9.58) Diagram
x 002
= 1960 N/m
1
W = Ekxz
1
= 5(1960)(0.4)2
=1.57])
9. (O
From the conservation of angular momentum,
l
(L), = (EL)f
Lo, = (I, + Il)wf
I
D °
Or= Iy+1
/030

10. (B)

The ideal gas law is

pV = nRT
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Initially, Py = nRT/V,
= 3(8.314 X 107)(300)/(2 X 107)
= 3.741 X 103 d/cm?

In an adiabatic process — pV? = constant, thus

4 Y vo '\’
poVy = Ve, Pr=Dpo v,
f

where the exponent is
5 5 7
Y= (Cv +R)/Cv <2 + )/(2 ) 3

since a diatomic gas has two extra degrees of freedom.

2% 107\
4><107>

pr=(3.741 x10°) (

Q=142Pa

11. (E)
The law of Dulong and Petit states that the molar heat capacity is C}, = 3R

erg cal
:3(8.314 107 )
Y mol K (4.184X107%fg>

cal

=5.96
mol - K

Basically, there are six degrees of freedom that contribute to this molar heat capacity. To get the specific

heat, we must use the atomic mass of copper

1(mol)
=0
cal 1 mel
390 oK 635 &
cal
= .094 —
gK

Note that in the above equation, 4 is the mass in grams of Cu.
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12. (D)

GRE PHYSICS

The absolute pressure p is the atmospheric pressure plus the gauge pressure.

Now use the ideal gas law

p=p, tp;=35+147 =497 psi = pg

assuming constant volume. Thus,

13. (C)

T,
pV =nRT, 2v = ¢
p T
T,
P, = PSTV:

273

=49.7x

293

= 46.3 psi

Pow =D, — Pg = 46.3 — 147 = 31.6 psi

By the Law of Malus, I’ = I cos?0. If § = 45°, cos§ = 1\/2 and cos?0 = !/,. Hence, I' = 1/, I.

14. (A)

There are four known forces. In order of increasing strength, these are the gravitational force, the
weak force, the electromagnetic force, and the nuclear or strong force.

Also, since Einstein, physicists have been trying to verify the forces in a unified field theory.

15. (D)

The net total force exerted on the chain (by both the surface and gravitation) at any time is equal to
its mass times the acceleration of its center of mass.

L| N\ =linear
mass density = —
of the chain

l
?
|

—> X |
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To find the equation of motion of the center of mass, according to the figure, we can write (all the
distances are evaluated with respect to the hanging point):

Tmx  (xA)L+ (L—x)A (x+L5%)

tom =y T LA
L2—X2
=x+ 3L
, ,xx
:>xcm—x —T
xx! + x'? xx +x'?
Xy =x" — 7 = Mx!, =Mg—N=M x"—T

N = the normal force of the surface
But x” = g since the chain is falling freely and also we have
x'? = 2gx

(equation of motion with constant acceleration). So we have
M 3M
N = — 2 = —
7 (g +2x) = ——gx

16. (A)

L = T — U, where the Lagrangian L is set equal to the difference of kinetic energy 7 and potential
energy U. T = (1/2)/mV? + (1/2)Iw?, with the first term representing translational kinetic energy and the
second rotational kinetic energy. Now, V is the velocity of the sphere’s center of mass and w is its angular
velocity. They are related by the equation ¥ = (R — p)w. Since I = (2/3)mp?, we can write the kinetic
energy expression as

T = (12)mR — p)w? + (1/2)Q2/3)mp*w?

The potential energy can be written as U = —mg(R — p) cosf. We wish to find w in terms of 0, as
the Lagrangian involves a single generalized coordinate. To do this we note that when the sphere rolls
through a given angle 3, it traverses a distance of (p3) along the circumference of the cylinder. Thus, the
corresponding 6 for that traversal is 6 = (pf)/R. Taking the derivative of both sides and solving for w,
we obtain w = (R/p)@’, the prime on theta indicating the first derivative. Substituting, we obtain for the
Lagrangian:

1 R? 1
L= Em(R—p)ZE(O/)Z + ngZ(e’)2 +mg(R—p)cos 6
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17. (B)
In general
X = dy dy = dy X X
dx dt | |
I I
x, and x, are the separation of the two masses from their equilibrium my mz

positions along the respective axis parallel to their path of motion.
" _—_ __ — —
mx," = —kx where x = x|, — x,

n
myx," = kx

Note: x, the total compression or stretching of the spring, is equal to the algebraic difference of x, and
x,. Subtract the two equations to get

m(x," — x,") = —2kx

”n "

since m,=m,=mandx," —x,” = x

2k
mx" +2kx =0, X"+ = x=0
m

% [
woim 0)07 m

18. (E)

A conservative force is a force such that
fF-dr=OorV><F=0
these are equivalent conditions since
VXF=0
JVXF-da= [F-dr

by Stokes’ theorem.

j{F-erO

Stokes’ theorem relates the surface integral of the curl to a line integral of the original vector field.
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19. (D)
The Maxwell-Boltzmann differential probability for speed is

fv)dv = 4mervie ™A gy
then <v >:/ v f(v) dv// fv)dv
0 0
= / plemav’ dv// v2e™ " dy where o = m/ 2kt
0 0
=5L/h
Recall Iy = /w e gy = T/z
"~ Jo —2V2
o 1
and 11 :/ Veiavz dyv = —
0 2a

We also have:

Using integration by parts, we can write:

u=v"! N du= (n—1)V"2dy
dy = ve~ dy y= —ﬁe*“"z
_Vl’l—] 2 o oo 1 ) B
=1I,= Sq ¢ @ . —/0 ~3g¢ B (n— 1)V 2dy

Hence, we can write:

bL=—I
2 2060
R
3—2a1
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Finally,

<y>=22_=l_o 2a _9

8kT

20. (C)

The basic simple harmonic motion equation is
x = A cos (wt + 8)
A=16cm, T=2s
The linear frequency is then
v=1UT or v=1,Hz
Hence, w = 27v = 7r rad/s is the angular frequency. Hence, at ¢ = 0:

—16 = 16 cos (+6)

6 = mrrad
Therefore,
x = 16 cos (7t + )
21. (D)
From the theory of propagation of error:
A=lw
A N> (oA, \?
s () (20}
=/ (WAl)2 + (I1Aw)?

Tm

_ (5.45)(3.86)\/G:gz:)z+ <(3):gz

=0.27cm?

;
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22. (B)
Use basic kinematics.

2

Ve =y, = 2a(x — x;)
v =+2ax
— /2(9.8)200
202 m
= 62.61 ms
Vv:— vo2 = 2a(x — x,) l
2m
02 — 62.612 = 2¢(0.5 — 2) . T
a = 1307 m/s?
a=133g
using g = 9.8 m/s?

23. (A)

With standard kinematics, we get

\\e
35m

80m

1
y= Egﬁ, t=1/2y/g=1/80/9.8=2.865
80

X
= - = :2
=536 8.0 m/s

vy =vj =2a(y—yo)

vy = —/28y = —/2(9.8)(40) = —28.0 m/s

0 = tan <Vy> —315°
Vx
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24. (O)
0, = 45° P
180°
o = 4 rad/s® x a
7 rad
= 720/ deg/s®
Now
1
6= 90+a)ot+§at2
is one of the basic rotational kinematics equations.
360
—45° 4 —¢2
T

= 45° + 114.6°

25. (E)
b =455V

leV

kT = (1.381 x 107')(2000) 1,602 10~ erg

=0.1724 eV
The Richardson-Dushman Law states that
J = A,T?e T
= (120)(2000)2e—455/0-172k
0 = (E-) 0.00166 A/cm?

where A, = 120 A/cm?k* has been used.

26. (E)
Point source power remains constant as sound waves spread over the region. Since intensity is pro-
portional to the inverse of the area which receives the power, we can write:

N/

1= P/A

; r
= Pl4r? / \




DETAILED EXPLANATIONS OF ANSWERS — PRACTICE EXAM 1

Taking the area as the surface area of a sphere

r=+/P/anl
= /200/47(1)

=3.99m

27. (C)

The given electric field vector is

E=(Ex+E,y) sin (wt — kz + ¢)

_ (JE, OJE, JE, OE,
VXE_(&y_az>X+<8Z_8x>y

Taking the curl

= Eoyk cos(wt — kt + Pp)x — E k cos(wt — kt + P)y

__B
ot
By Faraday’s Law
B = —[(V X E)dt

integrating

= _EOy§ sin(wt —kz+ ¢)x +EOX£ sin(wt —kz+ @)y

= (—Eo,x+ EOXy)% sin(r —kz+ @)
28. (B)

Use Snell’s law to get:
sin 6, = nsin 6,
and nsin 6, = sin 6,
Taking the index of refraction outside of the prism to be 1.
Using the small angle approximation, we get

=no,
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and nb, =~ 0,
From geometry
a=0,+0,

and 65=(0,—6,)+ (0,0,

n02 - 02 + n03 - 03

(n — Da

Note that 0 is the internal angle of the small upper triangle.

29. (A)
Breaking w down into its x and z components
W= —wCOoSAX + ® Sin Az
Use v= —gtz
to find a=g— 20w Xv

As the acceleration
=g—2wcos(A)gtx X z
and a, = 2w gt cos(A)y

is the Coriolis acceleration

then
vy = /aydt = wgt* cosA
1 3
y:/vydt:§a)gt cos A
1
h= Egz‘2 =t=1+/2h/g
1
thus y=30 cos Ay/8h3/g

is the eastward deflection.

Figure not
drawn to scale

Y x
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30. (D)
Use Newton’s Second Law
F=ma
and the centripetal acceleration
2
a=—
r
2
to get F = mv-
r
4(6)
= =180N
0.8
F=—-180Nr
31. (E) 60°
Using the free body diagram and 3F = 0, we get T;\< L
T, =mg=298)=196N T,
A second free body diagram is drawn where the strings meet. Ty
T, =T, =19.6N T
y
T, = T3y/sin (30°)
=392 N
W= mg
T, =T, = T,cos(30°) = 339N Free body diagram
32. (O)

L=50cm /g i, Acceleration
| a

a = gtanf — 3, g = gtanf — tanf = 3/, — sin = 3/5

Also cos 8 = h/50 — h = 40 cm.
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33. (B)
Use the diameter to find the radius: ' T

=2m

Now, Newton’s second law for rotation gives
St=rF=rT=la

T (2)(40)  _rad
A S T e

1
0 = 90+wor+§0m'2

s=ro = %arrz _ %(8)(2)(3)2

=72m

34. (E)
The various curves are shown in the figure below.

The parabolic orbit has ¢ = 1 and total energy

E=T+U=0

35. (A)

Let d be the diameter of the pinhole. When the pinhole is large, then the object is imaged as a disc
of diameter d' = d. When the pinhole is small, then the Rayleigh criterion gives the image disc diameter
in the following way:
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sin @ = 1.22 A/d

0 — X between light ray to the circumference of the image and the maximum
intensity of the image.

Now d/D = 26 and for 6 << 1 rad

sin =6 =122\/d

thus d/D =2 X 122 X A/d
or d=+V2.44AD
36. (O)

We would like a lens that brings objects from 25 cm to 100 cm. Note that s’ is negative because the
image is supposed to be located on the same side of the lens as the object.

s = +25cm, s’ = —100 cm

I 1 1 1 1

5Ty T 25 100
f=1333cm

37. (D)

A
Y
N

Ay =1Isin 6
1s the distance between the maxima.
dsinf = A
A
Ay=1[—
Y=
d 104

A= TAy = ——05x 102

= 0.5 X 107 m = 5000 (500 nm)
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38. (B)
E= /RA T
ho = 1/ (Bkc)? + (mc?)?
0= \/(kc)2 + (mc? [hk)?
v, = % =1/ 2+ (mc? /k)?
= c\/ 1+ (mc? /hk)?
The group velocity
o 20
£ ok
is equal to the physical speed.
39. (E)
vE=L
&

According to superposition principle, we can evaluate the electric field
produced by each sheet separately and then add them up, because the
presence of each sheet does not have any effect on the charge of the other.
Therefore, to find the electric field of one of the sheets we can write:

fEdA:i
&
2EA = o3
&
Using a Gaussian pillbox,
_o
B 28()
c
Thus, EtOt = —X
&

to the right of the sheets.

_—
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40. (A)
F = mass X acceleration — Dim(F) = M!L'T~2
F = Gm;m,/r> - Dim(G) = Dim(F) X Dim(r?)/Dim(m;m,) = (M'L!T~2)(L?)/(M?) = M~ L*T 2

41. (C)
dq d  Adz
Y s A A
% /kr k/d/l(zd_z)

= —kAIn(2d —z) |

—d

= KAIn(3) P2

d Ad

6, — /kq k/ <
d x2+z —ad¥

Vx2+d?+d
Vx2+d?—
01+ 6, = kAIn(3 k/lln(\/xz—i—dz—i—d/\/xz—i—dz )
Va2 +d*+d=3\Vx>+d*—-3d
2Vx24+d? =4d, x>+ d* = 4d?

o
Y

=kAln

=x=13d
42. (D
(D) J J
-~ -~
gL?
Co=—
T 4
) ) Free K1 Ko
D is continuous across boundary where Space
_ _ _ 4
D=xyKiE1 = KoKk Er = 7z
boundary
d d
V=E—-+E—
15 + L 5
C
||
_d 1 n 1\ ¢ H
N 21('() K1 K> L?
i
C— q 2K0L2 K1 K> B 2COK1 K Vv
Vo d \k+tRk) Ktk
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43. (A)
Ry=120
I=V/R=12V/12Q

Now working backward, the / = 1 4 splits first into

5 3 1
12v% 10 10 ::}4 \
2 2 5 I I
3 \ 4
10 510 10
>
b
5 2
N
™
12 — 5 10
2 \/
™
12V — 120
I, =1,="14
and then 7, splits into
[3 = 14 = 1/4A

44. (D)

The incident wave is
E, = zE sin (ky — wt)

B, = xB, sin (ky — wt)
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The reflected wave is
E = zE sin (ky — ot)
B, = —xB sin (ky — i)
The transmitted wave is
E, = zE sin (k'y — ot)
B, = xB, sin (k'y — wt)

Maxwell’s equations require

AE|,—o =0
which leads to
E,+E =E,
and also
AB|y—o=0,| By—B, =B,
Furthermore,

E,=cBy,E =cB, and B,=nE/c
E,+E =E,
substituting B, and B, with their values in terms of £, and £

Eo/c — Er/c =nk,,

Eo+E, =E
Ey—E, = nE,
thus 2E, = (n + 1)E,
2
E 4 4
T=|2| = = =0.59
Eo| (n+12 (2602
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45. (B)
V-B=0

implies that there are no magnetic monopoles. If there were, then we would have
V:-B=p,

with p, a positive or negative magnetic charge density.

It is identical to its integral form which is analogous to Gauss’s law for magnetism:

fB-daZQB

but we know that the result of the integral is always zero and we cannot have a magnetic monopole.

46. (A)
Rate of flow of water R = Av stays the same due to the continuity equation. Hence, as 4 increases
v must decrease.

47. (E)

The amount of sand in air is Am. Hence, the scale reading
is short of mg by (Am)g. The particles of the falling sand start
from v_ = 0 and attain the final velocity v = v_ + gAt = gAt after
falling for time At through a height of h. The force applied by the
falling sand in time At is rate of change of momentum:

F = Amv/At = (Am)gAt/At = Amg

which exactly equals the missing weight (Am)g of the falling sand.

Hence, the reading in the scale at t = 0.001 s is less than the total
weight by (Am)g, but as soon as the sand reaches the bottom, the
impulse applied by the falling sand exactly compensates for the
missing weight.

48. (D)

F=1ILBsin 0 /

~0mn ()

= 0.707 Newtons 45°

xy

The direction of F is —z (right-hand rule).
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49. (O)

First we must find from the given magnetization the amount of the magnetic moment
m=m, =m,.

1 2

M=75x105_ 70 ™
Txm? V
4
V= ?ﬂ;ﬁ
ar
m= 7(10—2)3(7.5 x 10°)
=3.142 J/T

Then the magnetic field may be taken as that of a magnetic dipole,

B = (2 m/r)(u/4m)

- “ Z

The force is then

F=m-VB

Fog 9B _ 9 (2mi)\ [y
T T o\ B ) an
= ,u06mlm2/z4477, z=2r

3
= §u0m2/r4n
thus F= 33—2(12.6 x 1077)((3.142)%/(1072)*(3.142))

=37N
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50. (E)
For a series RLC circuit:

Ldl RI—-V =0
dt a

dav
=CV=I=C—
0 dt

d*v dv
—RC— -V =0

—IC—
dr? dt

R 1
Vi =V +—V=0
or NASRE7s

For the parallel RLC circuit shown:

178

|4
=—CR,V"—R,—
p PL

1 1%
Vie — V' +—=0
+Rpc +LC

Hence, for the same L, C, O we need

S~ =

1 p—
R,C
51. (O)
The time dependent generator voltage is
V=1V, sin(wf)
WV, =V, sin(w/720)
w/720 = 4 sin (1) = 7/6

w = 120 7 rad/s

=R,
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Hence, the linear frqeuency is

v = w27 = 60 Hz

52. (B)
We use Ampere’s law

%B cdl = gl
and take the Amperean path as a circle of radius ». Hence,
BQmr) = u NI

B_ﬂﬂ b—a

= r =
27 r 2
UoNTI
B—=
n(b—a)
53. (A)
5, _ Mol
27x

is the magnetic field produced by /, at distance » = x. The
force that /, exerts on I, is given by:

F,=LLB,
Force per unit length =

B pohl

L 27mx

in the —x direction.

The force is attractive between like currents.

54. (D)
Kirchhoff’s law tells us that

V—RI—LI'=
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Differentiating, we get

/

I L
I"+—=0where 1= =
T R

is the time constant of the circuit. The solution is

L
I=—(1—-e7), ==
(1—ef), t= 2
Hence,
V30
=—-=—=3A
R 10
1
Uo = LI,
2
1 -6 2
= E(IOX 10"°H)(3a)
=4.5x107°J
55. (E)
The law for parallel resistors is
1 1
oy
R,
Hence,
1 4
Rr R
1 1
Ry = -R=-MQ
4 4

The reduced circuit is a basic RC circuit. From Kirchhoff’s law

Q

—RI—E:OOrQ’—i—Q

Z-0
T
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with 7 = RC as the time constant. The solution is
0=QE "
T=RC = % x100x1x 1076 =
I=1Ipe /"
10—%: 10 x 106/% x 10° =40 A
= 40e/ 2

=54uA

56. (B)

I
dB=" " g1,
41 12 |
1 2R QO

Uo 1y /
di(
1 471'612 /

Uoly
=—"""x
42"

N

I RO
_ Holy L,
4d

. M-I
Similarly, B, = Fz()(z)z

Now reduce the series resistor:
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57. (A)
Use

Mo Idl-r
dB=-—".
4w r?

the Biot-Savart Law where r is the unit radial vector. Only the z component of B is non-zero at the

origin.
(dl X'r), = rdf
Hol / 2T 40 Hol
B,=|-— P
aw J Jo r 2r
y
dl
Iy 0 A 9r)
X
V4
58. (O)
For a low temperature Fermi gas, it is true that
. 571'2 T
" 12 Er(p)

is the thermal energy where

is the electron Fermi energy.

59. (D)
The Lorentz transformation equation is
x'=y(x — vt)
or Ax’ = yAx with At = 0
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The Lorentz contraction formula is

60. (C)

1 =2,
2=1y1
y y
1 —————>V
)/:2:7
J1-p?
1 3 4
ﬁ: 1—?: Z X X'
B
3
y— \2[0:2.60>< 108 m/s

The liquid is at rest in K’ where the speed of light is v = ¢/n. In the lab frame we must add the
velocity v’ to the liquid speed v, relativistically:

61. (A)

/
1%

X =

i+
37 14+V1Va/c?
_c¢/n+v
C1+<y/3
_¢/n+v
~ l+c/vn
3 ,
vy =0.5¢, vy = \gc, B=08=v=0.8c y
Vy—V 0.5-0.8
= =—-0.5 0
S T 1 (08)(05)° ¢ /
V32
e < 80° -
y(1—"%) 12 X'
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1 5
= =1.67==
4 1— B2 0 3
o ¥ V3
y — 5 = 2 ¢
3(1-(0.8)(0.5))

= 180° — 60° = 120°

Note that

v=/vE+vi=c

since the speed of light is invariant.

62. (B)
By conservation of energy
hw=¢+T
At threshold
hvy = ¢ and v, = c/A, Y
may be used to get \—HR / )
b = heik, I—
= 12,400 eV.A/5420 A
=229eV
63. (O)

Most energetic x-ray photons have energy 4y = KE of the incident electron which is 10 keV. For elec-
trons that lose some of their energy to heat, the x-ray photons have less energy all the way up to zero.

64. (D)

() (+(2))

k:

4me

T’ is kinetic energy in C.M. system.

T, is kinetic energy in Lab system.
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0 is angle in C.M. system.

i is angle in Lab system.
Given: iy = 45° and T;, = 10 MeV
Since the mass of an « particle is much smaller than the mass of a gold nucleus,

‘P%Gandtozt’o

() ((3))

~ <79(2)1'44>zsin4(22.5°)

4(1)
fm> 10 mb
~1 —_—
509 ST % 1 fm?2
~ 15,090 m—b
ST
~ 15.09 E
ST

65. (E)

Carlo Rubbia and his collaborators at CERN verified the theory which unifies electricity, mag-
netism, and the weak force. The mass of the W= or Z° is about 90 GeV/c?. Electricity and magnetism
were connected by James Maxwell into electromagnetism. The new unification is called the electroweak

theory.
66. (E)
The moment of inertia of a sphere is
2 2
==
s
Hence,
2 2
L=1o=—-mro
5
But also
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Since the proton is a fermion

2 1
gmrza):fh

1,51 5h
v=ro=-h-—=>"—

5
= (1,055 x 103)/(1.673 x 10727 (107 1%)

=7.88 x 10"m/s
67. (D)

b(p) = NI(p* + o?)

Take the Fourier transform to get

1 -
¥(x) = \/ﬁ/—wdpe p)et PR
N 0 pIrx/h o X px/h
= / s dp+ 534D
V2rith - pet QO 0o prt+a

N oo ez/px/h_,'_efz’px/h
J r

~ VarkJo 2 +a?

Use Euler’s theorem

e? =cosh + isinf

[ 2 / cos px/h
- prar

2N2/ cos kx

h’ k2 +< ﬁ

_N 2 AT apm N T —alm
hV mh2a a2k

where we have used some knowledge of the Fourier cosine transform. Thus,

‘p(x) o« g~ alxlh
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68. (O) Vi
ANNNNN
E
Vo
- X
The Schrodinger equation is
HY = FEV¥

where H = T + U is the Hamiltonian operator and £ is the energy eigenvalue. The solution to this equa-
tion is

W(x) = e* fremk x <0 k=+2mE/k
T ety x>0 K\/2m(E—Vp)/k

W(0) continuous - 1 + r =torr=1¢—1

W'(0) continuous — ik — ikr = ik't,

kok

KK
kok

v !

Now

r0+£>=£—4,r:@—yyw+m

is the amplitude of the reflected wave and

1s the reflection coefficient.
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69. (B)
The rotational energy eigenvalue is
E, = 1€ + 1)2ur?
where / is the angular momentum quantum number and r is the relative distance.
k=414 X 107B eVs
m, = 938.280 X 106 eV/c? = m, = m,

The reduced mass is

m = mmy/(m, + m,)

mp/2 = 469.140 X 10° eV/c?

b
Il

L, = (4.14 X 1071%)2 3(4)/2(469.140 X 106)(1)?

= 0.05eV

70. (B)

By Newton’s second law,
SF = —kx — bx' = mx"

The equation of motion is then
b k k
x4+ —=x'+ —x =0 where a)g = —
m m m

gives the square of the rational frequency

x = de 2" cos(wt + )

1S a solution.

o] w2 1 b?
B 0 4m?
is the damped frequency
1 b?
_ 2
0995wy =/ w5 — i)

2

1b k k
0.01005 = 4,7 = 0010 since o} = -
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Hence,

b =+/0.040 km = /0.040(200)(0.4)

= 1.789 kg/s

71. (D)
Activity 4 is givenby 4 = 4 e — 0.014, = 4 e *—100 = e* — 5\ = In(100)
But A = In2/T, hence, 5(In2/T) = In(100) — T = 5(In2/In100) hours.

72. (A)
Larmor’s formula states that an electron circling a nucleus with centripetal acceleration a emits
energy with rate

1 2 éa* dU

X=X — = —
drney 3 3 dt

From this it may be shown that the electron will spiral into the nucleus in about 10710 s,

73. (D)
Using F = ma with a = v?/r as the centripetal acceleration and F = kq,q,/r* as the Couloumb force,
we have

mv?  kZe?
F = — = 3
r r

From Bohr theory

nh
thus y=—
mr
h \ 2 2
m (W) kZe
r r2
n*h?

n*h?
r =
" kZe?m,

m, 1
Fy=—rg=——r,
oy T 2077

where 7, is the radius of the Hydrogen-like atom in Bohr theory.
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74. (B)
The Compton shift is
A=A —A
A=A =21 — cosb) \e
where A= hc/mec2 W\/\/’ ('e *****************
initial / )
is the Compton wavelength
= 12,400/511,000 final
=0.02426 A

E=50X 103eV = hc/A
A = he/E = 12,400/50,000 = 0.2480 A

A=)+ Ax = 0.2480 A + 0.02426 A (1 — 1)
V2
=0.2551 A
Thus E' = he/A'
= 12,400/0.2551
= 48.6 keV

is the scattered photon energy. Note that the photon loses energy to the electron.

75. (E)

Consider the initial and final states in the two frames:

—_— I e LT lab frame

Vi
initial
final
Au

uq = V1/2
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Now u =v/2=v —v/2
hence, u' =v' —vJ/2
as in the figure at the right.
0=y + «
by geometry and also
a=y
0 =2y

. Vi . . .
since |u}| = 5 making the triangle isosceles.

76. (D
El"h:: Mossbauer effect is the recoilless resonance emission/absorption of nuclear radiation. For the
>TFe case
E,=144keV, t=98X10"%s
is given. The energy width is
I = h/t = (1.055 X 10727)/(9.8 X 1078)(1.602 X 10~ '% erg/eV)
=672 X 1077 eV

One destroys resonant absorption in the lattice via the Doppler shift

AE=T, ! E, =T
C
(6.72 x 1079)(2.998 x 1017)

vz le/k = 14.4 % 103

v = 0.014 cm/s
77. (A)
T=1TeV = 10° GeV
m, = 0.938 GeV
E = m, + T =103+ 0.938 GeV = 1000.938 GeV

v = E/m = 1000.938/0.938 = 1067
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1
CVI-B?
1
1
B= 1—?

However,

using a Taylor expansion. Hence,

1 ~7
o =1-4x10

= 0.9999996,

so the answer is 0.9999996c. 1t is incredible how close to the speed of light one can get!

78. (C)

Consider the reaction
I+T—E+R
where / = incident particle, 7' = target, E = emitted particle, and R = residue which is also written
T, E)R
The Q—value is
Q=m,+m;,— my — my
= (2.01473 + 26.98154 — 1.00794 — 27.98154) amu
X 931.502 MeV/amu

= 6.32 MeV

79. (E)

The parameter b is a measure of the surface thickness. The falloff distance is approximately the
same for all nuclei. R. Hofstadter of Stanford University was awarded the Nobel Prize for these experi-
ments with electron scattering.
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80. (B)

In general, probability P of finding the particle is P = [, yuf * dV, where the product of the wave
function and its conjugate takes place over volume V. If the integration is carried out over all space,
P=1.

Therefore, we can write
P=1= /‘P‘P* v = /¢¢* rzdr/YooYoo* aQ
v

The first integral on the right represents the radial part of the wave function and the second, its
spherical harmonic angular part.

Thus, integrating over all space and substituting, we obtain the expression
2kr
5—dr

a+b oo e~
1:/ A%sin® k(r—a)dr+/ B’
a a+b r

Note that the normalization constant will be a function of 4 and B after integration is carried out.

81. (A)

The rotational energy eigenvalues of the Schrodinger equation are:
E =jj+ DR/ 2ur?
The hydrogen atom consists of a proton and an electron:
m,, = 938.280 + 0.511 = 938.791 MeV
The reduced mass is therefore
m = mmy/(m, + m,) = m,/2 = 469.396 MeV
and r=1.06A
is the given relative distance r = [r, — r].
kT = (1.38 X 10719)(300)/(1.602 X 10~12) = 0.0259 eV
E, =0
E, = h2/ur?
= (1973.50%/(469.396 X 10°)(1.06)?
= 0.00739 eV
NN, = € EiT

=0.75
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82. (O)
The reaction can be written as
60 60 . O
27Co—g Ni+ _je+—————

Applying the conservation of atomic number (charge) and mass number (# of nucleons) to the above
reaction, the missing particle must have mass # = 0 and atomic number = 0. Moreover, conservation of
lepton number implies the particle must be an antilepton because electron is a lepton. Hence, the particle
is an anti-neutrino.

83. (B)
The Bose condensation phenomenon occurs for low temperatures 7 less than a critical temperature
T where all particles reside in the lowest state.

84. (O)
Moseley discovered that the frequency of x-ray emission v is proportional to the square of the
atomic number Z of the emitting system. This follows quite naturally from quantum theory since

E = —13.6 eV Z?%/n?

n

is the energy eigenvalue for a hydrogen-like atom and thus the transition energy
E —E = hvxZ?

m

produces a photon of frequency v.

85. (C)

In the Zeeman effect, the frequency is shifted by an angular frequency
Aw = *eB2m c
= Tu,gBh
thus the energy shift is

AE = hAw

86. (A)

By definition of the exchange operator,

PLY(1,2) = W2, 1)

P(1,2) = — (¥(1,2) - ¥(2,1))

S
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then PLW(L, 2) = (1)W4(1,2)
1
or PP (1,2) = —(P(1,2)+W¥(2,1
12%(1,2) ﬂ( (1,2) +¥(2,1))
87. (E)
The potential energy function is
o x< —af2
Vix)=¢ 0 —a/2<x<a/2
o x>a/2
The Schrodinger equation
HY =EV,

with Hamiltonian H = T + U has eigenvalues given by
W (x) = cos(nmx/a)

—hd?¥, Wn’n’

since 2m dx2  2ma? ¥
W,
E,=nE=——=n
n=n 2ma?

for a single boson. In the ground state, » = 1. For N such bosons,
E = NE,

88. (E)

Consider all the forces acting on the block: W downward, F, upward, and tension downward. The

total force = 0 — Fy — W — Tension = 0 — Tension = Fg—W.

89. (B)

The law of Dulong and Petit states that C}, = 3 nR where 7 is the number of moles and R = Nk is
the ideal gas constant. In the Debye theory one finds that C, increases from zero at 7= 0 K to approach 3
nR at high temperature. Therefore, the law of Dulong and Petit is valid only for high temperatures where

C,~3nR.
90. (O)
One may find <v> from
[ vf(v)dv
J fv)dv
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using the Maxwell-Boltzmann distribution f{v).

[2kT
<V >=43—
m

= \/2(1.381 x 10-16)(300)/(28/6.022 x 1023)

=4.22 x 10* cm/s

The escape speed from the surface of the earth is equal to the velocity of a particle whose kinetic energy
is equal to its gravitational potential energy at the surface of the earth. Hence:

1 5 GMm
Smyt = ——
2 R

v=+/2GM/R

_[,(6:672x10°8)(5.98 x 1077)
6.38 x 108

=1.12 x 10° cm/s

Thus, <x>/v = 0.038 which explains the large presence of N, in the atmosphere.

91. (O)
According to Brewster’s Law, tanf; = n; hence, tan a = n.
92. (A)
AE = 120 MeV
T = hAE

Using the uncertainty principle

= 197.35/120

fm 10~ 3cm
= 3 10emis

T=55X10"%s
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93. (E
gl"h)e u quark has charge 2/; and the d quark has charge — 1/;. Hence, the combination
uud
has charge
2,2 1,
3 3 3

the charge of the proton.

94. (D)
U=- k<, ¥y = ce
are given
/:O‘PO* Yodx=1
by the normalization condition
/70:0C2e_2“x2dx =1

Now we know that

Hence:
C? = \/127%2\@: V2a/m
C = alm)"*

95. (E)

The period of spring mass system is given by 7' = 27 \/(m/k) independent of gravity. Hence, the
acceleration of the elevator will not affect the period.
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96. (A)

X
t=y("+=
c

is one equation of the Lorentz transformation. Hence

At =+/1—B% At = At/y using Ax’ = 0

Now since 8 << 1, we may use a Taylor expansion.

1
Vi+x~=1+4 Ex
and get
A =(1- 1ﬁ2 At
2
converting
mi km
600— = 960—
hr hr

1 km 1000 m hre 1 2
—1- = (9602 1.00
( 2( bt km 3600s3><108m/s) >( )

=(1—-4X10"B)s
a small but measurable difference!
97. (E)
The adiabatic gas law is
PV =plyY
pV = nRT

is the ideal gas equation of state for the final situation

poVy = nRT,

and the initial situation

RT RT;
n—y¥=pn-"2
1% Vo

T Vo y—1 Vo 2/3
(3~

Vo'
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Taking y = 5/ for a monatomic ideal gas with 3 degrees of freedom. Thus,

T 1\ 2/3
= <2> =0.63
0

98. (O)
The particle area density is related to the normal density by

Py = Py

where x is the physical target thickness.

2
x=p/p= ((3.00g/cm ) 265 em

11.35 g/cm)3
The kinetic energy loss is exponential:

AT = Tt

— 10e70.265/0.53

= 6.07 MeV

99. (B)

B =2.04 X 10° Pa

p = 1g/m? = 10° kg/m’

B 2.04 x 10°
v:\/;:\ll(ﬁ:1430mls
v 1430
=-= =54

A AT 5.45m

100. (C)

A ray through the center of the lens is not bent
at all.
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Practice Exam 2

Time: 170 Minutes
100 Questions

Directions: Each of the questions or incomplete statements below is followed by
five answer choices or completions. Choose the best answer to each question.

1.  The displacement vector r of a point mass may be expressed in cylindrical coordinates. In that rep-

resentation, determine the velocity vector v = dr/dt.
,

(A) v=3xf+yp+z2
(B) v =pp+ pbl + z3
(C) v =pp+ pbsin b + zz
(D) v =7 + phf + r¢ sin
(E) v =17+ rdd+ rdpd

2. Consider the total energy £ of a particle. Let T be the kinetic energy and U the potential energy.
What is the total time derivative of that energy if the force acting on the particle is conservative?

(A) 9T/ot
B) F-v
© VU
(D) dU/dt
(E) oaU/ot

YT

3. In the realistic fall of a spherical object in fluid air, calculate the magnitude of the viscous force.
Given that the Reynolds number is R, = 0.5, the kinematic viscosity is 0.149 cm?/s, the radius of
the sphere is 0.005 cm, and p,. = 1.22 X 1073 g/cc.

(A) 0.128 md (B) 5.22md (C) 1.66md
(D) 3.22md (E) 2.15md
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Determine the corrected value for the time of flight of a projectile near the Earth’s surface (in two

dimensions) subject to a resistive force F, = —bv. Let y = b/m.
2voy 2voy
A) 1= 20 (D) z:v(’)<1+w‘)y>
g g 3g
2voy ) 2
(B) ;:v(”<1—w°>> (E) t:v(’y<1+w°y>
g 3¢ g g
2
© =20 (1 _ my)
8 8

In the photoelectric effect, the threshold wavelength is 275.6 nm. If light of wavelength 170 nm is
incident on a metal substance, determine the kinetic energy of the photoelectrons.

(A) 4.50 eV v e

(B) 225eV
(C) 3.60eV
(D) 2.79 eV

(E) 7.29eV | |

X-rays of wavelength 3 X 107!9 m are incident on a substance. The scattered X-rays observed at
45° have a different wavelength due to the Compton effect. Find the scattered wavelength.

(A) 3.02X 107 1°m (D) 2.93 X107 1°m
(B) 2.98 X 10_12m (E) 3.07 X107 1°m
(C) 3.01 X107 1°m

In statistical physics, the counting factor N! is very important. Approximate this for large N.

(A) (Ne)Y (B) N¥ © N
(D) (N/In2)V (E) NN —1)

The N-step random walk in two dimensions (with step length 1) looks very much like the famous
Brownian motion which supported the kinetic theory. What is the root mean square distance from
the origin?

(A) /N/4
(B) V/2N/3
(C) VN

(D) +/N/2
(E) V/N/3
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10.

11.

PRACTICE EXAM 2

As shown in the figure below, a wedge-shaped block of mass 2M is placed on a horizontal surface
and a small block of mass M is placed at the top of the wedge at a height 4.

M

2M

All the surfaces are frictionless. The block is released and it slides down the wedge on to the hori-
zontal surface. The speed of the wedge must be

(A) 0 B) /(gh/3) (©) /(gh/2)
(D) /(2gh) (E) (3gh)

Determine the laboratory threshold kinetic energy T, for the reaction
p+tp—p+p+ .

The target is at rest and the projectile is accelerated to have kinetic energy 7. Let m,=my = 0.938
GeVandm_ = 0.140 GeV.

Tn
p g p
(A) 1.038 GeV (B) 1876 GeV (C) 290 MeV
(D) 140 MeV (E) 2.016 GeV

What is the correct relativistic Lagrangian which yields the Lorentz force law
dp/dT = yq(E + u X B)?
Let u* = (yu, ye) be the 4-velocity and A* = (A, ¢) be the 4-potential where y =1/ \/ﬁ .
(A) %muz +/ g(E+vxB)-dp (D) %’mu“uu + vgAtuy
(B) %myuz f/ Yq(E+v x B)-dp (E) %mu”u,l - / Yq(E+v x B)-dp

1
© Emu”uﬂ +qA*uy,
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Find the correct four-dimensional Lorentz transformation matrix for a boost in the y-direction
K — K'. Let x* = (r,ct) be the 4-distance.

(A) y 0 0 —By (D) y 0 0 By
0 1 0 0 0 1 0 Oy
0 01 0 0 01 0
By 0 0 0O By 0 0 vy
B /10 0 0 @ /1 0 0 0
01 0 0 0 vy 0 —By
00 y =By 0 0 1 0
00 By v 0 —By 0 vy
©) 0 y 0 —By
By 0 0 vy
0 01 0
0 00 1

In the Rutherford scattering of p + 25U, the differential cross section at angle 6 is measuerd to be

10 barns. The kinetic energy of the incident proton is 7.6 MeV. Find 6.

(A) 30.0°
(B) 60.0° \ detector

(C) 90.0°
(D) 43.6°
(E) 21.8° H \9
P mmmmmmm e e Y m e el e m -
beam
target

Calculate the vector force due to a potential energy U = kr".

(A) —kn"%r (D) +knrlr
B) - knr"*; r (B) + kn"'r
(C) + k" 2r

Study the problem of a rocket in a constant gravitational field g = 9.8 m/s?.
If the initial velocity is 0.40 km/s, the burn time is 100 s, the exhaust veloc-
ity is 2.0 km/s, and the mass decreases by a factor of three, find the final
velocity.

(A) 0.81 kmy/s
(B) 0.98 km/s
(C) 2.40 km/s
(D) 1.62 km/s
(E) 1.42km/s




16.

17.

18.

19.

PRACTICE EXAM 2

The spherical region a < r < b is filled with mass of uniform density
p- Determine the magnitude of the gravitational field in this region.

(A) g=437Gp[r — a’/r]

(B) g =4/3 wGp b’/r? b
(C) g=43uGp[b® — a*|/¥*

(D) g =43 wGp a’lr?

(B) g=43uGp[r + a’/r]

Discover the gravitational field of a disk (in the yz plane) of uniform mass density o at a point
P = (x, 0, 0) along the x axis. Let R = disk radius.

(A) g=-276G [1 /A2 —I—RZ} X
(B) g = moGR?*/x*x
(C) g=-276G [1 xR +R2} X

(D) g = —moGR*x’x

(E) g=+2m6G [1 —x/V22 +R2} X

What is the integral quantity that must be minimized to determine the path of a light ray mov-
ing from point P to point O in a medium of variable index of refraction n(x,))? Let the speed of
light = c.

0 P y A
(A) / n(x, y) dx
P
1 r@
®) - [ V1+ (. y)dx < N
cJp - ;
1 0
© E/P V 1+y?n(x,y)dx
Y ‘aQ

| 0
®) < [ ey

0
® [ VA

The nuclear reaction $JAl(a,p) 9Si has a positive Q-value. Hence, energy is given off in the reac-
tion. Determine the minimum kinetic energy needed in the lab system for the reverse reaction.

(A) 1.3 MeV
(B) 1.8 MeV
(C) 2.7MeV
(D) 3.2MeV @ Al
(E) 3.7MeV

Y<
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20.

21.

22.

23.

24.

GRE PHYSICS

The propagation of sound in a gas may be modeled as adiabatic in nature. For a three degree of free-
dom ideal gas, by what factor does the sound speed change when the pressure is doubled at constant
density?

(A) Increase by factor v/2 (D) Decrease by factor V2
(B) Increase by factor 2 (E) Stays the same
(C) Decrease by factor 2

Find the mean square speed at temperature 7 for particles of R
mass m that follow Maxwell-Boltzmann statistics. /
(A) 2kT/mm /

(B) 3kT/m
(C) 8kT/mm
(D) 2kT/m
(E) kT/m

N particles

Think about a box of volume 10® cm? with 10?7 par-
ticles in it. Take a small cubical region of that box of
length 100 A and determine the probability that that
region has 0 particles in it.

(A) 4.5% 1075
(B) 0.0 Sl EEYA
©) 1.0

(D) 9.0 X 10~°
(E) 22X 1075

In a laboratory experiment to measure the density of a spherical object, the radius of the sphere is
measured to be » = 25.0 cm = 0.1 cm and the mass of the sphere is found tobe m = 183 g = 3 g.
Use the theory of propagation of error to determine the relative error in p given by Ap/p.

(A) 0.016 (B) 0.004 (C) 0.012

(D) 0.020 (E) 0.008

For the Carnot refrigeration cycle shown, determine oA Qy

the efficiency, defined here as work performed divided A /

by heat withdrawn from the cold reservoir. B Ty
(A) e=1—-T./T,

B) e=1-T,T,

(C) e=1+T./T, D——>—\ T,
(D) e=T./T, — | / c

(B) e=T,/T.—1 Qc




25.

26.

27.

28.

29.

PRACTICE EXAM 2

Find the density of states for a single particle with one degree of freedom confined to a distance €.
The Hamiltonian is H(x,p) = p*/2m.

(A) V2mE?*/27h (D) (V2mE 27k

(B) ¢+\/2m/E/27h (E) ¢V2mE/27h

(C) 2mE? )27

Consider a two state system with degeneracies g,,g, and energies 0, €. —_—=
Determine the average total energy for N particles in this system at tem- —FFFF— 0
perature 7' = 1/Bk.

(A) gNel[gyeP” + g] (D) (g, + g)Ne/2

(B) gNellg,e® + g] (E) g,Nellg,e + g)]

(C) g,NellgePs + g,]

It is common to represent many classical mechanics YA
problems and/or differential equations through paramet-
ric plots or phase space orbits. Identify the figure.

(A) Simple harmonic motion

(B) Gravitational motion (g = constant)
(C) Damped motion

(D) Lissajous figure

(E) Bifurcation diagram

What is the solution to the damped motion problem
X"+ + wix = 0 where y=b/m, @y = \/k/m,

and @ = \/ @03 — 12 /4

in the light damping case?

(A) x = A cos (wy+ 8) (D) x = Be "?cos (wt + J)
(B) x = A4 cos (ot + ) (E) x = (4 + Bt)e "2
(C) x=Be " cos(wyt + 5)

Atomic spectroscopy relates the wavelengths of the observed spectral lines of a substance to a
mathematical formula. Given the Rydberg constant for hydrogen R = 109,677.6 cm™!, find the
lower limit for the Paschen series. y

(A) 91.2nm

(B) 820.6 nm

(C) 364.6 nm

(D) 2280 nm

(E) 1460 nm n

211



212

30.

31.

32.

33.

34.

35.

GRE PHYSICS

Determine the average energy for a photon gas at temperature 7' = 1/k83 where the energy levels are
givenbij =jhw,j=0,1,2,...

(A) kT (B) haw/(eB + 1) (C) 2kT
(D) 3/2kT (E) hw/(ehB — 1)

Which of the following represents the electron configuration for potassium (atomic number 19)?

(A) [He] 2s?2p! (B) [Ne] 3s! (C) [Ar] 4s!
(D) [Kr] 5s! (B) [Kr] 4d® 5s!
Determine the electric potential of a circular annulus y

of inner radius a and outer radius b (in the yz plane) of
charge density o = charge/area << () at a distance x along
the x-axis.

(A) ¢ = mho[b? — a?)/x

(B) ¢ = —2mko [ VB2 + 22—V +x2}
(C) ¢ =—2mko |[Vb2+2 _x}
(D) ¢:+2ﬂ'k6 _\/bz—f—xz—\/aZ_}_xZ} g

(E) ¢ = +21ko | /B2 + 22 —x}

What is the intensity (energy per unit volume per unit frequency) distribution that produced the
ultraviolet catastrophe in the early theory of black-body radiation? Given that B=1/kT.

(A) u(w) = wkT/mc? (D) u(w) = (h wm23) (T — 1)
B) u(w) = (a;/c)%;h;’/” (B) uw) = okT/m*c3
(©) u(w) = wkT/mc

The Thomas-Reiche-Kuhn sum rule connects the complete set of eigenfunctions and energies of a
particle of mass m. What value is assigned by this quantum mechanical rule to

Z‘xjo‘z[Ej—Eo]?

J

(A) 2h/m (B) h¥m (C) 3k/m
(D) W2m (E) h%/4m

What is the value of the commutator [H, x} for the quantum mechanical Hamiltonian
H = p*2m + V(x)?

(A) hx'/i (B) 2hx'fi (C) 3hx'A
(D) 4hx'fi (E) hx'/2i



36.

37.

38.

39.

40.

PRACTICE EXAM 2

Which of the following is NOT a true statement about the classic Franck-Hertz experiment?

(A) A tube is filled with vapor (e.g., Hg) at high pressure so that electrons will experience a high
number of collisions.

(B) It showed that electrons undergo transitions from higher to lower energy levels.

(C) Electrons are accelerated through a potential difference such that eV, = 1/2 mv?,

(D) A tube is fulled with vapor (e.g., Hg) at low pressure so that electrons will experience a low
number of collisions.

(E) An electron may lose most of its kinetic energy in an inelastic collision with an atom.

The angular wave function for the rigid diatomic rotor with quan-
tum numbers / = 1 and m, = 1 is given by Y,,(6,¢) = —N sin 6
¢'®. Determine the normalization constant . r m
(A) /3/4x D) 3/x
B) /3/8x (E) +/3/6x
©) V3/2z m

Consider the hydrogen-like atom eigenvalue problem: one electron orbits a nucleus of charge Ze.
The general wave function is

\I,nlml(r’e’d)) = Rnl(r)Ylml(ead))-

Determine the value of » where the radial probability is a maximum for the ground state.
(A) aq, B) ay/Z (C) ay2Z

(D) qay/3Z (E) a4z

The n = 2 and / = 1 hydrogen-like atom radial wave function is

R,, (r) = Nre 224,

What is the correct normalization factor N?

(A)  Z/V3ag (D) (Z2ay)’Z%3d}
(B) (Z/2ao)3/2 (E) (Z/2a0)3

(C) (2/2a0)**Z/\3ag

Which of the following is NOT a true statement about the Bohr theory of the hydrogen-like atom
with nuclear charge Ze and reduced mass u?

n is the principal quantum number and / is the angular momentum quantum number.

(A) The energy eigenvalue is proportional to 1/n2.

(B) The energy eigenvalue depends on €(€ + 1).

(C) The energy eigenvalue is proportional to u.

(D) For large values of Z, the energy can have magnitude keV.
(E) The radius of the electron orbit is proportional to n>.
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41.

42.

43.

44,

45.

46.

GRE PHYSICS

Which of the following IS a true statement about the nuclear binding energy in the semi-empirical
mass formula model?

(A) The volume term is proportional to A%

(B) The Coulomb term is proportional to 423,

(C) The symmetry term is proportional to (4 — 2Z)%/A.
(D) The area term is proportional to 4'/3.

(E) The symmetry term is proportional to (4 — 2Z)%.

A slow neutron is absorbed by 23U and results in a fission event:

1 235 139 94
n + U —— Ba + Kr +___
0 92 56 36
How many neutrons were produced in this event?
(A) 0 B) 1 © 2
(D) 3 (E) 4

Consider the coupled inductor-capacitor circuit shown. Determine the ratio
of the frequency of the anti-symmetric mode to that of the symmetric mode

w,/w.Letk = 1/LCand k = 1/Ly. 00

(A) —1 (D) /1+2k/k c
B) V1+k/x (B) V1+xk/k

C) 1+2k/k

A spaceship traveling at 1.50 X 108 m/s leaves the Earth in the year 2050 with John on board. John
leaves his twin brother James behind on Earth and goes off to a star 25 light-years away. Upon
arrival, he immediately returns. On return, what is the difference in their ages?

(A) 3.3 years

Eg; ?; ?Sfears 25 /+yr 25 light yr
.5 years > e
(D) 10.0 years Star

(E) 13.4 years

Discover for special relativity (and in reality) that it is more difficult to accelerate a particle in a
linear accelerator than in a circular accelerator, i.e., compute the ratio /' /F'| of the parallel force to
the perpendicular force given that the desired acceleration is the same @, = a

A) (B) ¥ © B
(D) ¥B E) v

IE

Find the magnetic field that the electron exerts at the nucleus of the hydrogen atom according to
Bohr theory. Assume a size r = a, = 0.529 A.

(A) 125T (B) 125T (C) 125T
(D) 1250T (E) 12,500T



47.

48.

49.

50.

51.

PRACTICE EXAM 2

Consider Maxwell’s equations in differential form in media. Now E
suppose j = p = 0. If further € = € ¢* and u = p e, then
find the relevant wave equation for a plane wave propagated in
the x-direction such that £ = Ey and H = Hz.

(A) 0%E/ox* = u € 9°E/ot?
(B) °D/ox* = u € 9*D/ot? > X
(C) 9*D/ox* = w 9*D/ot> + padD/at

(D) 9%E/dx* = pno*D/ot> + puadD/ot

(E) 9%E/dx* = no’E/ot> + padE/dt

As observed from the earth, a spaceship is passing by with a speed of v = 0.5¢ (c is the speed of
light). The spaceship fires a missile in the forward direction with speed # = 0.5¢ measured in its
own frame of reference. The speed v’ of the missile as observed from the earth must be

A 0 (B) 0.25¢ (C) 0.5¢c
(D) 0.8¢c (E) ¢

A neutron of kinetic energy 7 = 1876 MeV is incident on a neutron at rest. The neutron scatters
elastically at angle 6. Given that m = 938 MeV/c?. Find 6.

(A) 45.0°
(B) 22.5° \9

(C) 35.3° - . TN
(D) 70.6° initial final \/j
(E) 50.0°

A wide range of temperatures is currently accessible in the laboratory and through observation.
Which of the following is NOT a true statement about temperature?

(A) 0K is the absolute zero of temperature.
(B) 20 K is the vaporization point of hydrogen.
(C) 144 K is the vaporization point of nitrogen.
(D) 1234 K is the fusion temperature of silver.
(E) 6000 K is the sun’s surface temperature.

In an interference experiment a slide with a double slit is used with monochromatic light of wave-
length A. The slit’s separation is d = 6A and each slit has width w = 2A. An overlapping double-slit
interference and single-slit diffraction pattern is obtained on a screen. The smallest order for the
missing interference maximums must be

(A) 0 (B) 2 (C) 3
(D) 6 (E) 12
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52.

53.

54.

55.

GRE PHYSICS

One must see the de Broglie wavelength concept to “derive” the Schrodinger equation from the
one-dimensional wave equation. What de Broglie wavelength must be used to get the general time
independent equation?

(A) A =h/v2mE (D) A=h/\2m(E+U)
(B) A =h/V2mU (E) A=h/\/m(E—-U)

(©) A=h/\/2m(E—U)

Determine the time dependent total energy for the lightly damped one-dimensional harmonic oscil-
lator in the approximation

y << 1 where y=>b/m and @y = \/k/m

given that x = Be™ " cos (w7 + ).

(A) E(t)= %kBOe_W/z (D) E(t) = %kB%e""
(B) E(r) = %mBOe*V’ (E) E(r)= %kBg
©) E@t)= %mBOeﬂ”/2

A particle of energy £ < V| is incident on a step potential of height V. k and k" are wave numbers
outside and inside the barrier, respectively, where

k=+2mE /hand k' = \/2m(Vy — E) /h

Find the transmission coefficient. Vo
(A) 1 ANANNNN
B) 0

(C) Kk? E

(D) 4Kk + K'%)

(E) KK =

xY

The particle in a box has a ground state wave function given by

¢(x) = (1/+/a) cos mx/2a

Calculate the expectation value of x2.

(A) a*3

(B) a*(1/3 — 2/1?)
(C) a*(2/3 — 4/m?)
(D) 2a*/w?

(B) a%4 -a a




56.

57.

58.

59.

PRACTICE EXAM 2

A star of mass M and radius R has an average rotational period of 7. When this star dies and turns
into a neutron star, its radius will be reduced to 1/nth of the original radius. Assuming the mass has
not changed, the period of the neutron star would be?

(A) Tin (B) nT ©) Tin?
(D) n’T (E) Unchanged

An RLC circuit vibrates subject to the initial conditions / = [;and I’ = 0 at # = 0. What is the time
dependent current in the critical damping case? Let y = R/L,

@} = 1/LC, 0= /03 — /4, and tan§ = —y/20.

(A) I=1e " cos(wt + 8)

(B) =1, " cos(wt + 8)/cos &

(C) I=1I/1+ yt/2)e "

(D) I=[(w+ y2)l e "' + (0 — y2) e @20
E) =11+ ype

Consider the physical possibility of a shot fired around the world. An object is propelled horizon-
tally at radius » around an assumed spherical Earth. What is the period?
1 v

A) —\/GMg/r3 >
()27z E/r Iy

1
B) —\/r?/GM
(B) 5-\/r/GMs

(C) 27\/GMg /13
(D) 27my\/r3/GMj

(E) 24 hours

A pendulum bob of mass m is raised to a height 4
and released. After hitting a spring of non-linear
force law F = —kx — bx?, calculate the compres-
sion distance x of the spring.

(A) x=+mgh/h g

(B) x = (4mgh/b)""* h[ ,,,,,,,,,,,,,,,, W—{

12
©) x= [\/4mgh/b+k2/b2 —k/b]

1/2
(D) x= [\/4mgh/b+k2/b2+k/b]

(E) x=/2k/b
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60.

61.

62.

63.

GRE PHYSICS

A frictionless wire connects points P and Q in a constant gravitational field as shown below. What
is the equation that must be solved to find the curve down which a mass will slide in the shortest

possible time? Let

f=y(1+y2)/y?

(A) f—y'9fldy’ = const.
(B) »' = const.

(C) aflay" = const.

(D) f+ faflgy’ = const.
(E) f— xdfldx = const.

Y X

A spherical mass is dropped off of a building from rest. Determine the position y = y(¢) if the mass
experiences a resistive force F, = —bv. Take the starting point to be the origin y = 0 as shown

below. Let y = b/m.

@A) y=8_Lq_m

Yy 7
B) y=— g’
(B) y—igt
© y="(1-eT)
D) v= &
D) y v

B y=-S(1-e™

Use Gauss’ law for gravitation to determine the magnitude of
the gravitational field for two infinite sheets of mass density o
in regions I and II.

(A) 47wGo (D) 2mGole,
(B) 2@wGo (E) 0
©) wGo

A boom is suspended by a cable as shown below. Given that angle 6 = 45°
and the weight of the boom is W = 1000 N. Find the reaction force R.

(A) (1000 N, 45°)
(B) (707N, 30°)
(C) (500N, 60°)
(D) (707 N, 45°)
(E) (500N, 30°)

,,,,O,,,




64.

65.

66.

67.

68.

PRACTICE EXAM 2

A right circular cylinder of radius 7 rolls down an incline from
height 4. Determine the ratio of its speed at the bottom to the
speed of a point object following the same path. Assume roll-
ing friction, but negligible sliding friction.

h
A) 1 D) 2/3
(B) V2 (E) 2
© V3
An object orbits a star in an elliptical orbit. The distance D

at aphelion is 2a and the distance at perihelion is a. Deter-
mine the ratio of the objects speed at perihelion to that at

aphelion.

(A) 2 (D) V2
(B) 3 (E) V3
© 1

A one-quarter circular line mass of total mass M exerts a gravitational force on a point mass m as
shown below. Find the force.

(&) (2V2GmM /2R, 45°) y
(B) (GmM/R?, 45°)

(©) (GmMITR?, 45°) R m
(D) (2 GmM/mR?, 45°)

(E) (ﬁGmM/nRZ, 450)

Determine the gravitational field magnitude near the surface of a planet of radius R at altitude 4 to
second order. Take g(h = 0) = g,

(A) gyl — 2h/R] (D) g1 + #/R + (h/R)!]

(B) g1 — /R + 0.5(h/R)] (E) g1 — 2A/R + 3(h/R)]

(C) g,[1 — /R + (WR)]

In the laboratory, two quantities of the same fluid are mixed. The mass of the hotter sample (m,) is
twice that of the cooler one (m,). The initial temperature of the hotter sample (7)) is also twice the
other initial temperature 7 = 30°C. Find the equilibrium temperature.

(A) 40°C (B) 45°C (C) 50°C
(D) 55°C (E) 35°C
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69.

70.

71.

72.

73.

74.

GRE PHYSICS

The moon causes a tidal force on the Earth’s ocean. Deter-
mine the differential tidal acceleration. Leta = r

earth to moon®
r= rearth’ m= mmoon’ and M = mearth’

(A) Gm/a?
(B) 2Gma/r’
(C) 2GMr/a®
(D) GMA>
(B) 2Gmr/a®

One laboratory technique to determine the mass of one star of a binary star system involves measur-
ing the distance a between the stars from parallax and observing the period of revolution 7. Suppose

m, =m, = m. What is the mass m?

(A) 7%a’T?

(B) 27%a’T? a
(C) 4n*a’/T?
(D) 8w%a’/T?
(B) 4mT%a?

In the 3D harmonic oscillator version of the nuclear shell model, what are the nuclear magic
numbers?

(A) 1,4,16 B) 1,4,9 ©) 4,12,24
(D) 4,16,40 (E) 2,8,20
Monochromatic light of wavelength 6000 A is inci- light

dent on two slits of spacing 0.15 mm and the result-
ing intensity pattern observed 1.5 m away. Determine
the location of the first maximum.

(A) 6mm SRR VR RPN R X NURTRSUR R SPSRITS Sy
(B) 12 mm

(C) 24 mm

(D) 3mm

E) 1.5mm slits screen

Use the Mayer and Jensen nuclear shell model with spin-orbit interaction to figure out the spin of
the 'O nuclide.

(A) 72 (B) 52 ©) 312
(D) 1 (E) 172

A star may be modeled as a uniform spherical distribution of mat-
ter. Let m be the star’s mass and V' the volume. What is the depen-

dence of the gravitational pressure on volume? M=pV
(A) PxV (D) Pyl

(B) Pop 153 (E) Poc =43

(C) Popy 23 M



75.

76.

7.

78.

79.

PRACTICE EXAM 2

Which of the following is NOT a true statement about the modern particle picture of the structure
of matter?

(A) There are only six leptons.

(B) There are only six quarks.

(C) Tau lepton number is not conserved.

(D) Electron lepton number is conserved.

(E) The anti-leptons have opposite charge and lepton number.

Which of the following IS a true statement about the modern QCD quark and gluon picture of the
structure of matter?

(A) Not all six quarks have been observed in a free unconfined state.
(B) The six quarks are up, down, sideways, charm, bottom, and top.
(C) Thes, c, and b quarks have special quantum numbers S, C, B.
(D) The d, s, b quarks have charge 2/3 e.

(E) Theu, c, t quarks have charge —1/3 e.

Relate the half-life 7 to the decay constant A in the theory of radioactive decay.

(A) 7=1/ (D) 7=A/In(2)
B) 7=A (E) 7= 12
(C) 7=InQ2)A

A Michelson Interferometer with light of vacuum wavelength 580 nm is used to determine the
index of refraction of air. A cell of length 10 cm is placed in the path of one of the beams and air is
pumped out. The air is then let in slowly through a valve and the numbers of circular fringes moving
in at the center are counted. When all the air is pumped out, the number of fringes counted is 100.
The index of refraction of air thus determined is

A) 1 (B) 1.029 (C) 1.0029
(D) 1.00029 (E) 0

A typical Mossbauer effect setup is shown below. For the case of 12 Ir where the y ray energy is 129
keV and the half-life is 0.14 ns, calculate the normal recoil energy

Ir source dZectg)_l—‘
transducer Ir absorber
(A) 0.047 eV (D) 4.7 neV
(B) 4.7 ueV (E) 4.7keV

(C) 4.7meV
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80.

81.

82.
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GRE PHYSICS

An object sits 15 cm to the left of a convex refractive interface of curvature radius 5 cm. The sub-
stance to the left has refractive index » = 1.2, while that to the right has index 1.7. Determine the

image distance s’, primary focal distance £, and secondary focal distance f”. For fat lenses,

(A) 3.0,-25,25cm
(B) 6.0, -5.0,5.0cm
(C) 9.4,12,17 cm
(D) 4.7,6.0,8.5cm

(E) 85,—12,17 cm

A laser operates by light amplification and the stimulated emission of optical radiation. For two
molecular states j and i such that £, — E; = ho in equilibrium in a cavity, we have Nl/N/ =
[Ajl. + le.u(w)]/Biju(w). Use the Boltzmann factor to find u(w) the energy per unit frequency per unit

volume. Given that 8 = 1/kT.
j

(A) Ajl.e’h‘“b/Bl.j A
hob _
(2) IA‘IﬁﬁEf d G B Bi | Ai
(©) JiT i Y Y .
(D) 4./|B.. — B.] i
S w/’ Einstein transition
(E) 4,/[Be™™" — B, coefficients

Helmholtz coils are commonly used in the labora-
tory to determine the charge to mass ratio of the
electron. Find the magnetic field directly between
the coils. Let N = number of turns and R = radius.

(A) 8N, l/53?R
(B) 4Nu,l/5*”R

(C) 2Nu l/5*R -~
(D) Nu,27R
(E) Ny, /R

A plane wave solution of the electromagnetic wave equation is
E = yEchos(wt — kx + a) + zE_cos(wt — kx + ).

Under what conditions is this light wave circularly polarized?

A B—a==*m/2

B) B-—a==*x7a2andE, =E
(C) a=pandE, =E, )

D) B-a==*7m2andE =2E
(E) a=pPBand Eoy =2E ,



PRACTICE EXAM 2

84. A point charge of magnitude ¢ is located at distance 4
above an infinite conducting plane (say the xy plane) at
coordinates (0, 0, /). Let

85.

86.

87.

s =/x2+y?

Denote the cylindrical distance from (0, 0, 0). Find the
electric field in the plane.

(A)
(B)
©
(D)
(E)

E=0

E = —q/2me,

E = —q2mwe h?

E = —qhl[2me(s* + h?)*?]
E= —q/27780s2

The Fraunhofer single-slit diffraction intensity is given by

I = I, sin’(x)/x* where x = 7d y/Al

top view

d , is the slit width, y the detector distance, and / the distance from slit to screen. What is the value
of the cumulative intensity

(A)
(D)

(A)
(B)
©
D)
(E)

77 1)y

0 B) IAld, (C) 1Ad, )

Id A (E) I,
Use the fundamental concepts of electromagnetism to determine the electric z
field of an electric dipole d at distance r = r¥.

k37 - pF — pl/r*

k7 - p/r?

k# - p/r ,

k37 - pF — pl/r?

K27 - pF — p]/r3

p

A particle is constrained to move on the surface of a sphere of radius R near the Earth’s surface. Find

the Lagrangian in spherical coordinates.

(A)
(B)
©
(D)
(E)

1/2m(R? + R? sin? ) — mgR cos 0
1/2m(R?0'> + R*¢'? sin? ) — mgR cos 6
12m(R?0'> + R*¢'? sin” ) + mgR cos 6
1/2m(R? + R? sin® ) — mgR cos 0
1/2(R?0'? + R*¢'?) — mgR cos 6
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89.

90.

91.

92.

93.

GRE PHYSICS

Determine the electric potential of the infinite sheet of charge
shown for x > 0. Let the charge density be ¢ and the x-direction
be to the right.

(A) —ovlg,
(B) +ox/2e,
(C) —oxl2e,
(D) +oxl/e,
(B) —20/g,

<Y

The electric potential of a grounded conducting sphere of radius a in a uniform electric field is
given as ¢(r, 0) = —Ey[1 — (a/r)*] cos 6. Find the surface charge distribution on the sphere.

(A) gk, sin 6

(B) &, cosb

(C) 2g,E,cos 6 ,
(D) 3gyk,cos b Eyz
(E) 2g,E,sin6

What is the distance at which the eye can in principle resolve two truck headlights separated by
d = 2.0 m? Take the pupil of the eye to be a circular aperture of diameter D = 3 mm and the relevant
wavelength to be A = 600 nm.

(A) 4.1 km (B) 8.2km (C) 12km
(D) 16km (E) 2.0km

Light is incident at near normal incidence angle on a prism of apex
angle a. The prism is made of a substance of refractive index n, and
the light comes from and returns to medium 7, Find the angle of
deviation using the small angle approximation.

(A) (n/n, + Da D) (n/n .+ Da
B) (n/n,— Da (E) (n,— Da ny
(C€) (n/n, — Na n; n;

Which of the following is NOT a correct statement about the optical process of fluorescence?

(A) It is the emission of electromagnetic radiation.

(B) The process takes place in about 108 s.

(C) Often fluorescence is quenched by collisions.

(D) Ultraviolet photons may thereby be converted to visible photons.
(E) A quantum of light is scattered elastically.

According to the Orbital Rule, the change allowed for the orbital quantum number (Al) in electron
transition in an atom is

(A) Al=0or= 1 (B) Al=0 (C) Al= +1
(D) Al= —1 (E) Al==1



94.

95.

96.

97.

98.

99.

100.

PRACTICE EXAM 2

For a galaxy moving away at 80% the speed of light, the redshift z must be

A) 1 B) 2 © 3
(D) 4 (E) 5

According to Hubble’s Law, the relationship between the distance (D) and speed (v) of a galaxy is

(A) vis directly proportional to D (D) v is directly proportional to 1/D?
(B) v is directly proportional to D? (E) visindependent of D
(C) wvis directly proportional to 1/D

The Meisner Effect in superconductors can be explained by the interaction of magnetic field B with
it given by the London Equation V2B = A ~2B. In this equation the quantity A refers to

(A) the reflection coefficient of B at the superconductor surface
(B) the transmission coefficient of B at the superconductor surface
(C) the penetration depth of B into the superconductor

(D) the thickness of the superconductor

(E) the density of the superconductor

X-rays of wavelength 0.25 nm are used in a Bragg diffraction experiment. If the smallest angle for
the Bragg diffraction is 30°, the distance between the lattice planes must be

(A) 0.125 nm (B) 0.250 nm (C) 0.50 nm
(D) 1.00 nm (E) 2.00 nm

An electron is projected at # = 0 at an angle of 30° with respect to the x-axis with a speed of 4 X 10°
m/s. The electron moves in a constant electric field E = 100 N/C'y. At what time after t = 0 will the
electron recross the x-axis?

(A) 10mns (B) 12ns (C) 15mns
(D) 18ns (E) 23ns

Which of the following is NOT a true statement about the optical device known as a retarder?

(A) A retarder is used to change the incident wave polarization.
(B) The produced phase difference isa 1/A .

(C) A full wave plate has 27 rad retardance.

(D) A half-wave plate has 7 rad retardance.

(E) A given wave plate has continuously adjustable retardance.

What must the speed of the sliding bar be when the current in the X
resistor is 0.5 amp? Giventhat B=17,R =2 (), and w = 0.5 m. -

(A) 2ms ®© Ol6
(B) 4m/s
(C) 1m/s (ORNOARNO;
(D) 3m/s k f

(E) S5m/s /

)
<
S

-~
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Answer Key

[ e S S Y
Nk LN — oo

S A o

(B)
(E)
(A)
(B)
(D)
(E)
(A)
©
(B)
©

(O

(E)
(D)
(A)
(D)
(A)
©

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

(B)
©)
(A)
(B)
(A)
(D)
(E)
(B)
(E)
(D)
(D)
(B)
(E)
©)
(D)
©)
(D)

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

(A)
(A)
(B)
(B)
©)
(B)
©)
(D)
(D)
(E)
(B)
(©)
(D)
(D)
©)
©)
©)

52.
53.
54.
55.
56.
57.
38.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

©)
(D)
(D)
(B)
©)
©)
(D)
©)
(A)
(A)
(A)
(D)
(D)
(A)
(A)
(E)
©

69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

(E)
(B)
(D)
(A)
(B)
(E)
©
©
(A)
(D)
(A)
(E)
(B)
(A)
©
(D)
(B)

86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.

(A)
(B)
©)
(D)
(B)
(B)
(E)
(E)
(B)
(A)
©)
©)
(E)
(E)
(A)
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Practice Exam 2

Detailed Explanations of Answers

1. (B)

This problem involves vectors:

The tangent vectors are:

and

The unit vectors are:

and similarly

and

Inverting, one finds

Finally

r =xX+ yp+zZ=pcos 65+ psinfy+ zZ

26
P
% — cos 0% + sin 69

2 = (9r/dz)/|or/oz| = 2

6 = —sin 6% + cos 6y

p = cos 0x + sin 6y

% = cos 0p — sin 00

¥ = sin 6p + cos 00

r=pp+zZ
dr . dp oA oA
= — =0 R 55 — 66 55
v 7 pp+p gt +Z=pp+p00+2Z

= —psinOx+ pcos Oy
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2. (E)
E = T + U s the total mechanical energy. Differentiate it to get:
dE _dT  dU
dt  dt = dt

U U ,

U
=F-v+—+VU-v
ot

J
= —Usince F=-VU
ot

3. A

The viscous force is

1y mripvlvle,(v) = F,
The drag coefficien t is

c,(v) = 24/R,

= 24/0.5 = 48
For a sphere,
R, = 2|v[rv
v = Rv2r = (0.5)(0.149)/2/(0.005)

= 7.45 cm/s

F,=1, wrzpfvzc V)

Then F, =1, m(0.005)%(1.22 X 1073)(7.45)%(48)

0.128 md

4. (B)

This problem concerns 2D motion. From Newton’s second law:

Now define y = b/m. Then the first equation has solution

= vt
Vx Voxe

v
and x=-"2(1—e"
},( )



DETAILED EXPLANATIONS OF ANSWERS — PRACTICE EXAM 2

by integration. Similarly,
v, = —gly + (v, + gly)e™
y = —gtly + Uy, + gy —e™)

by integrating the second equation. At y = 0 for positive t = T, we find the time of flight

2V0y ytz

B §+veyy 3

o) 1 20\
%2v0y<1_W>+7<w)
g /g 3\ ¢

_ gy (1 3 7v0y>
g 3g

Where we have used 7 ! ~1—x
—X
5. (D
The work function is
¢ = hv, = hc/A,

= 12,400/2576 = 4.50 eV
and hence Cu is the substance. The light energy is
E = hv = hc/A
= 12,400/1700 = 7.29 eV
by conservation of energy
t+ ¢ =nhv

Thus, the kinetic energy of the photoelectrons is

T=hv—¢
=2.79eV
6. (E)
This is a standard Compton scattering problem, with
A=3.00A
and ¥ = 45°
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given. The Compton shift is

A/I:Z/lcsinzgle'—/l Y e \lb

The Compton wavelength is \/«9

h 6.626 x 10734
Ac =

mec  (9.109 x 10731)(3 x 109)

=242 X 1072m =0.0242 A

Hence, A\ = 2(0.0242)(sin? 22.5°) = 0.071 A
Finally, AM=A+Ar=307A
7. (A

Stirling’s theorem (1st order approximation)

InNM=InN+ ... +Inl
N
:ZInj
j=1
~ Illvlnxdx

=xlnx—x|,

=NInN-—-N
N
NI = (N)
e
8. (O

To get the total displacement, we sum up
Xy =2x =2 cos
Yy =2y =2sinf

r?=x3+ 3
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ST T a6, dey
1
= )N /[(COSGI+"'+COS9N)2+(Sin91+"‘+Sin9N)2]d61..,dQN
1
- )V /KCOS 01 +U)*+ (sin 6, +V)?]d6, ...d6y
1
T o)V /[COSZ 61 +sin’ ) +U? +V? 42U cos ) +2V sins6,]d6) ... d6y
= / /2ﬂ(1+U2+v2)d9 de, ...do
T (2n)N 0 1 |...dON
1
—(27T)N_1/[(COSGZ+"'+COS‘9N)2+(Sin92+...+sin9N)+1]d92...d9N
=14+...4+1
=N

-'-RRMS: V <l’2>:\/ﬁ

9. (B)

The linear momentum and mechanical energy are conserved. That is,

CM)v=Mv' - v =2v

and
1 @MWV2 + Yy (M) v'2 = Mgh — v2 + 1 v'2 = gh— v2 + 1/, (2v)?
= gh — 3v? = gh— v = V/(gh/3)
10. (O)

p+p—p+p+ 7is the given reaction.

The total u-vector momentum squared is

2 2
2 cm 2.2 2.2
p,+p,) =— =-—mijc" —m)c" — s EE
(71 72) C.2 1 2 CZ 152

where each p = (p, iE/c). Now

E1=T1+m1

\/E:Ecm = \/m%+m%+2(Tl +m1)m2

and 2my +mg =/ 4m%, +2myTy
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Using m; = m, = m,,

2(0.938) +0.140 = \/4(0.938)2 +2(0.938) Ty

Solve for
Ty = 0.290 GeV = 290 MeV

as the answer.

11. (C)

The correct relativistic Lagrangian is
L= Ly AH
= Emu uy+qgA uy

To see this, use

afay o
dt \ dw’ ax’

which is the relativistic Lagrange/Euler equation

dp* dAH JAH . dA"
P:q[ y Ay oA ]

dt at
dp' 0A'  d¢
e.g., e.g., Pt [_8*:_8)&“4+Y(HXB)I
d
dilt) = Y9(E+uxB)
12. (E)
The 4-distance is
x* = (r, ct)
and M= Z/lff ¥
v

is the transformation equation. The w = 1 and w = 3 components are

/
xl _ xl

/
X3 x3
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since there is no change in the transverse directions. For the par- x2' =y
allel direction and time component, we have

=y — Br)

=yt~ pr)

B — N V)

X =X
the standard forward Lorentz transformation for y and ¢. Hence, X2 =y
1 0 0 O
a1 90 v 0 =Py
0o o0 1 O
0 —By 0 vy x = x1

is the transformation matrix and x’ = yx is the matrix equation.

13. (D)

p + %5 U is the elastic Rutherford scattering reaction.

do _ (226" . 46
dQ \ 4T 2
1s the differential cross section.

1000mb ol fm?
b 10mb

10b x = 1000 fm?

C[M©2)(144)7° . 5 4q
1000 = [4(7.6)] smz5

sin% — 037 = g =43.6°
14. (A)

The given central potential is

Hence,

9 19 .1 d\,
F:‘VU:"‘Gaﬁerae*%ww)r
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Writing the gradient in spherical coordinates,
= k!

= —kn "= —knvrr

. 9dr  dr
since 5o and 26

are zero (curvilinear orthogonal coordinates). Also,
r=xx +yy +zz

in spherical coordinates.

15. (D)
A rocket in a gravitational field may be understood from

—mg = mv' + um’
by Newton’s Second Law
t 1% m d
—g/ dt:/ dv+u/ an
0 W0 md m
v:vo—gt—kuln@
m
_3 3
=04-9.8x10 (100)+2.0lni
= 1.62 km/s

16. (A)
Use

fy ~da = —47Gm,,
the integral form of Gauss’s law for gravitation. Evaluate the integral in the different regions
r<a, fy-daZOegZO

r>b, fy ~da = —47GM = —gdmr?

GM GMp

thus = —— 0ry= —
=0 Y r2

' 4
a<r<b, f y-da=—4nr'g = —47rGP?7[(r3 —a’)

4 a
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A plot of g versus 7 is shown in the following figure.

g9
1 i >
a b r
17. (O)
The gravitational field of a disk may be found from fundamentals
dm
a=—G [
where dm = oda = 2wosds. y
orda
g= 7G/ 2
-
= —27176G/(s ds/r*)(x/r)x

_ G/R sds
§= —omobx 0 (x2+s2)3/2X

X
=-210G |l — ——|x
[ \/xz—i-Rz}

18. (B)

Fermat’s principle requires that the time be a minimum. The time is given by the action integral
A= [
v
. c
Using n=-orv="t/n
v
1
we get A= - /n(x,y)\/dx2 +dy?
Since ds = \/dx? + dy*?
1 [Q ,
thus A= E/ \/ 1+y2%n(x,y)dx
P
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19. (O)
The nuclear reaction is
2TAl(a,p) 13Si or ja + 2Al — lp + 39Si
with Q-value.
OQ=m,+mp,— myp — my
= (4.0026 + 26.9815 — 29.9738 — 1.0078) X 931.502
=23 MeV
For the reverse reaction
0= —-23MeV

and

m
Tip = <1+’> 0|
mr

= 2.7 MeV

is the minimum kinetic energy needed.
20. (A)

Sound waves in a gas may be modeled as adiabatic. Hence, p}? = constant where y = 5/; for three
degrees of freedom. Differentiate to get

L vty = ypvr 142 g

dv dv
dp _ _yp
Thus, vV

The sound speed is

(B+3S.) |B
Cl=\\|————F= =4/ —

p p
for an ideal fluid which has zero shear modulus and

dp
B:— _— =
gy =P
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Finally,

Ccl1 = E
V P

and hence doubling p changes the sound speed ¢, by a factor of V2.

21. (B)

The Maxwell-Boltzman distribution is given by

3/2 /
—E/kT ;3

d
27:ka> ¢ P

dnng(

where the degeneracy g = 1 for classical particles. One can always find the factor (1/2 7 mkT)>? by
normalization

JAN dn =N
0
Clearly,
dn
N p(v)dv

defines a probability density function p(v). Thus,
<> = J: V2p(v)dv

= ; B efmvz/2kTv247tm2v2m dv
(27mmkT)3/2 Jo

m N\ [T s dt _m
_4<27'L'kT) /Oe t E,Wherea:ﬁ

/ /
-7 ) 35 (i) =3erm

where

was used.
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22. (A)

The situation is governed by the binomial distribution

s = () ==

n

h N n!
where n ) n!(N—n)!

is the standard binomial coefficient. The probability parameter is

P= Y T 1108 cmd

The desired probability is p(0)

N! _ 27
P(0) = o pO(1 - 10°29) "

~e 10=45%x107°
where we have used
(1 —x)V = (e = =N
since x << 1.

23. (D)

The standard rule for the propagation of error is

2 2
s (Za) e (Pas)
X1 aXN

the density of a sphere is

Hence,
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) ()

) o3

=0.020

for the solid A1 sphere’s relative uncertainty.

24. (E)
For the entire cycle ADCBA,

AU=0=AQ0 — AW
Hence, AQ=0.—Q,=AW
since Q. is absorbed and Q,, is ejected. The efficiency is then

_|AW| O
e= — Ly

Q. QO

since Q0 > Q.

Finally, one needs to use the fact that Q,,/Q . = T,,/T_ to get

Ty
e=— —
Tc
where
T,> T,
25. (B)

A single particle with one degree of freedom may be described in a space (x, p) of two dimensions.

The cumulative number of states is

I['(E)= 2;}/9[E—H(x,p)]dx dp

14 14
:m/<g;_E)"P:m/_

= (V2mE | th

V2mE

d
V2mE P
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The density of states is

;Lg — 0\/2mJE J27h

26. (E)
For the two state system with degeneracies (g, g,) and energies (E}, E,) = (0, &) the partition func-
tion is
Z= Egje_BEj =g, + ge P

The average energy is then

B> Onz- 192
T8 YT 7B

= gzse*BS/(g1 + gze*BS)
and the total energy for N particles is
<E>, = N<E>
= g,Nee Pe/(g, + g,e P?)
= g,Ne/(g,ePe + g,)

27. (D)

Lissajous figures are generated from the coupled harmonic equations
¥+ olx=0
Y +oly=0
with solution
x = Acos (wt+ )
y = B cos (wyt + B)
The figure is thus a parametric plot (x(), y(¢)). Let 6 = B — « be the phase difference. Then
A =B,wy=2wx,8= /2
gives the “butterfly.” Also

0=*72 w =w
y X
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gives an ellipse, and

6 =0or iWWlthwwax

is a line.
28. (D)
The light damping or underdamped motion solution corresponds to
w} > ¥4
The differential equation is
mx" = —kx — bx'

4y +@f, y=b/m, o= /k/m

A solution would be x = e”’e”® with auxiliary equation p> + yp + w,* = 0. This implies

pi:—giiwwherewz\/m

One can write
xX=x, +x_

= Ao~ V(i@+d) 4 gilwitd))

= 24e™ """ cos(wt + 8)

= Be "2 cos(wt + §)
with B=24.
29. (B)

R =109,677.6 cm™!

is given as the Rydberg constant for hydrogen. The Lyman, Balmer, Paschen, Brackett, and Pfund series

result from electronic transitions from level m to n = 1, 2, 3, 4, 5, respectively. For the Paschen series
n = 3 and so

Clearly m — o gives A = 820.6 nm the lower limit. m = 4 gives the upper limit A = 18,760A.
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30. (E)
It is desired to find the average entry for a photon gas, i.e., black body radiation. Proceed using
Boltzmann factors:

Ej=jhw,j=0, 1,2,...0
<E> = EE/e_BEf/Ee_BE
= ha)z jeijx/Zefjx, x=hof
J J

=ho) /Y ymy=e

= ho(/(1 = PA/I(AL = p)

= how/(e"F — 1)
We have used the infinite geometric series results

l+y+y2+ ... =11 -y

and

d _
y(1+2y+3y2+...):yd—y(l—y) I

31. (C)

The 19 electrons of potassium are arranged as
1522s% 2p® 352 3p® 4s!
of which the first 18 electrons have the same configuration as for the argon atom, namely,

1s%2s? 2p® 3s? 3p°

32. (D)
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The electric field and electric potential are related by:
E:—V(]):—djor(p:—/E-dr

Another fundamental formula is that
d
o—+k [
,

b 2wosds
Thus, — 1k / ~rosds
¢ a Vs2+x?

= +271ko/ 52 4 x?

= +21wko (\/b2 +x2 — \/a2+x2>

Graphically, this looks like K3

33. (O)
The black body distribution is given by

(@) ho? 1
u ===
m2c3 (ehoB — 1)
For high temperatures or low frequencies, one can make a Taylor expansion of ¢*
2
X
o G R
e = 1+x+2! +...
Hence,
_ ho’ 1
- 23 1+ hof -1

= 0’kT /7*c3

u(w)

If one tried to now calculate the total energy density
U= J: Ulw)dw,

one gets the ultraviolet catastrophe.
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34. (D)

The Thomas-Reiche-Kuhn sum rule states that

Y Ixjol*(Ej—Eo) =8 /2m
7

Since
hp h h [—h e
] =52 il = bl = o (5 = g
W B’
Also, <O — O> = — = (0|[x,Hx —xH]|0)
m m

using a wave function W and expanding the commutator
B /m= (0]2xHx —x*H — Hx*|0)

Further, < OlxHx|0 >=Y < O0lx|j >< jlx|0> E; = Y| (xjo)|*E;
J

and < 0|Hx*|0 >=< 0]x*H|0 >

=Y <Olx|j><jlx[0>Eg =Y |xj0|*Eo
J

Finally, we get

L Y lxjl?
=) _|xjol"(E; — Ep)
2m H

35. (A)
A general rule for commutators in quantum physics is
[4%, B] = A[A, B] + [4, B]A.

This problem involves the operator

Obviously, [V(x), x] = 0. Then consider

1, 1
%[p ,X}—
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using p = mx'. Thus,

36. (A)

A typical experimental set-up is pictured below.

gas inlet

ﬂ Hg vapor at
low pressure

filament
1

A @

variable AV
voltage Vg

The heated filament supplies electrons which are accelerated by the positive voltage of the grid.
The accelerated electrons gain energy so that (eV, = 1/, mv?) and experience inelastic collisions with Hg
atoms. The back voltage AV deters some electrons from reaching the plate. The current-voltage curve

peaks at the quantum energy levels.

37. (B)

For any spherical harmonic, the normalization condition is
JY,, Y, d =1
where () is the solid angle. For the given problem, we have
t=m =1
I yy*da =1
[ N? sin? Be'te¢ d(cos 6) do
where we have used the fact that

dQ = sin 6 d6 d¢

N? Jl_l sin? 0 d(cos 6) Iéw dep
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Use the identity sin> = 1 — cos? 6 to get
2 [! 2 2 1
27N / (1 —cos”0)d(cos0) =2nN [2 - 32]
-1

8
1:§N2:>N: 3/87

38. (B)

The hydrogen radial wave functions come from the associated Laguerre polynomials. The ground
state wave function is found from the quantum numbers n = 1,7 = 0, m, = 0.

3/2
Rl()(Y) _ Ne—Zr/aO ) <Z> e—Zr/aO
ap

The radial probability density is p(r) = RR* r* and this peaks where

d
E(’,28722;'/a0) -0
2’,672Zr/a0 o r22izefzr/a0 -0
ao
27
== =2
ao
2Z
r— =2
ao
Finally,
ao
r=—
Z
One may also show that
d*p ao
_ 0at —
ar =747

proving that the extremum is a maximum.

39. (C)

The n = 2 and [ = 1 radial wave function is under consideration
R21(l") — Nre—Zr/ZaO
Use the normalization condition [RR* rdr = 1

— NZ J(O)O r4e—Zr/a0 dr
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= N2 Jw rS*lefAr/aO dr
0
= N2T(5)(Zla,)® = N*41 X a 512

ANYA z\"* z
Thus, N="""_=SN=|(—]) ——
o8 8ag® 3ag? <2a0> V3ag

40. (B)
The hydrogen-like atom energy is a function of Z, u, and n
E = —k*Z?ue*/2h’n?

ZZ
-2 Eiz6ev
n? m,

This is most easily derived from Bohr theory

_ W kZe?
F== = 5

= r=n’ay/Z
L=uvr=rhh

with the Bohr radius as a, = h?/uke”. Then

kZe?
r

1 2
E=T+U = '~

B —kZé>
- 2r

kZe? A ke?
2 I’l2 hl

K272 et
2hn2

41. (C)

Experimentally, the nuclear binding energy is
BE = 931.504,, — 93828 Z — 939.57 N
neglecting the electron masses. According to the semi-empirical mass formula, we get

(A—27)?

BE = —C,A+C.Z(Z—1)A'? + C4A* + ¢y 1

with parameters

C, = 15.6 MeV, C. = 0.7 MeV, C, = 17.2 MeV, Cg = 23.3 MeV
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42. (D)
Applying the conservation of atomic number (charge) and mass number (# of nucleons) the equa-
tion is missing three nucleons and no charge. Thus, there are three neutrons produced.

43. (D)
By Kirchhoff’s current law oL L
I =1+L—>1=1 —1,. I
(o Il — C
By Kirchhoff’s voltage laws: T T
—qife-L -1~
—qz/C—Llé— q1 —q2 —0

Differentiate and let K = 1/LC and k = 1/L+y. Then we obtain
Il'=—-1K+ (I, — 1)k
I=—LK — (I, - I)x
Add and substract the equations letting y = I, + I, and z = I, — I,, respectively, to get

y'=—kyandz" = —kz — 2kz.

142k
Hence, the ratio 0,/ 05 =/ (k+2x)/ =\ —2

44. (E)

This is the standard twin paradox problem. We are given v = 1.50 X 108 m/s. Hence,

1 2

I
c 2T IR V3

The time dilation equation is ¢ = ¢,y where £, is spaceship time and 7 is Earth time. We extrapolate that

t .
to = 5/ We are given v = 1.50 X 108 m/s. Hence,

v 1.50x10°m/s 1

P= =3 0x105ms 2

! i In terms of Earth years, for a round trip it will take John:

VI V3

and y=

2 2x25
t=-= >1< = 100 years
% ZC
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The time dilation equation is ¢ = ¢, X vy, where £, is spaceship time and 7 is Earth time.

45. (B)

In relativity, F = 7

However, the relativistic momentum is p = mvy. If v changes only in direction, then

o="2190 o6
00—~ = _—F—F== . cars
v 2/\3 Y

At =t —t, =100 — 86.6 = 13.4 years (light years)
dp just as holds classically.

dt

d dv
F:FL:E(mVy):mYE:mYaL

If v changes only in magnitude, then

d
F= FH = E(mvj/)

dv v
= mj/Et + mﬁ2)/3 E

:m);’aH.

— 2

1
For |a, | = |a;| we get —
la | =|a|| we g F,

46. (O)
The Biot-Savart Law must be used

Uo Idl X
B="—
d A r?

B _Mol/z’” i pol
S dAm S 2 2r

———————
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The current is

j_4_ ¢ _ e
t 2mr/v 2mr

and the velocity comes from (in Bohr theory)

mvr = ket/r?

Vﬁ;f*_ 9% 109(1.6 x 10-10)2
ke /mr =\ 9 1% 10-37(0.529 x 10~ 10)

=2.19 X 10% m/s
Thus, I=(1.60 X 10719)(2.19 X 10%)/277(0.529 X 10719 = 0.00105 A
and finally
B_ = (47 X 1077)(.00105)/2(0.529 X 1019
= 12.5 Tesla
47. (D)
Maxwell’s equations are
V-D=0 V-B=0
VXE= —3? VxH= —i—a;t)

where D = ¢E and B = pH. Now suppose

E = Ey, and H = Hz, z

then VxE:(aEy—aEx>zngyz
ox

ox dy

since E =0 and

— <aHx_aHz>yz_asz

dz ox ox

since H = 0. Then we may rewrite the above

OH _ oD 9B __ 9D
x o BT Hy

xY



DETAILED EXPLANATIONS OF ANSWERS — PRACTICE EXAM 2

Hence, we obtain

JE _ 9B 0B D
ox o Moy T TR

If e =¢gpe® and u = pe”,

then we get

PE_r8_2( o0\ D o
a2~ arox o \Far ) THar THY
48. (D)
v =(w+u) /(1 + uv/c?) = (0.5¢ + 0.5¢)/(1 + 0.25¢%/c?) = ¢/(1 + 0.25) = 0.8¢c
49. (O)
The initial picture is
-
m >~
and the final situation is
]
5T
0
0
’
5T

By symmetry, the kinetic energy is evenly split after the collision.
Now:
E=T+mc* and p = VE?> —m2c*
give p* = T? + 2mc?T.

Similarly,

1
E'= 2T +mc and p' = VE? —m2ct yield p” = T[4+ m*T
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By conservation of momentum p = 2p’ cos 6 or

cos§ = /T2 +2mc2T/\/T2 +4mc?T
Plug in mc? = 938 MeV and T = 1876 MeV = 2 mc? to get 0 = A cos (%) = 35.3 — 20 = 70.6°.

50. (C
E1“h33re is a wide range of temperatures in the physical universe, many accessible in the laboratory.
0K the absolute zero or coldest temperature
20K the normal boiling point of hydrogen
77 K the normal boiling point of nitrogen
1234 K the normal melting point of silver
6000 K the sun’s surface temperature
10K the sun’s interior or core temperature

102K  the temperature achieved in a nuclear collision

51. (C)

Double-slit interference — d sinf = mA for bright fringes
Single-slit diffraction — w sinf = nA for dark fringes

If 6 is the same for the two patterns, that is the position at which bright fringe of interference pattern
is missing due to dark fringe of the diffraction pattern formed there.

Hence, sinf = (mA/d)/(nA/w) — m/n = d/w — m/n = 6A/2\ = 3. The smallest value of m is when
n=1,ie,m=3.

52. (O)
In order to get from the usual wave equation to the Schrodinger equation, one uses the de Broglie
wavelength concept

h h
2{ = — =
p 2m(E —U)
Start with the 1-D wave equation
IY 1Y :
o = g P = ()
Separating variables
d2¢ 0)2
a2 Tt =0
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where w? = 4mf? = AnVN2 = Am2m(E — UW/h?
Substituting
d’¢ 2m(E—U)
I + 2 #(x)=0
Rearranging
W d%¢
————+U¢=E
dm d> ¢ ¢

or finally Hp = E¢ in operator form.

53. (D)

The damped one-dimensional harmonic oscillator differential equation is
X'+ "+ wix =0

where

k b
o =+4/—and y=—
m m

In the light damping situation w2 > %4 and the solution is

x = Bye "2 cos(wt + 8) where w = \/ > — y* /4

If y << 1, then

x' = —Bywe " sin(wt + 5)

1 1
and E = meQ + Ekx2

1
= EB()ze_W(ma)2 sin®(t + &) + kcos®(wr + 5))

1
= EkB()zeyr using @ ~ @y

54. (D)

For £ <V, the two needed wave numbers are

k=+2mE/hand k' = \/2m(Vy — E) /h
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The wave function is

The boundary conditions give
d0)=1+r=t
¢’ (0) = ik — ikr = —k't
Solving simultaneously gives ¢t = —2ik/(k' — ik) and the transmission coefficient is
T = tr*
= (4k* + 42K/ + k'?)?
= 4K (K> + K')/(k* + k'?)?
= 412/(k> + k'?)

55. (B)

The given wave function is

and we want to find the value of <x?>.

<x >:/¢ *x2¢dx

1
= f/xz cos? de
a 2a

Use
1 1
2
= — — 2
cos“ 0 2—1—200s 0

to get
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Integrate by parts

111 3+a
=—|=x4+—x
al6 21

1
a\3

12
— 22 _“
(%)

Note that <x?> # 0 but <x> = (.

1
<a2+0+

56. (C)

Cnx a?
sin — + —5XC0S —
a T a

243
o)
b4

2

R'=Rm;M' = M;

Moment of inertia for a solid sphere is 2/5 mr?.

Now the angular momentum is conserved. Hence,

a
7[3

3
— —sin—

X
a

o =1T'w — (2/5 MR?)(27/T) = (2/5 MR'?)27@/T') —

RYT = RYT' —T' = (R'/R?T = (1/n)*T = T/n?

57. (C)

For an RLC circuit, Kirchhoff’s law gives

or differentiating and defining

for the critical dumping case,

and the solution is

Q
C

—RI-LI'-==0

1 R
2

= — d = —
W =TT

I' +yI' + w3 = 0

I=(4+ Btje "

If I =1I,and I' = 0 at ¢t = 0, then the desired solution is

1=t (14 21) e

o=
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58. (D)
An object propelled horizontally at distance r from the center of the Earth into a circular orbit feels
a force
Fo Gn;M _ my?
r r
Hence,
GM
V="andv=4/— =ro
r r

The linear frequency is then

and thus the orbital period is

3

=27
GMg

It is interesting to note that this is the same as the period of an object dropped from distance r = r, and
falling through a hole in the Earth (see above figure) to execute simple harmonic motion.

59. (C)

By conservation of energy

mgh = Emv2 or

- |

is the pendulum bob velocity just before it hits the T IJWW‘{
spring.

The conservative force is
F=—kx — bx3

so that

— [ Fdx=- -
U / dx 2kx +4bx
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Again by conservation of energy

1 1 1
Emv2 =mgh= EkX2 + be“
Rearranging
K\>  dmgh K2
2 K\ _amgn K
(x + b> b + B2
1/2
N NN
a b B b
60. (A)

This is Johann Bernoulli’s famous brachistochrone problem. By conservation of energy

AT = —AV

1
Emv2 =mgy =V =1+/28y

The action integral

-
= [ Vs 2y

must be minimized. The second form of Euler’s equation

of d ([, ,of\_
ox w(fyaﬁ—

1s useful since

f=V1+y?2 [y # fx)

d 9fN
Hence, dx(f_yay’>_0
. af
or f—mQy’a—y/:d

After some work, the cycloid equation is obtained.
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61. (A)
For one-dimensional vertical motion the basic classical mechanics equation is
mv' = mg — bv
or V=g — yv, y=b/m

Integrate - - ®---

vd t
hasm=he '
0 &—Yy 0

by using the u-substitution # = g — yv to get

;/lng_gw =—torv= %(1 —e M)
Integrate once again to get
y= g; - %(1 —e ")
Note that dy/dt = v.
62. (A)
Gauss’ law for gravitation is
V-g=—-4mGp S o5 it el IR

in differential form or T

fg ~da = —4wGm,,
in integral form. For a single infinite sheet of mass density o = m/4
use a Gaussian pillbox as in the figure. Then o |

%g cda = —477Gmm G RS I

—gA — gd = —4mwGoA L o TR
2gA = 47wGoA
g = 2wGo

For two sheets, the field will be 47wGo in magnitude in regions I and III
and zero in region II.
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63. (D)
The first condition of equilibrium, that of transla-
tional equilibrium, says

3F = 0.
Hence,
ZFX_RX—T)C:RX—T2:O
YF,=R,~T,—W
—Ry—l—\Z—mg—O

The second equilibrium condition involves rotation, specifically %7 = 0. So

1 w
R(0) —wi—i-Tlsin(lSO—G) =0=>T=

R, = % =500 N
Thus, R, =1000 — 500 = 500 N
In polar coordinate rotation,

R = (707 N, 45°)
64. (D)
The moment of inertia
I= [rrdm
= lmr2

for a right circular cylinder. Then by conservation of energy

1 1
mgh = —mv*+ ~1w*, v=ro

2 2
= %mv2 + imrzﬁ
mgh = %mv2
vg=2 g3—h

V)

261



GRE PHYSICS

For normal translational motion

vr =/2gh

Hence,
VR
vr

SI-

2
V3
\F
3
65. (A)

Kepler’s Second Law is that the area swept out per unit time by a radius vector from the sun to a

planet is constant. By the usual triangle area rule,

1
dA = —-rrdf
2r T
Hence, L
perihelion mV
dA _ 1,
e
dt 2
= i aphelion
2m

Since the angular momentum is L = o = mr?w. Thus,

L = constant
mvap2a =mv,a

vpe/vap =2

66. (A)
The given mass density is

A = M/(wR/2)

The differential force dF between differential mass element

dM = Ads = ARdO

and m has components

~ Gmadm

R cos 6

dF;
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and dF, = Gm dM sin 0/R? y
G /2 dFy
Thus, F. = —mlR/ cos B db
R 0 dF
0
A 2GmM ' X
=Gm= = X
"R TR? \dFX
G /2
and Fy= l%/ sin6 do
R? 0
_2GmM
- R?
. 2V2GmM?
— JF2LF2—
Finally, F=\/F?+F?= R
2V2GmM? : ,
and F = fim’ 45° | in polar coordinates.
TR?
67. (E)
By Newton’s universal law of gravitation and the definition of weight
GMm
2 -
GM
is the gravitational field.
R

Use a Taylor expansion to get

to 2nd order.
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68. (C)

The hotter fluid loses heat energy to the cooler one:
Heat lost = heat gained
cm(Ty — 1) = c,my(T — T,)
Assuming equal specific heats ¢, = ¢, = ¢ and with the masses related as given m, = 2m,, we get
2m, (2T, = T) = cmy(T — T,)

AT, = 2T—T+T,=0

5T, =3T
5
T=-T

312
5

= =(30°)C
- (30°)

=50°C

69. (E)
The tide-raising acceleration the moon produces Earth

is a differential acceleration between points 4 and B

Gm Gm

AngA_gB Bm .
w

T2 (a+r)?

50 iig)

-5~ (-23)

using a series expansion, thus

Ag = 2Gmr/a®
Tidal acceleration is hence inversely proportional to the distance cubed.
70. (B)

Measuring the distance between the two stars in a binary system and knowing the period of revolu-
tion allows one to determine the total mass. Kepler’s general law (3rd law) is

12 = 47a*/(m, + m,)
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For the solar system m, = m, and m, = L Also T = sidereal period. For a binary star system, the
period assigned to the system applies to each star. Hence

my, = (m; + m,) = Am%a’|T?

If m; = m, = m, then
m = 2m%a’/T?
gives the mass of one star.

71. (D)
The 3-D harmonic oscillator can be used to develop a basic nuclear shell model. Use the Schrodinger
equation

HY = EVY

_RK2
— VYL Y =EV¥
2m

with potential energy U = 1/, kr*. Because
?=x>4+ )y + 22

we get energy eigenvalues

3
E = <nx+ny+nz+2>ha)

The nucleon has g = 4 since we have p, n, and 1 and | spin. For

3
E =-ho
2 )
we get 4 states; for
5
E =—-ho
2 )
12 states; and
7
E =-ho
2 )

24 states. Thus 4,4 + 12 = 16,4 + 12 + 24 = 40 are magic numbers.
SHe, 'S0, and 5)Ca

are very stable.
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72. (A)

>

We are given information on the classic Young double-slit interference experiment. Plane waves of
monochromatic light are incident on the two slits. The condition for constructive interference is

dsin 0 = nA
Hence,
sin6:&27y ~
d \/lz+y2 l
-10
and yz/li B (6000 x 10~%)(15)

d  (0.15x1073)
= 0.006 m

1s the location of the 1st maximum.

73. (B)
In the Mayer and Jensen nuclear shell model, the spin-orbit interaction
H_ = —al-s
splits levels with the same / but different
j=s+1

For example, the P, ,, and P, states both have / = 1 and s = 1/, but the different j values (!/, and 3/,)
produce different degeneracies (2 and 4). For the nuclide ']O, the proton configuration is

(1s 1/2)2( 1p 3/2)4( 1pl/2)2

and the neutron configuration is

(Is 1/2)2(11’3/2)4(117 1/2)2(1‘Z5/2)1

The ground state nucleus spin is thus j = 5/2 from the unpaired neutron.
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74. (E)

For a spherical shell, the potential energy is
G (4
U =—— <37rr2p> (4rrdrp)

= —16m°Gp*ridr/3
The stars total gravitational potential energy is then
U = —16mGp*/3 |{ rdr
= —(167*Gp*/15)R?

Since the volume V" and mass M are
4 4
V= g7ure3 and M = gmre3p

we may rewrite this as being

3 1/3
U= —gGMz/R == () GM*v~1/3

Finally, the gravitational pressure is then

75. (C)

There are six leptons:
€U, M, Vs and 7, v_.

The electron, mu, and fau increase in mass from 0.511 MeV/c? to 105.6 MeV/c? to 1784 MeV/c?; each

has charge — e where e = 1.6 X 107!? C is the fundamental electronic charge. The neutrinos v,, v, and

v_are thought to have no mass and also have zero charge. In nuclear reactions, electron lepton number

L,, mu-lepton number L , and tau-lepton number L _are conserved quantities. The antileptons have
. H T

opposite charge and lepton number; e.g., ehasg = —eand L, = 1 bute* has¢g = +eand L, = —1.

76. (C)

There are six quarks up, down, strange, charm, bottom, and top or u, d, s, c, b, and t. The up, charm,
and top quarks have charges 2/; e and masses 350, 1800, and =~ 20,000 MeV/c?. The down, strange,
and bottom quarks have charges —1/; e and masses 350, 550, and 4500 MeV/c?. The strange quark has
strangeness S = — 1, the charm quark has charm quantum number C = 1, the bottom quark bottomness
B = —1, and the top quark has top quantum number 7" = 1. Hadrons like the proton and pion are built
of quarks and anti-quarks.
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77. (A)

The theory of radioactive decay proceeds as follows. Let P = probability, then

P(1 decay) = Adt, A = decay constant

The differential number of particles decaying is

dN = —NP
= —-ANdt
NdN t
/ —:—//ldt:>N:N0e_’“
Ny N 0

The half-life is calculated as an expectation value

t:<t>:/ te M dt// e M dt
0 0

where e A7 plays the role of a probability function.

78. (D)

2L(n — 1) = mA . — 2(0.1)(n — 1) = 100(580 X 107%) — n = 1.00029

79. (A)

The Mossbauer effect, discovered by R. Mdss- O
bauer involves the resonance emission or absorption of
nuclear radiation without recoil. For the usual emission
case A* — A + v the initial and final states are shown
in the preceding figure. By conservation of momentum
the recoil and photon momentum are equal @

A*

Hence, the recoil energy is
E, = P%2m,
= (129 X 10%%/2(191)(931.5 X 10°)

= 0.0468 eV

A<—€}M/VW\/>
Y

®
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80. (E)

One must use a fat lens formula to solve this kind of problem:

n n n-n

s s R

We are given ' = 1.7and n = 1.2. Also, R = Scm and s = —15 cm. Thus, s’ = 85 cm.

1.2 1.7 05
E-I-?:?:hv’:SSCm
Further, , )
s:_wi—%:n;norf’: 17 cm
and s’:oo:>_7n—(n’—n)/Rorf:—120m

The ray diagram is:

81. (B)
Consider transitions between two molecular states i and j. We are usually given that
N!= NB,U(w)
and N/=N(4; + B,U(w)).
Hence,
N;
N, = (Aji+B;iU(0))/B;U(0)
J
E —FE =ho
j i
But from the Boltzmann factor
N.
I efth
N;
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Thus, B ePU(w) = 4;; + B,U(w)
U(w) = 4;/(B,e"F — B,)

where Ajl., Bl.j, and Bﬁ are the Einstein transition coefficients.

82. (A)
The B fields of a single circular current loop may be calculated from the Biot-Savart law
Uo Idl x's
dB = "—

ar  s2

to be
Mol r
B= 202+ 22"

along the z-axis
For Helmholtz coils, we have two such loops, each with N turns, and the field atz = R/2 is

tolR*
3/2
R2
2 (R2 + T)

= NuolR?/ (4) R

= 8ol /(5*R)

83. (C)

Consider Faraday’s law—Maxwell’s second equation

JB

VXE =——
X ot

A vector identity is
VX (VXE)=V(V-E)—- VE

Now V - E = 0 in vacuum

= _VxB=-V%E
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Now use Maxwell’s fourth equation

1 JE
VxB=——
x c? ot
to get
1 J°E
VE=—~-_
c? ot?

A plane wave solution is

E =yE0y cos (wt — kx + a) + z cos (wf — kx + B)E |
If a = Band Eoy = E_ = E,then

E? + E? = E2
and we get circular polarization.

84. (D)
The potential is that of a real charge ¢ at z' = & and an image charge g atz" = —h

1 1
q"kq(m‘m)

Note the boundary condition ¢(z = 0) = 0 is satisfied. The electric field is then

¢ z—7 +7
EZ = —— = kq —
dz (s2+(z—2)2)3% (24 (z+7)?)3/2
1
E(z=0)=———qh/(s*+h*)*/? using k = ——
(z=0) 27r60q /(s”+h")”/“ using e
and where s = x* + )?
aA
z s infinite
> V=0 -conducting
plane
z//
Y
—-q

271



272

GRE PHYSICS

85. (B)
The Fraunhofer diffraction intensity pattern is

I = Ipsin® Ty Ty 2
- ALY Y
/ Idy:2/ Idy
—oo 0

mdy
PR
Let
/w Idy =2Iy /oo (sinz(x)/xz)dxﬂ
—o0 0 7l'dw
= QIAl/md )(7/2)
= IAld,

To do this problem, one needs to know

0 3 o) 1 2
sin x sSin” x T
/ dx = / 5 dx = —
0o X 0 X 2

The physics student should recognize sin (x)/7rx as one representation of the Dirac delta function &(x).

86. (A)

The electric potential is
V==K / pd>r/r
= ki/r* - /rp d*r
= ki’ - p
by definition of the dipole moment. Continuing
V =kr- p/r2
= k p cos 0/r?

for =p=pz
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The electric field is

v 1 . 1 IV
ar r rsin6 d¢

Using spherical coordinates for V
= kp((2 cos 0/r3)F + (sin 6/r°)0)
= (k/r’)(3F - pF — p)

and this is the usual dipole field.

87. (B)

For a particle on the surface of a sphere in spherical coordinates
X = rsin 0 cos ¢
y =rsin 6 sin ¢
z=rcosf
and X+ +2=r=R
The potential energy is

U=mgz=mgRcosb

and v = R?0'2 + R> ¢'? sin’ 0
d
i '— —(R)=0
since r a’t( )

Hence, the Lagrangian function is
L=T-U-= 1 mR0?+ R>$'?sin’> §) — mg R cos 0
88. (O)

The electric field of an infinite sheet of surface
charge may be found from Gauss’ law.

V-E = plg, 1] e

fE ~da=gq,lse, E i

Recognizing that E - da is only non-zero on the left
and right side faces of the Gaussian pill box, we get

EA + EA = a'A/s0

273



GRE PHYSICS

c/2gx, x>0
or E =
—0/26x, x<0

The electric potential must be such that

thus
V=—JE- -dr=—[Edx
= —(Tx/280

for x > 0 as desired.

89. (D)

The electric potential of a grounded conducting sphere in a uniform electric field is easily found

and given as
D(r,0)=—FE,r|1— (—)3 cos @
Y [

The electric field has two components

10D a\3\ .
EQ = _;ﬁ = —E() (1— (;) >S1n9

(Asr— a, clearly E, — 0.) and
3

a
E, = 5, =Ey [1—1—2’3} cos 0

the surface charge is thus
o, = ¢g,E(r =a) =3 g, E;cos b

90. (B)

The limiting angle of resolution of a circular aperture is

O = 1.22&
P

where A is the light wavelength and D is the lens diameter. We are given A = 6000 A and D = 3 mm.
Hence,

6000 x 1019

T 0~ 2 10~* rad

6, =1.22

274
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By the definition of radian angle
6,=dl
then l=de,
=2.0/2.44 X 1077
=82X10°m
= 8.2 km

Because of smog and haziness, one can rarely see this distance.

91. (B
El"h)e deviation angle of a prism at nearly normal incidence is found from Snell’s law and geometry
n.sin6, =n, sin6
or nf, =nb,
and nb,=no,

in the small angle approximation.

01 )

The total deviation angle has two parts:
6=1(0,—06,+ 0,0y

n, ny
=—601—01+—062— 6

n; n;
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Observe that

Thus,

for 0, small at near normal incidence.

92. (E)

Fluorescence is an emission of electromagnetic radiation which takes place rapidly in # ~ 1073 s.
This is the natural lifetime of the molecular or atomic excited state. At STP, a molecule undergoes 100 or
more collisions in this time and hence the fluorescence is usually quenched. Ultraviolet photons are com-
monly used to generate lower energy quanta via the Stokes transition. When there is an appreciable delay
t >> 1078 s, the emission is called phosphorescence. A quantum of light is scattered in the Compton
effect off of electrons, but no such scattering occurs in fluorescence.

93. (E)
The Orbital Rule also known as Laporte rule states that in any electron transition in atoms,
Al= =+ 1.

94. (B)

v=05c—z+1=V[1+08)/(1 —08)]=\(1802)=3—>z=3—1=2

95. (A)
According to Hubble’s Law, z is directly proportional to D, and v is directly proportional to z, hence
v is directly proportional to D.

96. (O)
According to the London theory, a weak magnetic field is able to penetrate only a small distance A
into the superconductor surface before decaying exponentially to zero.

97. (C)

Bragg’s equation is dsinf = mA — d sin30° = (1)(0.25 nm) — d(1/2) = 0.25 nm — d = 0.50 nm.
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98. (E)
This problem is very similar to motion in a constant gravitational field. By the definition of electric
field:
F=¢qE = —¢eE = ma

—a = —eE/m

—(1.6 X 10719)(100)/(9.1 X 10731

—1.76 X 10'3 m/s?

Then from kinematics
v, TV + at
0= vy sin 6 + at

t=-v, sin 6/a

T==2v, sin 6/a

—2(4 X 10%)(sin 30°)/(—1.76 X 10'3)

23X 10785
=23 ns

since the time of flight is twice the time to reach the apex.

99. (E)

A retarder is an optical element used to change the polarization of an incident wave. The phase
difference produced A¢ is called the retardance. The optical devise is a full wave plate when A¢ = 27
rad. The optical device is a half-wave plate when the retardance is 7 rad. Similarly, the quarter-wave
plate causes a phase shift of 77/2 rad. A compensator impresses a controllable retardance on a wave; this
retardance can be varied continuously.

100. (A)
By Faraday’s law or Maxwell’s second equation:
JB
VXE=——
. ot
d@p
E-dr=——
7{ r dt
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Thus, the induced voltage is

dt
= d Bxw
Cdt
= Bwv
By Kirchhoff’s law
V = RI.
Thus, Bwv = RI
v = RI/Bw

= (2 0)(0.5 A)/(17)(0.5 m)

=2m/s
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Practice Exam 3

Time: 170 Minutes
100 Questions

Directions: Each of the questions or incomplete statements below is followed by
five answer choices or completions. Choose the best answer to each question.

1. Let the point of application of a force F = (5, 3, —2) N be at position r = (—2, 1, —3)m. Calculate
the torque 7 due to this force.

(A) 7x =19y — 11zN — m
B) 1lIx+1ly+ 1zN—m
(C) —10x + 3y + 6zN — m
D) —1lx—1ly—1zN —m
(BE) —7x+ 19y + 11zN —m

2. Julie, a physics student, stands on top of a 50 m cliff. She releases one stone with a downward speed
of 1.0 m/s. With what speed must she project a second stone 0.5 s later at a 35° angle if both stones
are to hit the bottom at the same time?

(A) 3.28m/s (D) 1.51 m/s
(B) 2.00 m/s (E) 8.60 m/s
(C) 4.00 m/s

3. A cylindrical bucket of cross-sectional area 4, initial mass m, and initial speed v, moves through
space, picks up space debris of density p (uniformly distributed over 4), and slows down. Use New-
tonian mechanics to find the velocity of the bucket as a function of time ¢.

A v= Vo
(B) Vv = voeprvot/mO VO
(© v=nvo//1+2pAvt/m

(D) y = voe*ZpAvot/m0

(E) V:VO/\/ 1—|—pAVOt/Wl()

283



284

GRE PHYSICS

Consider two reference frames K and K', where XK' y4 K YA K
moves relative to K with speed v = ¢(1 — &) along
the xx' axes. Consider a particle moving with speed

u' = c(l — 6)in K'. Find this particle’s speed in the —>V

lab frame K to order 6. Note 8 << 1.

(A) 2c(1 —9) >~ .
(B) c(1 — 8%2) x X
©) «(1-9)

(D) (1 —06/2)

(E) c(1-8)

Consider two equal masses m, = m, = m that are attracted gravitationally. Suppose that the masses
are initially a distance r, apart and that one mass is given a velocity v, perpendicular to r,,. For what
values of v, will the masses be bound in elliptical motion?

(A) o> 2+/Gm/ry D) vo < 24/Gm/rg
(B) vy > +/Gm/ry (E) vy < v/Gm/ry
© vo = +/Gm/ry

According to special relativity, a clock at the North Pole must measure a longer time interval than a
clock at the equator of the Earth. Suppose that the polar clock reads 7= 100 years. By how many
seconds does the clock at the equator differ? (r, = 6.4 X 10° m)

(A) 1.90 X 1073 s (D) 7.58 X 1073 s
(B) 3.79 X 10-2' s (E) 9.48 X 1073 s
(C) 5.70 X 1073 s

Two balls are thrown vertically upward at the same time. Suppose that the balls have initial veloci-
ties v, = 20 m/s and v, = 24 m/s, respectively. Find the distance between the two balls when ball
one is at its maximum height.

(A) 20.40m (D) 8.14m
(B) 28.56m (E) 14.28m
(C) 16.28m

Consider two masses m, and m, moving on a frictionless surface as shown. Find the distance x of
maximum compression of the spring.

7] Vo
m4 mo
V1 > V2
(A) \/ml/kvl (D) \/(m1+m2)/k (V1+V2)
(B) Vma/kv, (E) /mima(my+m3)/k (vi —v2)

©) v (m1 —|—I712)/k (Vl —V2)



10.

11.

12.

PRACTICE EXAM 3

Imagine a type of cylindrical shell as pictured. Initially
a solid cylinder of mass M and radius R is rotating with
angular velocity w,); then the shell, of mass m, collapses
onto the cylinder. What is the final angular velocity of the
system?

(A) Maoy(M + m)

(B) moy/(M + m)

(C) Moy/(M + 2m) : : : :
(D) mwy/M

(B) Moym

A mass m is subject to the gravitational force and m'
attached by a string to a second mass m'. Supposing [

that the pulley has a finite moment of inertia /, find T

the acceleration of mass m. Assume friction is negli- g
gible.

(A) mg/(/R> +m+ m")
(B) g g
(C) mg/m'

(D) mg/(m + m")
(E) (m — m")g/(I/R?)

)

A skier leaves a ski jump ramp at an angle of 14°
with an initial speed of 11 m/s. Later he lands down
the slope a distance / from where he started the jump.
If the slope is inclined at 45°, then find /.

(A) 205m
(B) 41.1m
(C) 82.0m
(D) 61.5m
(E) 102m

Consider the problem of a spherical pendulum of length / and z
mass m subject to gravity as shown. Derive the Lagrangian for
this problem in spherical coordinates. The pendulum is free to

move both in the x and y directions and would hang (at rest)

parallel to the z-axis. y
(A) 12mP(0'? + ¢'?sin9) — mg (1 + cos 0)

B) 12mP 6> — mgl(1 + cos 6)

(C) 12mP(0'? + ¢'?sin*9) — mg (1 — cos 0) X

(D) 122mP ¢'?sin> 0 — mg (1 + cos )

(E) 1/2mB(0" + ¢'%) — mg I cos 0
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13.

14.

15.

16.

17.

GRE PHYSICS

Picture a particle of mass m that is constrained to move on the surface of a cylinder x> + * = R?
and subject to a force F = —kr. Find the Hamiltonian in the appropriate cylindrical coordinate
system.

(A) H=12mz?*+12kz?

(B) H=12m{R*0"> + z'%) + 12 K(R*> + 2%
(C) H=12mRX0>+ ¢'>sin’0) + 112 kR?
(D) H=1/2mR*¢p'?sin’0 + 1/2 k R?

(B) H=12mR*0'>+ 12 kR?

Suppose that the disk of radius R shown is in equilibrium. Note that the incline has a coefficient of
static friction w, = u. Find the tension in the cord.

(A) T=mgsinb
(B) T=mgcosb
(C) T = mgsin6/(1 + cos )
(D) T = mgcos /(1 + sin 0)
(E) T = mg(l + cos #)/sin 6

Imagine that an object of mass m (m = 2 kg) has position vector r = (3¢ + 5t)x. Calculate the work
done on the particle over the time interval from 0 to 1 s.

(A) 7817 (D) 15717
(B) 235J (E) 3157J
(C) 393]

Derive Kepler’s 3rd law from the assumption that the Earth moves in a circular orbit about the sun
of radius » = 1.50 X 10! m. Use this information to calculate the mass of the sun.

(A) 2.5 108 kg (D) 1.0 X 10°°kg
(B) 5.0 X 108 kg (E) 2.0 X 10°°kg
(C) 3.5 % 10¥ kg

A block of mass m moving at speed v collides with a spring of restoring force F' = —kx — k2x3 on

a frictionless surface. Find the maximum compression of the spring.
(A) Vki/k

®B) ki/k <,/1+mv2k2/kf - 1) -

1/2 ,
© m(Wﬂ) o WWL‘
(D) ki/k <\/m—1)

® ik <\/1 + (2mv2ky JK2) — 1) v




PRACTICE EXAM 3

18. A dumbbell type molecule is modelled as two spheres of
radius » and mass m separated by distance 2/ as pictured.
Suppose that the angular frequency w = wytoz Find
the angular momentum of the molecule.

(A) L =0, Ly = 4/5 mrzwy, L, =4/5 mrzwz

(B) L =0,L =2mo,L, = 4/5mro,

© L. = 2/5 mrzwz, Ly = 4/5 mrzwy, L =0

(D) L =0, L= (4/5 mr* + 2mlz)wy, L_=4/5 mro,
(E) L, =0,L =(5 mr? + 2mlz)wy, L =2/5mr*e,

19. The executive toy in its simplest form is made of two identical
masses hanging from a pivoting rod as shown. If each mass is m
and the lengths are L for each arm and / for the pivot, derive the
condition under which the toy is stable.

(A) LcosO>1
(B) 60 <45°
(C) LcosO>1
(D) 6 <30°
(E) L>1

(D

20. Consider the flow of an incompressible fluid through a horizontal pipe as shown. Determine the
pressure difference p, — p, in terms of the cross-sectional areas and the flow velocity v, at the left.

(A) 12pv3(1 — A42/42)
(B) 1/2p1?

V.
(C) 12pv3(1 + A%A43) 1

(D) 1/2p V%A% /A%

(E) 12pvi(1 — A43/4}) A,

21. Consider the problem of four infinite charge
planes situated as shown. Find the electric field in
the region |x| < a/2. (See figure.)

(A) o/2ex
(B) —o0/2gpx
(C) 20/g)x
(D) —20/gyx
(E) 0

<

i

A
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22.

23.

24.

25.
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A wedge capacitor has potential ® (¢ = 0) = 0 and z
® (¢ = a) = V,,. Assume that the two plates are infinite.
Find the electric field between the capacitor plates.

) E=-0

® E=-"2% ;
©) E:—%(ﬁ y
©) =10 S :

) Ez—ffé

A neutral hydrogen atom may be thought of as a proton orbited by an electron. Supposing that the
electron’s charge density is p(r) = e(8(r) — (a’/m)e~2%"), calculate the radial electric field E..

(A) E = (e/4'n'(<;0)r2

B) E = (8/47780)1’26720”

(C) E = (eldmey)alr + 1/r?)e=22r

(D) E, = (e/Amey)(20? + 2alr)e 2"

(E) E = (e/477'80)r2 (2a? + 2alr + 1/r})e 2

A charged pith ball of mass 2 g is suspended on a massless string in an electric field E =
(3x + 4y) X 10° N/C. If the ball is in equilibrium at § = 57°, then find the tension in the string.

(A) 0.0500 N
(B) 0.0250 N
(C) 0.0125N
(D) 0.0063 N
(E) 0.0032N

A rod 0.20 m long has a total charge ¢ = —75 wC. Find the electric field along the axis of the rod

0.10 m from one end.

(A) —5.50 X 107 N/C x

(B) —2.25 X 10’ N/C x .
(©) ON/C C Q 0.10m 0

(D) 2.25 X 107 N/C x 0.20 m
(E) 5.50 X 107 N/C x




26.

27.

28.

29.

30.

PRACTICE EXAM 3

A capacitor is constructed from two rectangular metal A

plates of area A separated by a distance d. Suppose that 7 k*
one-half of the space between the plates is filled by a T
dielectric k, and the other half by a dielectric «,. Find d
the capacitance in terms of the free space capacitance C,, K4 l
where C, = ¢y 4d. 0V ] .Y
(A) 2k,6,Cof(k; + k) K2

B) (k, + k)C,

© G

(D) (k, + kyCy/2
(B) kk,Cof(k, + Ky)

Find the electric field of a uniformly charged y
disk of radius a situated in the yz plane at point P

along the x-axis. Let the surface charge density

of the disk be o. (See figure.)

(A) o/2¢& (1—x/\/x2+a2)x
(B) /26,

(C) o/2e0x/V/x*+a’x

(D) oa*/4ex

(E) o/2¢& (\/x2+a2 —x) X

A resistor is made from a hollow cylinder of length /, inner radius a, and outer radius b. The region
a <r < b is filled with material of resistivity p. Find the resistance R of this component.

(A) R = pl/mb?

(B) Rzpl/waz ,,,l,,, l
& h et » (o S
(D) R = wb?pll T

(E) R = m(b?— a®)pll !

For the circuit shown, find the amount of current that passes 100 12V
through the 5 () resistor. | |7
(A) 0.873A (D) 0.254 A

(B) 0.127A (E) 0.654 A

(C) 0346 A 50

The Hall effect relates to 150

(A) the behavior of waves in regularly spaced lattices known as constructive interference.

(B) the generation of a voltage when a current carrying conductor is placed in a magnetic field.
(C) amore sophisticated statement of the consequences of Coulomb’s inverse square law.

(D) magnetohydrodynamic waves (specifically).

(E) the determination of a substance’s electric susceptibility.
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31.

32.

33.

34.

35.
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Find the magnetic field of a circular ring of radius r z
situated in the xy plane for an arbitrary point along the
z axis. The ring carries a current /.

(A) wyll2r ¢
(B) ,LLOIrZ/(r2 + z2)32 .y

(©) pollar
(D) w220 + )32
(E) P4 + 23"

The differential statement of Ampere’s law is incomplete without the displacement current. In fact,
it is implied for the vector current density that V - j = 0. Use Maxwell’s equations to find the correct
vector whose divergence is zero.

(A) j+ oE/ot (D) e
B)  wmy (B) j+ leyoE/ot
©) j+ Vpye,0E/ 0t

Ampere’s law is different in a vacuum than in the presence of matter. In the presence of matter,
consider that the total current density consists of a free or vacuum current density and a bound or
magnetization current density. Hence, derive what vector must have a curl of wji....

(A) H (D) B — M
(B) B+ uM E) puB-M
© pB+M

In one version of the Millikan oil drop experiment, oil droplets of

radius R are allowed to achieve terminal speed first with a downward 0 E
electric field (v, ) and then with an upward electric field (v_). Let n be
the viscosity of oil in air and F the electric field. Find the electronic
charge e.

37RN 67RN

E
67R
=) E) ™8
37TRN
E

(A) (v——vy) (D) (v—+vy)

(B)

©) (v +vy)

Gauss’s law may be used to derive Coulomb’s law. Let &, be the constant in Coulomb’s law. Further-
more, Ampere’s law may be used to derive the force per unit length between two currents. Let &, be
the constant in this magnetic Coulomb law. What is the ratio ky/k,.?

(A) ¢ D) e,
B) 2pys, (E) 2
©) 2c



36.

37.

38.

39.

40.
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Consider that a sliding conductive bar closes the circuit shown below and moves to the right with a
speedv =4m/s. If [ = 1.5m, R = 12 (), and B = 5 T, then find the magnitude of the induced power
and the direction of the induced current.

(A) 75 W, counterclockwise iy

(B) 75 W, clockwise R ® © vl
(C) 2.5 W, counterclockwise ® ®

(D) 2.5W, clockwise k\ /7‘

(E) 0 W, there is no current flow B

A lightly damped RLC circuit has R = 10 Q, L = 1073H, and C = 1uF. For this lightly damped
circuit, find the ratio of the charge on the capacitor at = 2 X 10™* s to the maximum charge.

(A) 0.732 (D) 0.400
(B) 0.600 (E) 0.366
(C) 0.549

As is well known, Maxwell’s equations imply the existence of electromagnetic waves. Determine
the appropriate wave equation for a magnetic field B = B (x, y, z)z.

(A) 0’BJox* = 9°B Jor*

(B) 9°B/dz* = 9B Jor*

(C) (8%0x? + 04ay* + 9%0z*)B_ = p,e,(0*B J0F?)

(D) 9%BJay* = 9’B Jor

(E) (9%0x* + 0%/9y* + 9°/0*)B, = aZEy/at2

An infinite cylinder with charge density A and current * I
flow [ is at rest in reference frame K. Find the speed of
reference frame K’ where the electric field is zero, i.e., z
in that frame one observes a pure magnetic field. D
(A) v=»Aeyul
B) v=c2
(C) v=2Aguyl \ VT Y
(D) v=c/4
(E) This is impossible. / s
N—r

X

The p-meson has half-life 7, = 1.5 us. These particles are produced by the collision of cosmic
rays with gas nuclei 60 km above the surface of the Earth. Find the speed parameter 8 with which
the muons move if only 1/8 of them reach sea level without decaying.

(A) B =0.975 (D) B =0.99975
(B) B =0.9975 (E) B =098
(C) B =099
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41.

42.

43.

44,

45.
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Cerenkov radiation is observed from a beam of 700 MeV electrons travelling through air of index
of refraction n = 1.00029. Find the half angle of the light cone of radiation.

(A) 1.38° (D) 7.52°
(B) 2.76° (E) 15.0°
(C) 4.14°

A nuclear reaction occurs with 1.808 MeV deuterons
incident on a target of deuterium. Protons are observed
at 0 = 90° with 3.467 MeV kinetic energy. Given that
m = 938.791 MeV and m, = 1876.140 MeV, find the
mass of the triton.

(A) 2814.931 MeV .
(B) 2809.462 MeV “\

(C) 2816.373 MeV ?d e O
(D) 2814.210 MeV

(E) 2814.840 MeV target

Consider a symmetric elastic collision between a particle of mass m and kinetic energy 7 and a
particle of the same mass at rest. Relativistically, what is the cosine of the angle between the two
particles after the collision? Let £, = rest mass.

Y

Eo Eo
(A) 1.00 (D) TAT + 3E,)
(B) TAT + 5E,) (B) TAT + 2E,)
(C) TUT + 4E)
A particle of mass m moves in a delta function potential V(x) = —gd(x). Find the energy eigenvalue
of the particle.
(A) —mg*8h? (D) —mg*2h?
(B) —mg*6h? (B) —mg*k?
(C) —mg*4h?
Consider a particle in a potential V(x) = —V,, for [x| = 1/2 and V(x) = 0 otherwise. Determine the

equation that must be solved to find the energy eigenvalues. Let

6 = \/ml2(Vo— E) /20 and 6y = \/mI2Vp /202

(A) cotf=/62/62—1 (D) sin=+/6,/60—1
(B) sin6=/62/6%2—1 (B) tan6 =./63/6%—1

(C) tan6=+/6y/0—1




46.

47.

48.

49.

50.

51.

PRACTICE EXAM 3

A potential well consists of a harmonic oscillator potential ¥(x) = 1/2 mw? x* for x > 0 and an infi-
nite barrier for x < 0. In the WKB approximation, what equation must be solved to find the energy
eigenvalues? Let x = a specify the classical turning point.

(A) [;pdxh = m2,3m2, 572, . .. (D) |, p dx/h = w4, 3m/4, Sm/4, . ..
(B) |yp dx/h = 3m/4, Tm/4, 11m/4, . .. (B) |ypdxth = /4, m/2, 3m/4, ...
(©) [, pdxtk=m2m3m,. ..

In the Zeeman effect, it is found that a sample of Na placed in a magnetic field B has its spectral
D line split into three lines. Find the amount of the shift dw, in cgs units, where w is the angular
frequency of the spectral line.

(A) dw = *eB8myc (D) 0w = *eB/4mc
(B) 6w = *eB/3mc (B) dw = *eB2mc
(C) bw = *eB/mc

Each hydrogenic spectral series has an upper and a lower limit. Which of the following spectral
series has an upper limit A = 18,760 A?

(A) Balmer series (D) Pfund series
(B) Lyman series (E) Paschen series
(C) Brackett series

Two metal rods of identical geometrical dimensions have thermal conductivities &, and k,, respec-
tively. These two rods are connected laterally a composite rod. The thermal conductivity of the
composite rod must be

(A) (k + k) (D) 2k ky(k, + k)
B) 1 (k + k) (B) /(kiky)

(C) khyfCk, + k)

Which of the following statements is NOT true about the Franck-Hertz experiment? Specifically,
consider the case where the Franck-Hertz tube is filled with Hg vapor at low pressure.

(A) An electron loses most of its kinetic energy in an elastic collision with an atom.

(B) Electrons raise Hg atoms to the first excited state.

(C) The kinetic energy of the electrons may be changed simply by altering the voltage on the grid.
(D) The collected current peaks at multiples of 4.9 volts.

(E) Any monoatomic gas at low pressure may be used.

In the photoelectric effect, electromagnetic radiation is incident upon the surface of a metal. Which
of the following is NOT a true statement about the photoelectric effect? Let v = threshold frequency
and v, = frequency.

(A) There is no photocurrent unless v > v

(B) v, is characteristic of the cathode material.

(C) Above v, the flux of electrons per second increases as the intensity of incident light.
(D) The stopping potential V| is proportional to V2,

(E) The stopping potential is independent of the intensity.
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and scattered through an angle of 37° solely through the
Coulomb interaction. Find the differential scattering cross ;
section in b/sr. ;

(A) 5.15b Au
(B) 6.23b X 370

(C) 7.34b MG A N
(D) 8.95b

(E) 10.30b B

A beam of tritons is incident on an Au foil 1 wm thick O

Consider a cubical container of volume V containing a photon gas in equilibrium. Calculate the dif-
ferential number of allowable normal modes of frequency w.

(A) Voldw2m?c? (D) Vw?dw/mc
(B) 2Vw§dw/;772'zc§ (B) 8 Vwldw/m*c?
(C) 4Vwdw/mc

The black body energy density u#(w) has a maximum as a function of w. Which is the equation for
this maximum, also known as Wien’s displacement law? Let &k be the Boltzmann constant.

(A) A, T = hel2.25k (D) A, T = he/3.50k

B) A, T = hc/497k (B) A, T=he/4.82k
(C) A, T = he/3.00k

Photoelectrons are found to be ejected from a metal surface when the wavelength of incident light
is below 230 nm. If the wavelength of incident photons is 150 nm, then what must be the stopping
potential ¥, to stop the photoelectrons?

(A) 827V (D) 232V
(B) 539V (E) 156V
(C) 2.88V

X-rays of wavelength 1.50 X 107! m are scattered by a metal through an angle of 90°. What is the
kinetic energy of the recoil electrons?

(A) 132¢eV (D) 736 eV
(B) 264 eV (E) 822eV
(C) 368eV

A particle is bound in a potential well given by V(x) = % for x = 0 and v
V(x) = cx for x > 0. Estimate the ground state energy of this system.

(A) (he/2v2m)*?

B) K2m+c

(C) B m)'3

D) (he/v2m)¥3 + (R3¢ J2m) /3
(E) (he/2v2m)*3 + (W32 /2m)!/3

xY
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A ball with a mass of 2 X 1073 kg and a
kinetic energy of 1 X 1073 J is incident upon
apotential barrier 0.20 m in height and 0.02 m
in width. What is the probability that the ball 29
will quantum-mechanically tunnel through = 20cm
the potential barrier and appear on the other

side?

(A) 10~5:6 x 10%

(B) 10~ 13 x 1030 . -
(C) 104 2¢cm

(D) 106

(E) 10732 % 1028

The rms-speed and the internal energy of an ideal gas are v and U, respectively. If the absolute
temperature of the gas were decreased to !/, the original value, the new values for rms-speed and
internal energy would be

A) Yy, and VU (D) Yv, and ) U
B) v, and U (B) 18v,  andl, U
©) Yyv, and L U

What is the transmission probability due to the tunnel effect of a 1 eV electron incident on a barrier
0.5 nm wide and 5 eV high.

(A) 1.4x 1074 (D) 4.5% 1075
(B) 3.6 X 10*;*) (E) 3.2 X 10730
(C) 8.6% 10~

A uniform wire of resistance R is bent into the form of a circle and the
two ends are connected together. P and Q are two points for which the
radii are an angle of 0 radians apart as shown in the diagram.

(A) RO/2m)

(B) Rl — 6/2m)]

(C) RO(360°)/(2m)

(D) R[1 — 6(360°)/(2m)]
(E) [RO/Qm)[1 — 0/2m)]

Two particles of mass m move in a three-dimensional cubical box of side a. If the particles also repel
each other via a weak short range force ¥(r, — r,) = ¥, 8°(r, — r,), then calculate the ground state
energy using perturbation theory.

(A) 37 /ma® + (312a)’V, (D) Wama* + (3/2a)’V,
(B) 3Ww?/ma? (B) H*m?/ma?
(C) (32a)V,

295



296

63.

64.

65.

66.

67.

GRE PHYSICS

An atom has three valence electrons in a p shell. Determine the total number of states in this con-
figuration. That is, how many distinct three electron states can be constructed from the orbits in a p
shell?

(A) 8 (D) 4
(B) 20 (E) 3
C) 12

Let the potential energy of the NaCl molecule be described by
V(r) = —e*r + ke "o
where 7 is the internuclear separation. If the equilibrium separation is 7* = 2.50 X 107! and the
dissociation energy is V(r*) = 3.60 €V, then find the constants 7, and k.
(A) r,=250X10"""m, k=3.60eV
(B) ry=125X10"""m, k=720eV r
(C) ry=10.94 X 10"""m, k = 30.94 eV ( ) ( )
(D) r, =188 X107""m, k= 1547 eV Na Cl
(E) r,=250X10"""m, k=576eV

Scientists use the Lennard-Jones 6 = 12 potential V(r) = A/r'> — B/r to describe the interaction
between the atoms in a diatomic molecule. For small departures from the equilibrium separation
find the angular frequency of oscillation. Let m be the mass of each atom.

07

(A) (0:\/312A/mr54—843/mr8 (D) a):\/312A/mr(1)4+84B/mr8

B) o= \/A [mri*+B/mr§ (E) o= \/ 156 /mrl* —42B /mr§

© o= \/A/mr(l)4 —B/mrg

An object of mass 6.0 kg oscillates harmonically with negligible damping with a frequency of 1.0
Hz. With a small magnetic damping, the amplitude decreases from 0.25 m to 0.125 m after 10 sec-
onds. Find the angular frequency for the damped system.

(A) 6.28 rad/s (D) 4.21rad/s
(B) 3.14rad/s (E) 5.28rad/s
(C) 1.07 rad/s

The bobs of two simple pendula each have mass m and are attached to a string of length / as shown.
If the two pendula are coupled by a massless spring of constant &, then find the higher frequency of
oscillation of the system. String tension can be neglected, as oscillations about equilibrium are small.

(A) o= +/g/l+k/m
(B) w=+/2g/l+k/m

€©) o=+/2g/l+3k/m 1\ A t I
(D) o =+/g/l+2k/m

(B) o= +/g/i+3k/m
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The ionosphere may be viewed as a dielectric medium of refractive index n = n(wp), where w, is
the plasma frequency. Calculate the group velocity of a radio wave of frequency w = \ﬁwp.

(A) ¢/V2 B) ¢/V3 (C) ¢2
(D) c/4 (E) V2c

In a laboratory experiment, two quantities x and y are measured. Then the formula
f=cvx]y

is used to calculate the third quantity f. If Ax and Ay are the uncertainties in x and y, respectively,
then what is the uncertainty in f?

(A) Af=1/(Ax)>+(Ay)?

(B) AF=7\/(Ax/20P + (Ay/y)?

© af=1\ e+ vy

(D) AF = F\/(Ax/x? + (Ay/29)?
(B) AF =7\ (Ax/xP + (Ay/y)?

A point charge initially at rest at the origin experiences an accelerationa 2
for a very short time and then proceeds to move with speed u = aAt. What

is the magnitude of the Poynting flux of this accelerated charge at distance

r and angle 67 ,
(A) ¢*a* cos? 0/16m%¢ 23
(B) ¢? a?sin® 0/872gr2c? uk ¢
(C) ¢*a?cos? 0/8meyrc?

(D) ¢* a*sin® 0/16mec?

(E) ¢* a’sin® 0 cos? 0/4m?e 23

The nitrogen molecules in the atmosphere have an ultraviolet transition at A, = 75 nm. The density
of N, there is p, = 1.68 X 10%’ particles/m?. Find the fraction of blue sunlight A = 450 nm scattered
out of the atmosphere.

(A) 0.43% (B) 0.86% (©) 1.29%

(D) 1.72% (E) 2.15%

Consider the field of a point charge ¢ moving with constant velocity. What must the speed 8 of the
charge be for its field in the lab frame at 6" = 90° to be twice the normal non-relativistic value?
(A) c/4 (B) /2 (©) V3¢/2

(D) /3 (E) ¢/V2
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A particle of mass m follows the Maxwell-Boltzmann distribution at temperature 7. Find the most
probable speed for this particle.

(A) /2kT/m (B) kT /m (C) /8kT/mm
(D) /3kT /m (E) +/3kT/mm
Consider the validity of the classical theory of the ideal gas. Let p be the number of particles per

unit volume, m the particle mass, and 7 the temperature. Derive a condition for the classical Max-
well-Boltzmann distribution to be valid.

(A) hp'B/N2mkT << 1 D) pB<<1A
(B) hp'3 /N mkT >> 1 (E) hp'?/VmkT << 1

©) pP>>1A

A Michelson interferometer is used to measure the wavelength of a monochromatic light. When the
movable mirror is displaced by a distance 0.12 mm the number of fringes moving into the center of
the pattern is 400. The wavelength of the light must be

(A) 300 nm (B) 400 nm (C) 500 nm
(D) 600 nm (E) 1200 nm

A person is riding a Ferris wheel that is spinning at constant angular speed w. At the top of the
wheel, her apparent weight is 5% more than her true weight. At the bottom of the wheel, her appar-
ent weight will be

(A) 5% more than the true weight
(B) 5% less than the true weight
(C) 95% more than the true weight
(D) 95% less than the true weight
(E) the same as her true weight

A square wave f(t) = a for 0 < ¢ < 7/2 and f{f) = —a for —7/2 < ¢t < ( is generated on a laboratory
oscilloscope. Decompose this wave into a Fourier series.

(A) f(t) = dalm i cos(wt)/(2j + 1)
J=0

(B) f(t) = 2alm i cos(2j + Dwt/(2j + 1)
j=0

©) f(t) = dalm f‘, sin(2j + Dwt/(2j + 1)

J=0

(D) f(t) = 2alm f‘, sin(2j + Dwt/(2j + 1)

J=0

(E) f(t) = dalm f‘, sin(jwt)/(2j + 1)
j=0
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Consider a system which contains N magnetic atoms per unit volume in a magnetic field B. Suppos-
ing that each magnetic atom has spin 1/2 and magnetic moment w,, find the magnetization of the
system at temperature 7.

(A) N, coth(u,B/kT) (D) N,LLO(eMOB/k’ — e MB/T)
(B)  Nu(eroBk + e~ HoBAT) (BE)  Nuw, sinh(u,B/kT)
(C) Nu, tanh(u,B/kT)

In the derivation of the Stefan-Boltzmann law from the Planck distribution, one must evaluate the
integral

J':z3 dz /(& — 1)

where z = hv/kT. What is the value of this integral?

(A) w15 (D) w315
(B) 772/90 (E) w490
(C) m2/40

A typical commercially available diatomic gas will actually consist of a diatomic and a monatomic
portion. Let the degree of dissociation be 6 = m /m where m, is the mass of the monatomic portion
and m the total system mass. Use Dalton’s law of partial pressures to obtain the equation of state of
the gas. The monatomic mass has a mass of 4 g per mole.

(A) pV=m(l + 6)RT/A (D) pV =mRT/24

(B) pV=m(1 + 6)RT/24 (B) pV=m/(1+ 6)RT/A

(C) pV=mRT/A

For a gas with a van der Waals equation of state, calculate the coefficient of cubical expansion S3,

where f§ = % <§‘7{) .
P

(A) B =RVAV — bY(RTV? — 2a(V — b)?)

(B) B=1UT
(C) B =RVXV — a)(RTV? — b(V — a)?)
(D) B=T

(E) B =RV(V — bI(RTV? — a(V — b))

A cubical box of edge length L contains #» molecules per cc of radius a.
Estimate the mean number of collisions that an ideal gas molecule will

undergo in crossing the box. Let L = 100 manda =1 X 1071 m.
(A) 10% (D) 10 ,
(B) 107 (E) 102
(C) 108 L
L
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Consider a one-dimensional anharmonic oscillator of energy
E = p?2m + bx*

Find the mean total energy of this oscillator at a temperature 7.

(A) 12 kT (B) kT (C) 3/4kT
(D) 3/2kT (E) 7/4KkT

A thermally insulated ideal gas is compressed quasi-statically from an initial macrostate of volume
V, and pressure p, to a final macrostate of volume V}and pressure p, Calculate the work done on
the gas in this process. 4

(&) 1Yy =PV (D) cy/R(p, Vs = poVy)
(B) 0 (E) Cp/R(prf — Py Vo)
©) (Cp - CV)/R(prf — Py Vo)

The pictured one-dimensional system is in equi-
librium at temperature 7. The normal mode fre-
quencies are aw;, bw, and cw,, where a = 1.0,
b=1054,c=13,and @y = \/W Compute m m m
the total average energy of the system including

quantum mechanical effects.

(A) hwyan, + bn, + cn)

(B) hwyan, + bn, + cn_ + 3/2)

(©) hwo[aefhwo/kT + hehwykT 4 co—hogkT]

(D) hwo[a/(eh“’o/kT + 1) + b/(e"*T + 1) + c/(e"/*T + 1)]

(B) o, [a/(e®T — 1) + bi(ehodT — 1) + c/(orkT — 1y]
0

A K x-ray emitted by one hydrogen atom strikes a second hydrogen atom and undergoes photo-
electric absorption with an L shell electron. What energy does the ejected electron have?

(A) 13.6eV (B) 102eV (C) 46¢eV
(D) 3.4eV (E) 6.8¢eV

In deriving the Rayleigh-Jeans law, it is necessary to count the number
of modes dn corresponding to a wave number k for a photon gas in a
cubical box. Consider this same problem, but in two dimensions for a A,
square of side length L. What is the number of modes dn? Let 4 = L. }5\
7 L

A A
A) —kdk D) —kdk
W o @) =
2A A L
B) —kdk E) —kdk
B — B
4A
©) Zkdk
T
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Consider that the energy of an incident photon becomes very large. The AVAVAVAVAVAY S
photon is then scattered by an electron as shown here in the initial state. Y e
Find the upper limit of energy for the Compton scattered photon.

(A) m,? (D) ER
(B) E (E) E2+12mgc?
(C) 12myc?

Suppose that the parameters in JJ. Thomson’s e/m apparatus are path length of deflecting
plates = 0.05 m, plate separation = 0.015 m, potential between deflecting plates = 50 volts, and
deflection of the beam when the magnetic field is off = 1.25 X 1073 m. Further suppose that no
deflection is observed when B = 1.2 X 10~ T. Find e/m.

(A) 4.62 X 10" coul/kg (D) 3.52 X 10'! coul/kg
(B) 2.31 X 10" coul/kg (E) 2.04 X 10" coul/kg
(C) 1.76 X 10" coul/kg

A deuteron is incident on a lead nucleus at Brookhaven National Laboratory. The terminal voltage
of the accelerator is 15 megavolts. Find the distance of closest approach in a head-on collision.

-
>

d Pb
(A) 7.87 fm (D) 10.64 fm
(B) 15.74 fm (E) 13.20 fm

(C) 5.32fm

The problem of n identical harmonic oscillators with negligible interactions in a microcanonical
ensemble of energy F is solved by considering an n-dimensional sphere. What is the volume of such
a sphere?

(A) 4/3mR" (D) w/n! R
(B) wR? (E) 7 Yn—1)IR
(C) 7"(n/2)! R"

Consider an ensemble of systems consisting of N harmonic oscillators of total energy
E = 1/2hoN + hwM subject to the constraint

N
Zni:M

i=1
Find the number of microstates {}(F) and from that the entropy in Stirling’s approximation.

(A) S=(M+ NnM + N)
B) S=MIhM

(C) S=NIN

D) S=M+N)In(M+N)—MInM—NInN
(E) S=(M+2N)In(M + 2N) — MIn M — 2N In 2N
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A solid at absolute temperature T contains N negative impurity ions per cm? with lattice spacing a.
An equal number of positive ions are free to propagate throughout the solid. If a small electric field
E is applied along the x direction, then find the electric polarization P .

(A) %tanh (;f;) Ai»
B) Nea 4 @ O © ® O
a
(C) 2Nea sinh <2;§ "> ,,,,, O O O O
Nea ®
D) == O © O O
eEa ®
(E) Nea tanh <kET> Q Q Q @

An ion of mass m and electric charge e is moving in a dilute gas of molecules experiencing col-
lisions. Suppose that the mean time between collisions is 7 and that a uniform electric field £ is
applied in the x direction. What is the mean distance <x>> that the ion travels between collisions?

(A) 1/2eET*/m (B) eE™/m (C) V2eET*/m
(D) eET*/v2m (E) eEt*/\3m

A hollow cube has conducting walls defined by six z

planes:x =0,y =0,z=0,x =a,y = a,andz = a. a

The walls at z = 0 and z = «a are held at constant
potential ¥, whereas the other sides have ¢ = 0.

(See diagram.) Find the potential at the center ¢ .. Shaded évtil;’s,d) ¢::V8
(A) V,/6 a X

B) V4

(C) V() a

(D) V2

(E) V3 Y

If the Boltzmann equation, which describes the scattering of two particles with initial momenta p
and p, to final momenta p’, and p’,, is integrated with a weight of the mass, then what is the result?
Let p be the local density, u the local mean velocity, P the pressure tensor, Q the general energy
flux, and F the external force.

du P P;
A) )M _ _y.piP
()pdt—VPerF \P /1
(B)

One finds that momentum is not conserved locally.

) 9(PE)

ot +V-0=pu-F/m /P2 \
ap '
D) ZF . — P
(D) 3 +V-(pu)=0 2

(E) One finds that mass is not conserved locally.
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Consider a sphere of radius R whose surface is held at a potential given by W(R, 0, ¢p) = B sin 6 sin
¢. Find the charge density on the sphere.

@ 2 ©) % cossing
R R
3B B
(B) RSO sin 0 sin ¢ (E) % sin O sin ¢

2B
© RSO sin@sin ¢

A beam of singly ionized boron is accelerated through a potential difference of 4 kilovolts and then
passed through a mass spectrometer with magnetic field B = 0.5 Tesla. What is the radius R through
which the boron is bent? Note 4 = 10.0129 amu for boron.

(A) 5.76 X 102m (D) 11.52X102m
(B) 2.88 X 10’§m (E) 14.40 X 102 m
(C) 8.64X102m

A nuclear magnetic resonance experiment is performed with protons. The frequency may be
adjusted so as to resonate when the sweeping field crosses its zero value. What resonance frequency
is expected for a magnetic field of 0.6642 T?

(A) 7.02MHz (D) 21.1 MHz
(B) 28.1 MHz (E) 3.51 MHz
(C) 14.0 MHz

A stretched string is vibrating with four loops. If the frequency is increased by a factor of 4, the
number of loops formed would be

A) 1 (B) 4 (C) 16
(D) 2 (E) 8
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Answer Key

e e S S S Y
N LR WND—~Ow

PN R W=

(A)
(E)
©)
(B)
(D)
(B)
(D)
(E)
©)
(A)

- (B)

(A)
(B)
©)
(E)
(E)
(E)

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

(D)
(©)
(A)
(©)
(D)
(E)
(©)
(B)
(A)
(A)
(©)
(E)
(B)
(D)
(E)
(D)
(©)

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

(B)
(A)
(E)
(©)
(A)
(D)
(A)
(B)
(©)
(D)
(E)
(B)
(E)
(E)
(B)
(A)
(D)

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

(E)
(D)
(B)
©)
(A)
(E)
(A)
(B)
(D)
(E)
(A)
(B)
©)
(A)
(A)
(D)
(A)

69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
1.
82.
83.
84.
85.

©)
(D)
(B)
©)
(A)
(A)
(D)
(A)
©)
©)
(A)
(B)
(A)
(B)
©)
(D)
(E)

86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.

(E)
(D)
©
(B)
(A)
©
(D)
(A)
(B)
(E)
D)
(B)
(A)
(B)
©
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Practice Exam 3

Detailed Explanations of Answers

1. A
r=-2x+y—3zm
F=5x+3y—2zN

One must evaluate the cross product as a determinant.

X Yy z X y
T=rxF=| -2 1 -3 -2 1
5 3 -2 5 3

=x(—2+9)+y(—15—4)+z(—-6—-5)
=T7x — 19y — 11zN —m

2. (E)

h=50m
V2y V1:1m/3

Using basic translational kinematics, we have
Y=Yy Tt + hatt = vt + g =t + 497
thus h=1t+ 497

for the first stone,

50 =1+ 4.92 b

£ + 0204t = 10.204 Vo, = 6.56

Completing the square, we get

(t + 0.102)2 = 10.204 + (0.102)
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So t = 3.094s

is the time for the first stone.

The key here is to find the time from the first stone and then use that information. Again, we apply
the basic 1-D kinematics formula with x, = 0. But now there is a time delay Az = 0.5s.

¥y = vyt — 0.5) + 4.9(t — 0.5)?
50 = v,(2.594) + 4.9(2.594)?

v, = 17.028/2.594

v, = 6.56 m/s

The initial velocity of the second stone in the y—direction must therefore be 6.56 m/s.

vy, = 6.56 m/s
6.56
—— =cos6
V2
6.56 6.56
27 s 6 cos(35°) °
3. (©O
Conservation of momentum means that y
0
my = mgv,.
Yet, there is a mass increase of the bucket system A
dm
T —DpA
dt pav
dm 1d
Not — = 2
o " 24
d d
thus E(mz) = Zmd—rtn =2mpAv = 2pAmv = 2pAmgvg

f(r)” d(m?) = Jé 2pAmyyv,dt
Integrating, we obtain

m? = m3 + 2pAmgvt

[ 2pA
v:mOVO:vo/ 1+ ont
m mg
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4. (B)

The velocity of the particle in the rest frame K’ is

u' =c(l —96),56<<l1

X

y K yr Kl

The Lorentz addition of velocities formula is

vi+vy  c(1-68)+c(1-0) 2¢(1—-96)

V3

1-6 c
C =
2-28+ 62 14

=2 5
2(1-9)

frsita)<(-2)

to order 82.
5. (D)
The motion is elliptical when the mechanical energy is negative:
1 G
E=K+U=~puv?— 21"
2 )

Now the reduced mass is u = m,m,/(m, + m,) = m/2. Thus,

1 Gm?
E = —mvy — e
4 o

1
= Gm?/ry > va%, vo < 2+/Gm/rg

<0

6. (B)

The clock at the North Pole is at rest in an approximate inertial system. The equatorial clock moves

with speed v = wR,,.

T 1+up T+c(1-68)2  1+(1-6)2
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Now T = T,y is the time at the pole and

365dy 86,400s

T = 100yr—= =3.15x10°%s
yr dy

AT =T —T+/1— B2

zT—T<1—;ﬁ2>

1V T o’RE
S 2¢2 2 2

Now the angular frequency of the Earth’s rotation is
w =27y = 27/t, = 2m/86,400 = 7.27 X 107> rad/s

Hence,
1
AT = 5(3.15 X 10%)((7.27 X 107%)%(6.4 X 10)%/(3 X 108)?)
=379 X 1035

7. (D)

The two balls have velocities
v, = 20 m/s and v, = 24 m/s at time ¢ = 0.
For the first object:

v =+ 2a(y — y,)

0 = 20% — 2(9.8)h
Since the velocity reduces to zero at the maximum height,

h = 20%2(9.8) = 20.41 m = y,

Also, v=y,tat
0 =20 —9.8¢
t = 2.04s

For the second object:
Y=y, T vt + 1 at?

= 24t — 4.9
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= 24(2.04) — 4.9(2.04)
= 28.55m = )?

Ay=y, -y, =8l4m

8. (E)
V4 Vo

——> /00000000000 e—=

my mo
V1 > V2
We must use both conservation of momentum and energy. By the law of conservation of energy:
! 2 ! 2 ! 2 ! 2
5 myvyt 5 myy; = E(m1 + my)v- + 5 fx

By the law of conservation of momentum:

mivy +mavy

mvi+myvy = (my+my)v=v=
my +my

2
mpvy +mpv
= mv2 +movt = (my +my) <1122> + kx?

mi +nmy
2 2 2.2 2.2
s (mvi® +movy”) (my +ma) —m*vi© —my vy~ — 2mymyviva
kx® =
my +my

= mlmz(vl — V2)2/(ml +m2)

= \/E(Vl —v2)

where u = m m,/(m, + m,)

9. (O
The cylindrical shell has moment of inertial 7, = mR* while the solid cylinder has I, = '/, MR?.

o
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We must use the conservation of angular momentum:
3L =lLw,=,+ Lo,

Since initially only the cylinder is rotating, while finally the cylinder and shell rotate with the same
angular velocity,

o, = Lo/, + 1) =1, Mrw /(M Mr* + mr?)
= Mw /(M + 2m)
Note that energy is not conserved in this inelastic interaction.

10. (A)
This is a basic dynamics problem. Applying Newton’s second law to the hanging mass m and then
the second mass m', we get:

31 = (T, — )R = Ia,
mg — T, = ma
T,=m'a
Applying Newton’s second law for rotation, we obtain:

v=Rw=a =R«

m' R
(T, — T)R = Ia/R D
m(g — a) — m'a = la/R? g
mg — (m + m"a = la/R?
a(l/R?> + m + m') = mg m
=a=mg/(I/R*+m+ m')

11. (B)
Vor = Vo €OS 0
=11 cos 14° = 10.67 m/s
Voy = Vo sin 6
= 11 sin 14° = 2.66 m/s
X =Vt

Ox

[ cos 45° = 10.67 ¢

t=1/15.09
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_ 2
Y=yttt 1, at

—/sin 45° = 2.66¢ — 4.9 = 0.1763 [ — 0.02152 I
0.02152 2 — 0.88341 =0

[ = 0.8834/0.02152 = 41.05m

12. (A)

Consider the usual spherical coordinates (7, 6, ¢). The velocity then has two components

d
Vo ZZE and vy = [sin 6

dt
Hence, the kinetic energy is

K = 1,mlP(0'? + ¢'? sin? 0).
z
Also, the potential energy comes solely from the z coordinate:

z=rcosO =1[cos@

U=mgl(l+ cosb) ’

Note that

9 =180°= U =0 X

Hence, the Lagrangian is
L=K—U=1Y,mP@0?+ ¢'?sin? 0) — mg I(1 + cos 6)

13. (B)
The potential is

U= —[F -dr= [krdr="k"

= 1 k(R + 22)
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In cylindrical coordinates the velocity is
v=rF+r0'0+ 272
Thus,
K =1m?
=1,m@'? + 1?02+ 2'?)
since » = R = constant
= 1, m(R*0'* + z'?)
Hence,

H=K+ U= Y,mR*"* +z'?) + , kR*> + 2%

14. (C)

This is a static equilibrium problem.

The first condition of equilibrium gives:

SF =T +uN—W_ =0

Tcos 6 + u(mgcos 6 + Tsinh) — mgsinh =0

and SF,=N-T -W, =0
Thus, N =mgcos 6 + Tsin 6
which we already used above. The second condition of equilibrium is:

37T=RT—uNR=0=uN=T

= u(mgcos O + Tsinf) =T
Tcos6 + T = mgsinf

Finally,

T = mg sin 6/(1 + cos 0).
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15. (E)

The given position vector is:
r=0Gt+5% or x=3t+5

d
= 34152

Cdt
a:%:30t:>F:ma:60t
since m = 2kg is given. The power is

P=TF-v=180r+ 9008
The work is then

W= [, Pdi= ] (180t + 900F)ds

1

=90r* +225t*| =315/
0
16. (E)
If the motion is circular, the gravitational force causes centripetal acceleration so that
F=m?r
SF = ma

G mm /r* = mo*r using v = wr
= 4 2mv*r since w = 27V
= 4m2mr/T? sincev = 1/T

G mms/r2 = 47mr/T?
72 = (477'2/Gms)r3
Hence, m_= (4m%/G)r/T?
= (476,673 X 10~11)(1.50 X 1013/(m X 107)2

=2.0X 103 g =20 X 10kg
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17. (E)

The given spring force is nonlinear but conservative.
F=—kx— k2x3
Using the work-energy theorem:
W= AK

W=—[F-dx=1, kx? + Yy kxt = 1Yy mv?

m
v
>

4
=% il
+ k k?
k\2  _m ki \2
2 ki _om oo (ki
<x +k2> k' +<k2>
k m k
2 1 1
- 2 V24
o ko k' k2
1/2
2mv2k2_

18. (D)
The products of inertia or off-diagonal elements of the inertia tensor vanish for a symmetric body,
eg,l, = —2mxy = 0. Thus,
L=1w,L=1o,andl =1 o
X xx Xy oy z 7z z

I__ just comes from the moment of inertia of the two spheres:

I =2 mr? + 2 mr? = 4 mr?
zz 5 5 5
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[yy comes from the parallel axis theorem:

V4
/
O
w
Wz
y
(D
X
_ 2
I, =2,,+ md*)
where d = [ has been used
= 2(2/s mr* + ml?)
= 4 mr? + 2ml
thus L, =0,L = #sm?+ 2mP)o, and L, = 45 mrw,

19. (O)

Consider that the executive toy is tilted at angle a:

U= mg(lcosa — L cos(a + 6)) + mg(lcosa — L cos(0 — a))

= 2mg(l — L cos 6) cos a
Equilibrium occurs at

% = —2mg(I —Lcos 0)sinot =0
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As we expect, = a = 0 so that stability at equilibrium requires
d*U
da?

a=0

= —2mg(I —Lcos0)cos o >0

Thus, L cos 6 > [ which means that the masses must hang below the pivot.

20. (A)

Bernoulli’s equation is
I,pVv? + p + pgh = constant
Here we may take £ = 0 so that
%y pvi +py = hpvi + p, A,

Now the equation of continuity implies that

Ay = 4y,
2 A
1 A
H = Zovie (1=
ence, p2=pit 5 ( A22>
Note that A, >A4,=p, <p,
21. (O)
For an infinite charged plane
JE - da=gqls,

by Gauss’s law or Maxwell’s 1st equation:
EA + EA = o Alg,
E = ol2¢,

In between the planes where —9, < x < 9%,, there are four identical contributions

E = 40’/280X = 20’/80X

H*
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22. (D)
Here cylindrical coordinates are appropriate. Laplace’s equation is:
Vb =0

and

“pop\Pap) T p20¢2 " 02

in orthogonal curvilinear cylindrical coordinates. By symmetry
® = d(¢p) only. Thus, Laplace’s equation is

Lo
p2 dd?
Integrating we obtain X
y
do
dzza,/dq):/ad(P o
O =ap +b X

The boundary conditions are at

and at
b=a,®=V,=a=V/a,
Vo
b=——
a¢
Finally,
E:_vq):_lgiq)qﬁ:_&qs
pa¢ ap
23. (E)

The given charge density is:
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Now we use Gauss’s law.

V-EzgﬂorfE-daz/v-Edv
0

3
E, -4m* = < < / sryav — L / e—m’dv>
& T

e 1 r 1 R
= 1—dod [1— (P4 = e 2or
4dmeyr? “ 120 <r Tat 2a2> ¢ 0
= imer (2027 +2ar + 1)e 2%
__ ¢ 2, 20 1Y\ g
 4rmegr? (206 + r +r2>e
24. (O)
We are given that
m=12g
E = (3x + 4y) X 10° N/C
and 0 = 33°

The angle E makes with respect to the

mg sin 33°

horizontal is found from E
E 53.13° 4
tan@ = —
n :
= § . mg cos 33 E,
o7 :
= 0 = 58.13° 4 20.13°

We resolve E into parallel and per-
pendicular components:

EH =5 X 10°sin 20.13 = 1.72 X 10° N/C

E =5 X10°cos 20.13 = 470 X 10° N/C
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Since the pith ball is in equilibrium
gE, = mgsin 0
g = (0.002)(9.8) sin (33°)/5 X 10° cos (20.13°)
=227X1078C
T = mgcos O — qE‘|
= (0.002)(9.8) cos (33°) — (2.27 X 107%)1.72 X 10°

= 0.0125N

25. (B)

-<--{-f---------- b---o—- @ ffffffff X

-0.3 -0.2 —0.1 0.0

The given charge is
qg=—T75nC
Therefore, the linear charge density is

g _ —75x10°C

A=2 =" "~ — _375x7%C
! 0.20M X C/m
Now calculate the electric field
d 1 —0.10 24
— e [ A
Areyr? drmey J-030 X2

A 1 1
= — = —2.25%10’in Q: N/C
are <0.1o o.30> * x 1070 Q: NiCx

Substituting

£, = 8.85 X 10712
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26. (A)
In vacuum,
C, = &,d/d
K1
In a dielectric,
C = ke A/d 2

Here we really have two capacitors in series:

K1 EA K»EA
Cil=—— C =
YT dn T an

The rule for adding capacitance in series is:

C=C,G/C, + Cy)

P (x,0,0)

Hence, = K1K2(280A/d)2/(K1 + K,)(2e,4/d)
= 2Kk,k,Co/ (K, + Ky)
27. (A)
Using the symmetry of the disk, the differential change element of an annulus is
_dq
" da
y
dq
V(x) =
(x) 471'801”
2r6s ds _/
Vv S2 +x 47580 \
2s
1 s=a
= — ooV +st| T
4rme & s=0 S

V(x)= 9 (\/x2+a2> , x>0
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Now the electric field is the negative gradient of the electric potential.

E=-VV= o 9J (\/x2+a2—x)x

28. (C)

Now the current density is
j=1A = Ilp(b* — a?)

and by Ohm’s law

'—crE—l—l
/ p p pl

where s is the conductivity and r is the resistivity. Hence,

v 1
pl wh?—a?)
Finally,
R = V/I = pllm(b* — a?)
29. (E)
The bottom two resistors are in parallel,
12V
10 Q
I—
— 1 |-
w
50 h
15Q
100 12V 12V
|| | || |
I 1
3.75Q 13.75 Q

-
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Thus,

RiR,  15(5)

= = =3.75Q
Ri+Ry 15+5

The last two resistors now add up since they are in series:
R=R, +R,

=10 + 3.75

13.75Q

The current in the reduced circuit is then
I=V/R=12/13.75=0.873 A

Applying Kirchhoff’s voltage law to the second circuit, we get:
12V = 5I, + 101 = 51, + 8.73

Thus, I, =3.27/5 = 0.654 A

30. (B)

If a magnetic field is applied to a current-carrying conductor perpendicularly, an electrical potential
difference is generated. This physical phenomenon was discovered by E. H. Hall in 1879 and, conse-
quently, is known as the Hall effect.

31. (D)
The Biot-Savart law states that:

1
&Id >2<s

B=
d 4r

daB

dB, =dBcos6 4

1dl 1dl
:,uod ose—mdf S

c _ Hofdl
47s? 47s? s

al
B — .UOI” /Zﬂr 7 r \
0

Y 4ps?

 Mol27r?
- 4rxs3

_ MQIFZ/Z(F2+Z2)3/2
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Where we have used the theorem of Pythagoras

§s2 =92+ 72

32. (E)
Ampere’s law states that

VX B = w
Since A-(AXB)=0,V- (VXB)=0=V:-j=0
But really V-j+ a—p =0

ot

is the continuity equation. Now

VxE="F"

&

is Gauss’s Law. Hence,

d
Vit 5 Ve E)=0

JE
V. <J+8Oat> =0

33. (D)

Inavacuum V X B = uj. Butreally j = j, .. In the presence of matter

J = Jiree T Jbound
Hence, VX B = (e T Jbound)
VX B — olpouna = Holfrce
Defining the magnetization vector by
VX (B = pmoM) = Klge
where VXM=j oy

the problem is solved.

34. (O)

The electron drifts in a different direction depending on the direction of the electric field. When the

electron drifts upward:

mg = ek — 6mRnyv
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When the electron drifts downward:
mg = —eE + 6mRnv_
Subtracting the two equations we obtain:

0 =2eE — 6mRn(v, +v_)

or e= 3”;” (v—+vy)
E E
eE 6mRnv_
mg 6mwRnV, mg eE

35. (B)

Derivation of Coulomb’s law from Gauss’s law:

V-E = plg,

fV - EdV = fE - da
fE -da = %pdV/s0

by the divergence theorem.

For a point charge
E - 47 = glg,
E = q/47780r2
for a change ¢ = ¢,
E = q1/47T807"2
F=gq,E = q1q2/477'(90r2 = kyq,9,/r*

for the force on another charge g, due to g,.
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Using Ampere’s law:

by Stokes’ theorem.

For a line current

For a current / = 11.

VX B = w

fVXB-da=%B-dl

J(V-B-da=pyfj-da

2mrB = pl
B = wll2ar
B, = I, 277

The Lorentz force is

Hence,

36. (A)

F=qgvXB=LIXB
F/ = pol L 27r = kgl L/r

kp ki = ;‘—;4%0

:2/~10€0

We must use Faraday’s law:

where

V X E = —0B/ot
0P
V=[E-dl=——
/ ot

® = [B:da=Bix

V=—-Blvand V=RI= 1= V/R=BNWR

R = 120 ® |——>v=4m/s /=15m
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The power is

P=7I

(BIV?/R
=(5-15-4Y12=75W

Furthermore, / must be counterclockwise by Lenz’s law to counteract the increase of magnetic flux due
to the motion of the bar.

R
37. (E)
By Kirchhoff’s voltage law, L
V=0
0
So —RI-LI'-==0 @

c
Q”+§Q’+$Q:0
@ =\/1/LC,y=R/L, 0 = /o — /4
Q" +70 + @’Q=0
Then for the light damping case, the solution is
0 =0, e Y cos(wt + 8)
=Q e " coswtif 6 =0

R=10Q,L=107°H,C=10"°F

@ =1/VLC=1/V10~2 = 31,620 rad/s

B ) 1 R?
CENHI T

_ 1102
31,6202 — | < = 31,220 radis

o ef%xlol—%xde"‘
Om

c0s(31,220 x 2 x 107%) = 0.366
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38. (C)

Maxwell’s equations in vacuum are:

V-E=0
V-B=0

V X E = —0B/ot

V X B = p,e,0E/0t

Now use a vector identity:
VX (VXB)=V(V-B)—- VB
V X (uye,0E/dt) = —V>Bsince V- B = 0

Jd JB

—— =V’B
Ho®0 5 51
J’B
V?B = gy ——-
Ho€o o2
is the general wave equation. For
B =B(x, ) 2)z
2 2 2 2
we get i+a—+a— B, = o€ B;
ox2  dy* d2) " or?
39. (A)
Start with Gauss’s law in integral form:
f E -da=qlg,
E2mpl = glg,

E = (A 2mpey)p
Now use Ampere’s law:
f B - da= pyl
2mpB = u,l

B = (u,l/2mp)d

— O

N=q/l

(
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By the Lorentz transformation,

Ep = y(Ep —vB <!>)

_ A Mol v (A
_y<2ﬂpeo v2ﬂp> 27p <80 v”()])

Hence,
A A
E, =0if vl = — =
o 0if vug 80,:>v eotiol
40. (D)
The altitude is
x = 60 km
Also x=ct
so that I—M—2x10_4
T 3% 108 *
Every half-life, one loses one-half of the particles
1 1 -6 -6
— ] =-=1n=3x15x107"=45x10"s
2 8
three half-lives. Using time dilation:
2x 1074
t=ty=7=-——""—=44.44
V=T 4% 106

1

Yy
1
B=,/1— 5 = 0:99975

1— B = 0.00025

41. (A)
The kinetic energy of the electron is

K =700 MeV
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Hence, the total relativistic energy is
E=K+ m=700.511 MeV
The vy parameter is thus

v = E/m=700511/5.11 = 1371

1 1
B=y1- 2 777 = 0:999999

Now we must use the index of refraction:
n = c¢/v = 1.00029
The Cherenkov radiation formula is needed
B’ = 1/n =0.9997100
cos ¢ = B'/B = 0.9997100/0.9999997
= 0.9997104
¢ = 1.38°

42. (B)

The nuclear reaction is

‘H+2H—>H+ Hord+d—p+1t

PA YA

T, = 1.808 MeV

and T, = 3.467 MeV

<Y
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The relativistic 4-momentum must be conserved
®) = @)= (,iE/e), = (pjiELc),
The fourth component of the 4-momentum is the total energy:
E,+m,=FE + E,;
The momenta components are assumed to be in the xy plane.
Doy = Py
P, = Py,
m3 = E5 — p; = (E, + myE\)> = p), _p%y
= E% —p%x + E% —p%y — 2E1E2 + m% + 2m2(E2 — El)
= 2m% + m% + 2my(E, — E|) — 2E\E,

We are given the mass of the deuteron and the mass of the proton:

m, = 1876.140 MeV

m, = 938.791 MeV
Hence, E, =T, + m, = 1877948 MeV
and E, =T, +m = 942258 MeV

m? = 2(1876.140)% + (938.791)% + 2(1876.140)(1877.948 — 942.258)
— 2(1877.948)(942.258)

Finally, m, = 2809.462 MeV

43. (O)
Classically 26 = 90°.

In a relativistic equation, rest energy (mass, £)) must be considered as part of the total energy of the
system. The total initial energy is thus:

E=T+E,
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By symmetry, the total final energy of each particle is:

1
E'=-T+E
> 0
p/
E/
Eg Eq 0
—_— ) o
T E\
p/
Initial Final
The relativistic momentum must then be:
p=VE>—E¢

4 ’ !’
. p p
=4/ -T?*+EyT 6
\ 77 TEo ‘) N
: . p
Using the 3-momentum triangle,
2p' cos O =p R
2
Thus, cos’ @ = 4{; 5

= (T? + 2E,DIT + 4E,)

Using a trigonometric identity,

1
5(1 —l—COSZG) = (T+2E0)/(T—|—4E0)
cos(20) = 2T + 4E, — T — 4E )T + 4E,)

=TT + 4E,)
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44. (D)
Where the Schrodinger equation is HY = EW
H=T+U
2
_r
=5 —80(x)
—h d*¥

We now integrate the equation

€ 2 52 €
/ (—;}mi’;’ —g5(x)‘1‘> dx= | EW¥dx

—&

to get
W av| ¢
— —g¥(0)=0
2m dx g¥(0)
—&
The solution to the Schrodinger equation is
A, x<0
Y(x)=
Ae ™™ x>0
thus
K¥(x), x<0
W (x) =
—k¥(x), x>0
Upon substitution, we obtain
Wk k2 1 mg?
— = dthusE= —=—-—-
- =& and thus . R

45. (E)
Upon solving the Schrodinger equation, one obtains the following eigenfunctions:
Aeh* x<—1/2

Y(x) =< Bcoskyx |x|<1/2
Aehix x> 1/2
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The continuity of {(*=1//2) gives the condition that
Ae k12 = B cos (k,l/2)
The continuity of ¢'(£1//2) gives the further condition that
kAe "2 = k B sin(k,1/2)
Dividing produces the equation
k, tan(k,l/2) = k,
or tan(k,l/2) = kk,

Substituting the appropriate wave number values, one obtains

tan (\/2m(V0 —E)l/2h> = \2mE /i) \/2m(Vo — E) /h

tan \/mP2(Vo — E) /20 = \/E/ (Vo — E)

tan@ = 1/ 0y2/6% — 1

or

with 6= \/mﬂ(vo —E)/2k?
and 0o = \/mi2V, /2k?
46. (B)

The given potential is:

%mwzx2 x>0
Vix)=
oo x<0

The WKB or Wentzel-Kramers-Brillouin approximation may be used.
This approximation is valid for a slowly changing potential energy.

‘@ dx T T
—=n—+—-—,n=1,3,5...
Oph n2+47n ) M

a 37 Tn 1lm
dx=|—,—, —,... | B
/Opx (4’4’47)
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where p=+2m(E-V)

1
= \/Zm <E — me2x2>

Note that for the case of the full harmonic oscillator, the WKB solution is exact.

47. (E)
The Zeeman effect may be explained semi-classically. Consider an electron orbiting in a circular
orbit. The centripetal force is

F, = mw(z)r with B =0
B
and F = ma?r+ &2 = me?r with finite B
c

Combining the two equations, one gets
m(w? — w)r = *ewrB/c
or (w + wy))(w — w)) = TeBw/mc
2wdéw = *eBw/mc

Using the approximation that

thus ow = ieB/Zmec

48. (E)
According to the Bohr Theory

1A = R(1/n? — 1/m?)

1.0977373 X 1073(1/n* — 1/m?)/A
Where R is the Rydberg constant

1.097 X 107 m™!

=
|

1.097 X 1073A!

For the Lyman series, n = 1. For the series upper limit, m = n + 1 = 2. Hence,

A=1216A
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For the Balmer series, n = 2. Thus,

A =6565A
For the Paschen series, n = 3. Therefore,

A = 18760 A
For the Brackett series, n = 4. Hence,

A = 40520 A
For the Pfund series, n = 5. Thus,

A = 74600 A

Clearly the Paschen series, discovered in 1908, is the answer.

49. (B)
Let each rod have area of cross section A and length L and thermal conductivities k, and k, respec-
tively. Let the end temperatures be T; & T, for each rod hence also for the composited rod

For the composite rod: ~ Q/t = k(ZA)(T, — T,)/)
For the first rod: (Q/t), = k,A(T, — TH/AL)
For the composite rod: (Q/t), = k,A(T, — T,)/(L)
Adding the second and third equation
(Q), + (Q/1), = (k, + k) A(T, — T,)/(L)
Qt =1, (k, + ky) 2AXT, — T,)/(L)
Comparing this equation to the first equation above we get

k=1 (k, + k)

50. (A)

In the Franck-Hertz experiment, an electron loses most of its kinetic energy in an inelastic collision
with an atom. The electrons raise Hg atoms to the 1st excited state 4.9 eV above the ground state. Any
monatomic gas can be used in the Franck-Hertz experiment. Of course, the excited state energy will be
different for other gases.
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A

51. (D)

In the photoelectric effect, by conservation of energy
hv=1,m?+ ¢
where ¢ is the work function of the metal. Furthermore,
eV, = Yymv?
Thus, the stopping potential V), is directly proportional to the incident light frequency v:

h
eVozhv:(PorVo:fv—g
e e

In fact, this is one way of determining Planck’s constant.

52. (E)
The Rutherford scattering differential cross section is

do _ (2iZe?\" 4 (0
dQ \ 4K 2

Z1=1,Z,=79,K = 8.8 MeV

10mb 16

= 1030fm”* x o = T000mb
=10.30 b
53. (D)
For a cavity of volume
V=2
kl=nm
or n. = l/mk,
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thus dn, = l/m dk,
Also, the same is true for the y and z directions. But
dn = dnxdnydnz
= (IIm)y*dk
However, only the 1st octant of number space is physically meaningful
dn = (127)*dk

Finally, photons have two possible polarizations

\%
dn=2—dkandk = &
(2m)3 c
2 o\2 /@
=54 () 4 (%)
do —w*do
_va2a2de
=Vo'z 3 203
54. (B)
By inspection or recollection,
h
AT = Joeer 9; < = 0:002898

55. (C)

The threshold wavelength allows us to determine the work function ¢ of the metal:
¢ = hvy, = hc/A,,
=1.24 X 1075/230 X 107° = 539 eV
The incident light has energy
hv = he/A = 1.24 X 10791500 X 1071 m
=8.27¢eV
Hence, the kinetic energy of the photoelectrons is
K=h=¢
=827 — 539 =288¢eV

Finally, eVy=K=1V,= 288 Volts
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56. (A)

In the Compton effect, photons scatter from electrons.

y+te—y +e

Initial Final

The given wavelength is:
A=150X10"%m

then AX = 2)_sin?%/, is the Compton shift
where the Compton wavelength

A, = h/me = (6.626 X 10727)/(9.109 X 10~2)(3 X 10')

=243 X 1071%c¢cm = 0.0243 X 107 ¥ m

thus AN = 2(0.0243 X 107%) sin? 90°/2 = 0.0243 X 10~¥m
and A=A+ AL =15243 X 1073 m
Finally, the electron kinetic energy is

K = he/A — he/A' = 12,400(1/1.50 — 1/1.5243)

= 131.8eV

57. (E)

The given potential energy is

Using the uncertainty principle:

Ap Ax = h
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or px=h
p=hix
E = (Wx)*2m + cx
= h?2mx?* + cx
Now we look for the minimum energy value:
dE/dx = W/mx* + ¢ = 0
= x, = (W¥/em)'?
E, = (022m)(cmt)?> + c(h?/em)'?
= (he/2V2m)* + (W2c? )2m)'/3

58. (A)
The transmission probability is
T = e—2kl
where k= \/ (2m/b?) (Vo — E)
Note that
V, = mgh = (2)(980)(20) = 39,200 erg
Hence, k= \/[2(2)/(1.054 x 10727)2](39,200 — 10,000)
k= 3.24 X 10%°
Finally,

T = 672(3.24><1029)(2)
— e—l.30><1030
— 10—1.30><1030 log e

= 105-63x10%
which is very, very small.
59. (B)
U = 3/2 NkT — U is proportional to T

Also, 3/2 kT =1,m__—v__is proportional to VT . Therefore, if T— 1/, T, then Vs = v

rms
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60. (D)
The transmission probability
T = e—2kl
2 —F
where K= m(:())

[=5X10"m, m,=9.10 x 103 kh

Vo=5eV,E=1¢eV,h= 1054 X 107347J -5

V(2)(9.1 x 10731)(4)(1.6 x 10-19 J/eV)
1.054 x 10-34

K= =1x100p"!

T = ¢~20X109(6x107% — 4 5 % 10~5

61. (E)

The two points divide the circular wire into the upper and lower sections that become resistors in
parallel. The lower resistor is R, = R6/(2r) and the upper resistor is R, = R [1 — 6/(2m)]. Using the
formula for resistors in parallel,

R = (R, X R)(R, + R,) = {RO/Q2m) X R[1 — 6/Q2m)]}/{R6O/(2m)
+R[1 — 0/2m)]}
= [R 0/2m)][1 — 6/Q2m)]

62. (A)

The Schrodinger equation for the two particle system is
h? 3
<—2m(v12 + V) + Vo8 (ry — r2)> ¥(r1,r) = E¥(r1,r2)

For V, =0,
W, = (hk,)*/2m + (hk,)*2m
= W22m)(3 + 3)m/a?
= 3k?m?/ma?
where we have used the fact that
k, = ma(n x + ny + nz)andn_= hy =n,=1
for the ground state. (Similarly for k,.)

w, = <0[rj0>

(2/a)® [ V053(r1 - 1) sinz(w/axl) e sinz(w/azz)d3rl, d3r2

= (2/a)%V, [ sin*(7, x,) sin*(7/, y,) sin* (7, z)8°r,
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where we have used the fact that
¥, = (¥,) sin(7, x)sin(7, x,) sin(7, y,) sin(7, y,)
sin(7, z,) sin(7, z,)

Thus, W, = (L) V([ sin®(7, x,)dx, )}

Cl)°® VoGl m07)> = Cho)’ ¥,

Finally, Ey= W, + W, = 3h2m2ma® + (3h,)*V,

63. (B)
The s shell has / = 0 and the p shell has / = 1. Hence, m, = —1, 0, 1. The possible states taking
each electron separately are then

-t 4 1oL
ot L 1 L 1 I 1 | 8 states
A I A A |

where the first electron is on the first line, the second electron on the second line, and the third electron
on the third line.

Now we count states with two electrons in one state and the other electron separate.

-1 - — — — 1 Lol
o 1t I NN - = — — 11 1 1 | 12states
L B A B A A

Hence, there are a total of 20 states, as one expects from the binomial coefficient

6 6!

=—=20
3 3131

64. (O)
The given potential energy is

V) = —er + ke™, V(r*) = —3.60 eV

O———O

dU _ 2,2k v _ Na cl
1, = /r rOe =0
when r=r¥=25X10"10m

e’ = 144M )V — fm = 14.4 X 10719V - m
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Plugging into the two equations, we get
14.4/(2.5)% —k/rge~2>/"0 =0
—14.4/2.5 + ke >3/" = —3.60

Adding we get

2.30r, — 5.76 = —3.60 and so r, = 0.94 X 1078 m

Substituting in the second equation,

—5.76 + ke 259 = —3.6

Thus, k= 3094 eV
65. (A)
The Lennard-Jones potential is
A B
V —_
(r) 27 6

We wish to find the minimum.

dr r

Using a Taylor expansion, we have

1 42
+

d
V(r)%V(r())—i——U(r) r=rp EW

dr

U(r)

V(I’):i b +1<156A—42B> (r—ro)?

1”012 1”012 2 r014 }’08

The constant may be eliminated by redefining the energy zero.

V(r)= %k(r— r0)?

The angular frequency and reduced mass are

®=+/k/uand u =m/2

d —12A 6B
7V<F)ZFT+77:O:>I"O: \6/2A/B

r=ry

(r—r())2
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156A 42B
SO O = 4/ 2/m rOT_rig

0
312A  84B
o= (Zi—
mr nmr

66. (A)

We are given that
m==6kg and v, =1Hz

According to Newton’s second law,

F=—kx — bx' = mx"
The differential equation is then

X" = Bx' + wozx =0,
where

wy=+/k/mand B=b/m
The solution is
x = ce P2 cos wt

We are also given that

Xo=x(t=0)=c=025m

Xy = the = ce P
thus eB=258=1In2
b=Bm="1YsmlIn2
= 0.83 kg/sec
Also, 0= \/0)02_132/4: \/477?2—0.1392/4:6.283 rad/s
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67. (D)

From Newton’s second law, we obtain two equations
"= —mgT + k(x, — x))
mx", = —mg7 + k(x; — x,)
Assuming sinusoidal solutions, we get
X} = —w’x, and x = —w%,
The coupled equations then become
mw3x; — mg=t +k(xa —x1) =0
ma*x; — mg? +k(xy —x1) =0

or (w? — gh(x, — x)) — 2k/m(x, — x,) =0
Combining the equations there are two solutions, the symmetric mode
o =+/g/l

and the antisymmetric mode

- =/g/l+2k/m

68. (A)

The refractive index is given by

n=4/1-0s/0?

The wave number is

o on .
k=—=—sincen=c/v,
v, ¢

0]
=—\/1-w?/w?
C
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The phase velocity is easy

Vp

:c/ 1—w?/w? =2

_@
K
The group velocity requires differentiation
Lodo ) (dk
& dk do
d (o
— L E N wle?
l/dw (C 1—w, w)
1 o 2 2120
—1/[6\/10)p20)2+c(1wp Jw?) ™V o7
o/ ()

69. (C)

The observable is

f=cVx/y

and the standard error propagation formula is

p) 2 /9 2
=y (Z) + (%)

— (\% 2\1/;CA)C)2 + (c\/;célysAy> 2

) [(5) ()]

347



348

GRE PHYSICS

70. (D)
By similar triangles
A 7
E, vt z o E
EH cAt // : /
/// EJ_
7 ¥ Ey
a; At/t
Y A yd
I\
ayr o
Thus, E =E—- ut
c )
uyt

since » = ctor t = r/c. But

Ej=———r
I 471'80)’2
is just the radial Coulomb field. Hence,
qa, gasin 0
El = =
Aregre?  4megre?
Also, B=rXE /e
Hence, S| = |E X Bl/p,

= ¢%a® sin® 6/ 1672807263

is the magnitude of the Poynting flux.

71. (B)
The scattering cross section is
4
oo (8
A
where or = 8z L ’
= 4megm,c?

is the Thomson cross section
o, = 6.65 X 10729 m?
The reduction in intensity is
F=1—eP%

= 1 — exp(—(1.68 X 10%)(6.65 X 10~2)(750/4500)*)
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= 0.0086
= 0.86%
72. (O)
In the rest frame of the charge E = g/4mre g2 In the lab frame where the charge is moving

B — q lfﬁz
4megr'? (1 — B2sin® 67)3/2

o q 1_[32 ! o
= Iz (1B at 0’ =90

We are given that E' = 2F, thus

-p Ly
(=g = 1=p7
B 1 V3 3
= _— = — = —
1= 2" 2
73. (A)
The Maxwell-Boltzmann probability density for speed is
p(v) = 4revie ™" KT
d 2
di\z _ 4ﬂc(zvefmv2/2kT _ 2 %e,mvz/m) 0
m
w=-—1
V=TV
Thus, v=1/2kT /m

is the most probable speed.

74. (A)
The typical magnitude of p is

349



GRE PHYSICS

The classical description is valid for s >> A where s is the typical separation between particles. Now

N 5 1
p===5=—
v p

taking N = 1 and V = s3.

1/3
Hence, <1> > h
p 2mkT
h 1/3
p <<1
2mkT

The classical description is thus valid for low density and/or high temperature.

75. (D)

2L = mA — 2(0.12 X 1073) = 4000 = A = 6 X 107" m = 600 nm

76. (A)
Normal force F = Apparent weight

2 2

At the top: mg — F, = mw r — mw?r = 0.05 mg

op r— mg — 0.95 mg = mw

At the bottom: F'

bottom = 1.05 mg, which is 5%
more than mg

_ — 2
mg = mwr — Fbottom

—mg = 0.05 mg — F,

ottom

77. (C)

The given wave form is

a 0<r<t/2

f) =
—a —t/2<0<t

The square wave is an odd function = 4, = 0

1 T
By =— / f(x)sin(mx) dx, x = ot
TJ)-n

o [T/2 _
= /—T/zf(t) sin(m ot )dt

= —2/ a sin(m ot)dt
T Jo

2 4a 4
= —a(l —cosmm) = —a, 0, a

—.0,...
mm T g’
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Hence, f(t) = %a <sin(a)t)+% sin(3wt)+.. >

78. (C)

The energy of interaction is
E=—-pu-B=>E, = —pB E_=pubB
Now we must find the probabilities
P, = Ce BE+ = CePrB B = 1/kT
p_ = Ce PE- = Ce Prof
p, tp_=1=C= 1/(ePrd + e Prob)
<p= =popy +p ()
= (ePrf — e*BMoB)MO/(eBMOB + e ProB)
=, tanh(u B/kT)
The magnetization is

m = N<u> = Nu,, tanh(uB/kT)

79. (A)

We are asked to evaluate

Rewrite the integral as
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80. (B)
By Dalton’s Law
P=pr, T,
RT
= (n1 +ny) v
Using the ideal gas law
= (T4 22 RT
~\A 24/ vV

Hence,
1
pV = <m1 + 2(m—m1)> RT /A

1 mi
——m(1 —)RTA
2m< +m /

= 5 m(1+8)RT

Thus each component acts as an ideal gas, but the mixture does not!

81. (A)

The coefficient of cubical expansion

ﬁ:‘l/(av> 1 (JP/IT)y

oT ),V (9P/aV)r

Use van der Waals equation of state

a
(p+55) (v —b)=RT
g P=yv=p v
Th 9PN _ R (0PN _ RT |, 2a
- aT), V-b \av), (V-b2 V3
1 R/(V —b) _ RVY(V-b)

Hence, B =

"V —RT/(V —b)>+2a/V3 ~ RTV3—2a(V —b)?
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82. (B)

The mean free path is

1

V2nm(2a)?
Where the factor v/2 comes from the motion of the molecules. Now
L=+/NA
for a random walk. So
N = L?/A\?
= L2n’7*164*
= 32w n*a’L?

= 3272(2.69 X 10'92(10~3cm)*(10%)?

=2.28 X 107 = 10V

83. (O)
We are given that
2
E = g—m +bx*
2

4 1

N KE >=( )= kT
ow < > <2m> 2
by the equipartition theorem. Also,
d oo
< PE >= _dﬁln/ e*ﬁbﬁdx,

since vt = Bx*, y=BY4x, and dy = B/ *dx

d oo
< PE >= —cwlnﬁl/4/_web3’4dy

_ _d‘; <—ilnﬁ+ln/(...)dy> - %ﬁ _

1 1 3
H R E >= —kT +-kT = —kT
ence <E> > +4 1

kY

4
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84. (D)
The gas is thermally insulated
=d0=0
and hence the expansion is adiabatic.
Vi Vr
W=— pdV =— k~7dV since pV" =k
Vo Vo

1
Now S GGG R
Cy Cy Cy
CV
W= f(Pfo —poVo)
85. (E)
m m m
K K K K

E, = nhaw,
E, = nhbw,
E. = nhco,
combine to give total energy
E=E +E, +E,
Hence, the partition function is
Z =3¢ P = Se EPSe B3 e EL

1 1 1
- 1 — e hwaP | — p—hwpbf | — p—hawpcp
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This gives rise to a sum of Planck distributions with average energy

Es—h a b c
< £ >=hty ehmaf _ 1 + b _ 1 + ehoeB |

86. (E)
For the hydrogen atom

1
E,=-13.6eV—
n

The K, x-ray energy has energy

1 1
Ey=-13.6eV (22 — 12) =10.2eV

The initial energy of an /-shell electron is

1
E=-13.6 eV? =—-34¢eV

After absorbing the photon and escaping, the kinetic energy of the electron is

K=102—-34=68¢V

87. (D)
This is a mode counting problem.
12 A=12 |1
dn =dn,dn, = <> dkdky -
T
A :
nx?x =1, nyﬂ; =1 /
A Ay
meﬁ =1, 7rny2ﬂ_ =1
l 1
Thus, ny = —kyand ny = —k,
T T

But since only the first quadrant in number space is physically meaningful

7 \2
dn = (> 2nk dk
27
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Finally the photon has two possible polarizations so that

dn = ékdk
T

88. (O)
In the Compton effect

A=A —A :2lcsin2§

For¢p = 7
A=A+ 2h/mc
High incident photon energy £ = hc/A means small wavelength A. Nevertheless,

2h

MmeC

A >

and E'=— < —mec

89. (B)

In the Thomson experiment, the electric force balances the magnetic force
ek = evB
Thus, v = E/B

In the absence of B, the deflection is

_leE [ 2
2m \V
_1eEI’B* 1 e ’B?
2m E?2  2mV/d

Hence, € (125 % 1073)(50/1.5 x 1072) /(5 x 1072)2(1.2 x 10~4)?
m

=2.31x 10" coul/kg
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90. (A)
2 + 205pb

is the reaction. We are given that K = 15 MeV.

Pb

* ————-

1 82¢%
K=-my?=29 _°%¢

2 r r
r= 82¢*K = 82(1.44)/15
= 7.87 fm

In a head on collision, the KE is transformed into PE at the distance of closest approach.
91. (O)
V,=[dx [dx,... [dx,=CR"
where the integrals are all subject to the constraint that
X+t ot x2<R

where R is the radius of the n-dimensional sphere. Now consider a different integral

/dxl .../dx,,e—(xnz+---+x”) = (/dx e—x2>2 = (V7)"

) a’Vne_R2 = g2
I nCnR”*le*R2 dR = 72

Make a substitution R? = ¢ so that

dt
2Vt

dR =
ﬁCn /wt”/z_le_tdt = /2
2 " Jo

n n

26 (5-1)=m"

Thus, C =2/ (g) | R"
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92. (D)
((E) can be thought of as the number of ways of putting M indistinguishable balls (the quanta)
among N — 1 partitions along a line. For example,

1 2 3 N
n1=2 n2=0 Ny = nN:3

Hence,

o M+N -1 N(M—I—N)!

= Sy
M M!N!
The entropy is
S=kInQ

=kln(M+ N)! —InM! — InN!
=M+ NInM+N) —MInM—NInN

using Sterling’s approximation.

93. (A)

The polarization is P = Ner where r is the vector from negativeto =~ - ) O
positive ion. The positive ions tend to be found at = a/2 with respect to a @
the negative ions (by symmetry). The positive ion can thus have energy X

E, = eEal2 Gﬁ_ff

Ne%eeEa/ZkT _Ne%e—eEa/ZkT

Thus, the polarization is

X e¢Ea/2kT 4 e—¢Ea/2kT
= (Ne a/2)tanh(eEa/2kT)

94. (B)

According to Newton’s second law,
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with solution

is the probability that a particle after surviving without collisions for a time ¢ suffers one collision by

time ¢ + dt. The mean distance is

*leE ,1
LeE 51

“1/T gy
0 2m Te

<x>=

1eE T'(3 E
_le ()_671.2

T 2mt(1/1)3  m

95. (E)
We must solve Laplace’s equation
Vip =0
Use separation of variables
b = XYZ

1d’X 14  1d°Z

e
Xax: " yav: " zaz

X//
~ = constant = —a?, - BE+ =0

. mrx
X = ap sin(aux), @y = —
a
. nmw
Y =bysin(B,y), B = o

z T
+ tynm®
Z=c,e" ’%ng\/m2+n2

To get the potential of the center, we can use symmetry. If all six sides had ¢ = V|, then ¢ = V|,
The potential is the superposition of contributions from three pairs of opposing sides. With ¢ = ¥, for

just one pair, ¢, = 13 V.
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96. (D)

The Boltzmann equation is

of p g 0f

o tmiar T ap

= [/, —ffz)O’ded3p2’
P\ /P
P2/ \P

af 3 d(m 3
/d”a /d ot at/d

3 P 8f ‘9/3 fi
[a2 Som= a5 [ 4 =3 (0w

/d3pF U = /d3

Likewise, the collision integral contributes zero since the net mass does not change in the collision
between two particles. Hence, we get the conservation of mass equation.

o, dpw) _

The scattering process is

Integrating

=Fifm =0

ot or

97. (B)
The general potential is
Bim
‘P(R@;(f’) = Z <Almr + 1+1> Y; (97¢)

I,m

The boundary condition is W(R, 6, ¢) = B sin 6 sin ¢p. Now

Y,, =sinf e,
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and Y,_,=sinfe

Hence,

Br

gz sinB@sing r<R

V(r,0,¢) =

2 . .
BR Gin@sing r>R
p

The charge density is

v 0w

7T\ |

out

1 2R?
=&B <R sin @ sin ¢ + R3$in95in¢>

3B
_ 22% sin @ sin ¢
R

98. (A)
The potential energy is transformed into kinetic energy
1,
_ = qV
KMV =4Y
The centripetal force is the magnetic force
mv? BR

R — B:> — g
R av Y qm

Thus,

% =V2/2Vy = (gBr/m)?/2Vy

q/m=2Vy/B*R?

R =/2Vom/B%q

= \/2(4000)(10.0129)(1.66- 10-27)/(0.52-1.602 - 10-19)

=0.0576 m=5.76 x 10 %m
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99. (B)
The energy splitting is

AE = 2gu,BI

where g is the Lande g factor and w, = 1"‘/2mp is the nuclear magneton. Also / = !/, is the intrinsic
proton spin. Hence,

AE = hv, = 2gu,BI
where v, is the resonant Larmor frequency
v, = 2gu\Bl/h

(5.56)(0.5050 x 10726)(0.6642)(1/2)
(6.626 x 10-34)

=2.81 X 10’ Hz

= 28.1 M Hz

100. (E)
Speed of wave on the string is V= AF. V stays constant since it depends on 7'and W only. If F — 4F

then A — %7». Thus there will be 4 times as many loops on the string since each loop equals %7\,.
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Practice Exam 4

Time: 170 Minutes
100 Questions

Directions: Each of the questions or incomplete statements below is followed by
five answer choices or completions. Choose the best answer to each question.

1.  Consider the motion of a relativistic particle of mass m, momentum p, and energy £. Find the group

velocity.
(A) v, = pcHE (B) v, = E/p (®)) v, = p/mc
(D) v, = E/p (E) v, = 0

2. Each of the hydrogen atom quantum mechanical wave functions has a characteristic symmetry. In
the 3D below picture where we have plotted WW* (y = 0), what is the quantum state?

(A) ¢’100 (B) l/’321 (C) l)l’z()()
(D) 1/1210 (E) "/1300
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Which of the following is NOT a true statement about quantum physics?

(A) The wave function is always a real quantity.
(B) The wave function represents the complete physical state.
(C) ¢, ¢', and ¢" are finite, single-valued, and continuous.

(D) For every observable, there is a quantum mechanical operator.
~+oco
(E) In one dimension that ¥ dx = 1 is required.

The first excited state of the one-dimensional harmonic oscillator has eigenfunction

d(x) = Nxe™@x*2

Find N.
(A) (o?/m)4 (B) alm C) 20a°/Vm
(D) (a*m)'” (E) /203/VEm

A variable length tube closed at one end is used to determine the speed of sound by producing
standing waves with a 1000-Hz tuning fork. As the length of the tube is increased, the change in the
length of the tube between the fundamental and first overtone is 0.175 m. According to this data, the
speed of sound must be

(A) 87.5m/s (B) 175m/s (C) 350 m/s
(D) 700 m/s (E) 1,400 m/s

The dispersion relationship for deep water waves is given by w?> = gk + ak® where g and a are con-
stants. Find the phase velocity in terms of A.

(A) /gA/2m+2ma/A D) V2ma/A
(B) \/gA/2n (B) \gh/n+ma/2
(C) VgA/2m+2a/r

An important part of experimental physics involves the use of high-vacuum technology. Which of
the following is an INCORRECT statement?

(A) Mechanical pumps pump down to about 1073 torr.

(B) Ion pumps are generally useful as roughing pumps.

(C) Molecular diffusion pumps take the system to 10~ torr.

(D) Ion pumps can evacuate a chamber to 10~° torr.

(E) Several different types of pumps are usually needed to get a high vacuum.



10.

11.

12.

PRACTICE EXAM 4

The potential energy of a particle moving in one dimension is given by U(x) = 1/2kx?> + 1/4bx*,
Determine the force.

(A) —hx — bx3 (D) —1/6k> — 1/20bx°
(B) kx + bx3 (E) —kx — bx?
(C) 1/6kx® + 1/20bx°

A particular curve connected from points P to O and y
revolved about the x-axis generates the surface of

minimum surface energy. What is the name of the

surface of revolution? Pe

O.

(A) Conic section
(B) Catenoid

(C) Portion of a sphere =< -
(D) Cycloid X
(E) Geodesic

A pendulum of length / is attached to the roof of an elevator near the surface of the Earth. The eleva-
tor moves upward with acceleration a = 1/2 g. Determine the linear frequency of the pendulum’s
vibration.

1 1 .
(&) 5-/3g/2 D) /gl '/
1 1 i
(B) 523 B) 5-v/2/1 )
1
(©) 5-\Ve/l

A room of dimensions 4 = 2.5 m by w = 5.0 m by / = 5.0 m contains 10?7 air molecules. If all of
the molecules in the room statistically conglomerated in a small corner of dimensions 2 = 2.5 cm
by w = 5.0 cm by / = 5.0 cm, then a person in the room would be unable to breathe. Calculate the
logarithm log, , of the probability that this will happen.

(A) logp=0 (D) logp= -6

(B) logp = —-27 (E) logp=—162
(C) logp=—6 X107

An object is projected upward near the surface of the Earth, but also subject to a resistive force —bv.
Determine the time taken to reach the maximum height. Let -y = b/m (for simplicity).

(A) vy/g (D) In(1 + v,y/g)
(B) 2gy/g (E) (1/y) In(1 — vyy/g)
(©) (1/y) In(1 + vyy/g)
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16.

17.

GRE PHYSICS

What is the gravitational field of an infinite line mass of
linear mass density A?

(A) —(AG/r)r
(B) —QAG/)r
(C) (QAG/H)r

(D) —\G/P)r
(E) —QAGH)r

A circular annulus a < r < b of uniform mass density
o is situated with center at the origin in the yz plane.
Determine the gravitational potential at distance x.

(A) 210G\ b?+x2
(B) —276G [\/bz a2 —a? —|—x2}
(C) +mo[b? — a?J/x

(D) —mo[b? — a?)x
(E) +276G [\/bz a2 —a? —|—x2}

A stunt plane flies a loop-the-loop circle at uniform speed v. The pilot expe-
riences an apparent weight at the bottom that is twice his apparent weight at
the top of the circular path. What is the radius of the path?

(A) vig (D) Mg
(B) 21%/g (E) 51%g
(C) 3g

In an Atwood’s machine where the one hanging mass is four times

N
<
-
™
>
x

the other, find the acceleration.

(A) g2
(B) 2g/3
(C) 3g/5
(D) 3g/4
(E) 4g/5

Which of the following is NOT a true statement about nucleons?

(A) Protons and neutrons are fermions.

(B) Even Z even N nuclei have zero total angular momentum.

(C) The total angular momentum is integral for nuclei with even A.
(D) Protons and neutrons have integer spin.

(E) The total angular momentum is half-integral for nuclei with odd A.

my =

4m

o

=m
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PRACTICE EXAM 4

The Roche limit for the earth-moon system is the dis-
tance at which the tidal action of the earth would start
to rip the moon apart. Let a = earth-moon distance
(assumed variable), » = radius of moon, M = earth’s a
mass, and m = moon’s mass. Find the Roche limit a.

(A) (4m/M)r
(B) (4M/m)"3r
(C) (4M/m)"R
(D) (8m/m)R
(E) (8M/m)"3r

Many nuclei either in the ground state or in an excited state assume an ellipsoidal shape. Let Z be
the number of protons in the nucleus, N the number of neutrons, e the accuracy, a the semi-major
axis, and b the semi-minor axis of the ellipse. What is the quadrupole moment Q7

(A) 1/5Ze2a>
(B) 1/5Ze2b?
(C) 3/5Ne*a? op
(D) 2/5Zé*a?
(B) 3/5Ze*h?

2a

The meson theory of nuclear forces suggests a nucleon- U
nucleon potential of the form

U(r) = Ve 5Ir — Ve alr.

Determine the form of the repulsive part of the force, the
so-called hard core. r
(A) (Vie *rlr)ky, + 1/r] — (Ve ki), + 1/r]
B) Vike alr

©) VRkRe_er/r

(D) (Vye *&lr)[k, + 1/r]

(E) (VRe*kA’/r)[kA + 1/r]

A block of mass m is at rest on the horizontal bed of a truck as the truck is accelerating at a. The
coefficient of static friction between the truck and the crate is u . The frictional force acting on the
crate must be

(A) Zero

(B) n,mg

(C) ma

(D) myma

(E) u,mg— p ma
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26.
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Which of the following is a true statement about the elementary particles?

(A) The photon is a stable particle with non-zero mass and spin one.

(B) The electron is a stable particle with mass 0.511 MeV/c? and spin 3/2.

(C) The proton is a stable particle with mass 1836 MeV/c* and spin 1/2.

(D) The kaon has mass 134.96 MeV/c?, lifetime longer than that of the pion, spin zero, and strange-
ness one.

(E) None of the above.

Hadrons consist of baryons and mesons and their structure is investigated
using quantum chromo-dynamics or QCD. Which of the following is NOT
a correct quark assignment?

(A) p=uud (D) K =us
(B) n=udd (E) J=cc
©C) 7" =us

Consider the elastic scattering of two identical atoms. Let the scattering angles in the lab frame be
(0,,-®1,,) and those in the center of mass (cm) frame be (6,¢). If the differential cross section iso-
tropic is the CM with value o /47, then what is the lab cross section?

(A) o4 _ lab f
B) o2 > o lab frame
©) o8 > < CM frame

(D) o,cos 0,27
(B) o,cosb, /7

Much of radioactive dating is based on the nuclear reaction
14 14 - 4=
C—> N+e +7,

which has a half-life of 5760 years. What is the mean life for this reaction?

(A) 11,520 years (D) 5760 years
(B) 7985 years (E) 3993 years
(C) 8310 years

The laboratory operation of a laser is related to the atomic transition problem. Let £, — E| = hw for
two atomic states, u(w) be the radiation density, N, be the number of atoms in state 1, and N, that
in state 2. B, is the Einstein coefficient for absorption, B,, the transition probability for emission,
and 4,, the spontaneous emission coefficient. Find N,/N, for thermal geuilibrium.

(A) B u(w)/4,,

(B) 4,,u(w)/B,,

(C©) B u(w)/B,,

(D) B,/[4, + B,|]

(BE) Bu(w)/[A4,, + B, u(w)]
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28.

29.

30.

PRACTICE EXAM 4

Which of the following is NOT a true statement about the Raman effect? Let hw be the energy per
incident photon.

(A) A quantum of monochromatic light is scattered inelastically.

(B) Energy hw' is exchanged with a molecule.

(C) The frequency of the scattered radiation is 0" = w = w'.

(D) Raman scattering occurs as a result of the induced dipole moment.
(E) A quantum of monochromatic light is scattered elastically.

Find the magnetic field due to the finite current carrying wire pictured at point P. (See figure.)

P

1 I
(A) Hot (D) Lalal [cos 0+ cos 0]
2zr r
(B) Bl (E) Hol [cos O —cos 6]
4mr 2@r
Mol /
c) 502 _
©) A [cos @ —cos O]

Figure out the total electric potential energy of a single spherical object of uniform charge density
p, total charge Q, and radius R. Let k = 1/4 e, as usual.

(A) 0
(B) kOYR
(C) 1/2kO*R

(D) 3/5kQYR
(E) 2/3kQ%R v

A plane wave solution of Maxwell’s equations in free space is
E = yEOy cos(wt — kx + a) + zE__cos (ot — kx + ).

Let 6 = B — a be the phase difference. Under what conditions do we get elliptic polarization?

(A) 6==7/2 D) 6§=*72andE, =E
B) 6=0 (E) 6==mw
(C) 6 ==*m/4and Eoy =F

oz
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A toroidal substance of inner radius a, outer radius b, and magnetic permeability wu is warpped
with N turns in which current / flows. Find the magnetic field B at the center of the toroid’s cross-
section.

(A) Nugyllm(a + b)
(B) Nuyl/m

(C) Nul/m(a + b)

Monochromatic light waves of wavelength
A are incident on a single slit of width d and
observed on a screen a distance / away and
a height y above the slit optical axis. If the
density y is halfway to the first minimum,
then what is the relative intensity 1(y)//;?
For destructive interference, d sin 8 = nA.

(A)
(B)
©
(D)
(E)

1/2
1/e
2/
4/7r?
1/e*

light

A point charge of magnitude ¢ is situated a distance £
above an infinite conducting xy plane, as shown. What is
the charge density o on top of the plane as a function of
the cylindrical radius s?

(A)
(B)
©
(D)
(E)

—qhl27/(s* + h?)3?

—q/(s + h)

+q/(s + h)

+ghl4m(s> + h?)3?

Zero since the plane is conducting

(D) Nuwl/ma
(E) Nl/m(a + b)

< >

slit / screen

a

An infinite conducting xy plane is maintained at zero voltage everywhere except within a circular
region s < r where the voltage is V|,. Given that the voltage along the z-axis is

0(2) = ‘Z/i; sdsdg/(s*+22)°72,

determine the electric field along this axis.

(A)
(B)
©
(D)
(E)

Vy/(r + 2)
Vorz/(r2 + z2)32
Vor

Vy/z

VOI’Z/Z3
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Two metal rods of identical geometrical dimensions have thermal conductivities &, and &, respec-
tively. These two rods are connected end-to-end to make a composite rod. The thermal conductivity
of the composite rod must be

(A) (k + k) (D) 2kk,/(k, + k)

B) Y (k + k) E) V/(kik2)
(C) khf(k, + k)

The magnetic vector potential can be used to derive z
the magnetic dipole m field. What is the resultant r
field at distance r?

(A)  py[3(m - r)r — m]/4mr
(B)  wmy[3m - rr — m}/4mr?
(C) mol2m - rr — m)/4mr
(D) wy[3m - rr — m}/4mr? m _
(B) pom/4mr? y

A particle is constrained to move on the surface of a z
sphere of radius R near the surface of the earth. What is
the Lagrangian in cylindrical coordinates (p, 6, z)?

(A) 12m(p'? + p*0'* + 2'?) — mgz _——t--X_R
(B) 12m(p'? + p?0'?) — mgz ¢ ~
(©) 12m(p'* + z'?) — mgz

(D) 1/2m(p20’2 + Z'2) — mgz

(B) 12m(p'? + p?0'? sin? 0 + z'?) — mgz X

<)

A grounded conducting sphere is placed in a uniform electric field E = E z. Determine the electric
potential d(r, 6) given that

®(r, 0) = [Ar + B/r*] cos 0

(A) —Eycoso

(B) —Ey{l — (alr)*lcos 6

(C) —Ey(alry’ cos 6 —
(D) —Ey[l + (a/r)*] cos 6

(E) +Ey(alr)*] cos 0

What is the differential statement of Poynting’s theorem? Let S be the Poynting vector, u be the field
energy density, and j be the current density.

(A) V-S+j-E=0 D) V-S+auot+j-E+IR=0
(B) V-S+auot+j-E=0 (E) V-S=0
(C) V-S+auot=0
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A woman wishes to resolve objects one meter apart at a distance of 10,000 m. Assuming light of
wavelength 600 nm, what is the minimum diameter circular lens needed?

(A) 29X 102m (D) 0.3 X102m
B) 14X 102m E) 0.1X102m
Ecg 0.73 X 102 m ®

Light is incident on a prism of apex angle o = 60° at
angle of incidence 6, = 30°. The prism is made of a sub-
stance of refractive index n, = 1.5 and is surrounded by a
near vacuum. Determine the net angle of deviation of the
light due to passage through the prism.

(A) 30° (D) 47°
(B) 60° (E) 70°
(C) 23°

Consider the general thin lens problem where the object
sits in medium n,, the convex lens is made of material n,,
and the image is found in medium .. If the curvature radii
are R, and R, are shown, then find the secondary focal
length /.

(A) "= —nyJl(n, — ny/R, + (n, — n)/R,]

B) [ =n/l(n, —n)/R, + (n, — n,)/R,]

©) = n/[(n; — n)/R, + (n,— ny)/R)]

D) f"= —nyl(n, — n)R, + (n,— ny)/R,]

(B) f"=—-4(R, +R,)]

The atomic number of aluminum is 13. Its outermost electron is in the state

(A) 2s! (D) 3d!
(B) 3s! (E) 5s!
(C) 3p!

A variable length tube closed at one end is used to determine the speed of sound by producing
standing waves with a 1000-Hz tuning fork. As the length of the tube is increased, the change in the
length of the tube between the fundamental and first overtone is 0.175 m. According to this data, the
speed of sound must be

(A) 87.5m/s
(B) 175m/s
(C) 350 m/s
(D) 700 m/s
(E) 1,400 m/s
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PRACTICE EXAM 4

An observer and a source of sound are moving in the same direction with 'y the speed of sound.
The source is emitting sound of a frequency of 1000 Hz. The speed of sound in air is 343 m/s. The
frequency heard by the observer is

(A) 0Hz (B) 250 Hz (C) 500 Hz
(D) 1000 Hz (E) 2000 Hz

The wavelength of sound received by the observer is

(A) 0m (B) 0.08575m (C) 0.1715m
(D) 0.343m (E) 0.686m

For the shown circuit, what best describes the 10k Q
output voltage compared to the input voltage |
at very high frequencies? '

(A) V, =V, and leads by 90°. 0.1H
(B) ¥, = 1/2 V;and lags by 90°. Vi 10Kk Q Vo
(C) V, <<V, andis in phase.

(D) V, = 1/2V,and is in phase.
(E) V, <<V, and lags by 90°. N

1pF
|
[

Which of the following is NOT a correct statement about the phenomenon of optical activity?

(A) The vibration plane of light undergoes rotation when passed through a substance like turpentine.
(B) The electric field of the incident plane wave rotates about the optic axis.

(C) Quartz is only dextro-rotatory.

(D) A substance that causes clockwise rotation (looking in the source direction) is dextro-type.
(E) A substance that causes counterclockwise rotation is levo-type.

Consider a plane transmission diffraction grating. Let d be the distance between ruled lines, m the
order number, and 6 the observation angle. Find the angular dispersion df/dA for incident light of
wavelength A.

(A) sin 6/A (B) cos6/A (C) cotb/A
(D) tan 6/A (E) sec /A

Newton’s rings are observed with a plano-convex lens resting on a plane glass surface. If R is the
lens radius or curvature, m is the order number, and A is the incident light wavelength, then find the
radii of dark interference rings r, such that » << R.

(A) /(m+1)AR i

B) /mh)/R N

(C) VmAR NN

(D) \/m)L/R K E,,,,:,,\\ L d

®) (m+1/2)AR i

377



378

51.

52.

53.

54.

55.

56.

GRE PHYSICS

Determine the speed of the photoelectrons ejected from a metal surface. The threshold wavelength
is 263.8 nm and the wavelength of incident light is 160 nm.

(A) 5.2 X 105 m/s (D) 1.66 X 106 m/s
(B) 2.6 X 10° m/s (E) 1.04 X 10°m/s
(C) 2.08 X 10°m/s

Electromagnetic radiation of wavelength 6.20 X 107! m is incident on a substance and back-
scattered at an angle of 180°. Determine the Compton energy shift of the radiation.

(A) 31.0eV v ' e
(B) 155eV —\NN— é N N— — >
(C) 2.0keV

(D) 4.0keV @ @

(E) 1.0keV

A particle of mass m moves in one dimension subject only to a resistive force F, = —bv. Let
v = b/m = 2.0 s~ and the initial speed be 100 m/s. Determine the distance moved at r = 2.5 s.
(A) 50.0m (D) 49.7m Fa

(B) 25.0m (E) 24.8m -~
(C) 12.5m

Consider the motion of a rocket in free space. If the rocket

starts with initial velocity 0.5 km/s and its mass decreases = <——

by a factor of two due to exhaust emitted with speed 1.0

km/s, then find the final velocity of the rocket. exhaust rocket

(A) L1.5km/s (B) 0.5 km/s (C) 0.6 km/s

(D) 1.7 km/s (E) 1.2km/s

Obtain the expression for the acceleration of a mass in cylindrical coordinates. (Hint, find r then use
to get v in cylindrical coordinates.)

(A) (p" + p0'2)p + (p0" — 2p'0")0 + 22
(B) p'p+ pb'6 + 2%
() (p" = pb')p + (p0" = 2p'0")0 + 22
(D) (p" — pb'2)p + (p0" + 2p'60")0 + 2%
(E) p'p— pb"0 + 22

The position of a particle is given by P = (1.0, 1.0) m X2
in standard Cartesian coordinates. What is the posi-
tion of this particle with respect to a frame rotated ,
X2
by 30°?

(A) (1.00, 1.00)
(B) (1.37,0.37)
(C) (0.37,1.37) h

(D) (1.37, 1.37) >
(E) (0.37,0.37)

!
X1
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Stirling’s approximation for N! may be found for large N by using the gamma function. What is the
approximation to second order?

(A) (Ve)N (D) (N/e)Nv2rN[1—1/12N]
(B) M (E) (N/e)NV2rN

(C) (N/e)NV2rm
The microcanonical ensemble theory value for the cumulative number of states (ideal gas) is

3N/2

N p3N _
N!(37N)!(27rh)3NV P’ where P = V2mE

[(E) =

Use this information to determine the entropy, i.c., the Sackur-Tetrode equation. Let g = m/27h?
and T = 2E/3N.

(A) S = Nkln[(gT)?V/N] + 5/2 Nk

(B) S = NklIn[(gT)*2V/N] + 3/2 Nk

(C) S=3/2NkInT+ NkInV + 5/2 Nk
(D) S=3/2NkInT+ NkInV + 3/2 Nk
(E) S=3/2NklnT— NkInV/N + 5/2 Nk

Two long straight wires carry an equal amount of y
currents. The wires are insulated and are placed Al
at right angles so that they intersect at the origin
while the two currents point in the positive x and
positive y direction, respectively, as shown in the .

diagram. P(3m, 3m)

\

The direction of the net magnetic field at point
P (3m, 3m) must be

(A) toward the origin

(B) away from the origin

(C) in the positive z direction
(D) in the negative z direction
(E) undefined because it is zero

Determine the threshold kinetic energy to produce proton-antiproton pairs in positron-electron col-
lisions. The positron KE is T, and the target electrons are at rest.

(A) 1.876 GeV

(B) 0.938 GeV > .
(C) 1.72TeV et e-
(D) 3.44TeV

(E) 0.86TeV
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62.

63.

64.

GRE PHYSICS

Obtain the correct classical Lagrangian for a particle subject to an electric field E due to potential
¢ and a magnetic field due to vector potential A such that B =V X A.

(A L=12m*+ gp —gA - v

(B) L=12m?— [(gE +v X B)- dr
C) L=12m?*—qgp +qgA-v

(D) L=12m?*+ [gE -dr

(B) L=12m?*+qgp +qgA-v

Find the distance of closest approach for the elastic nuclear reaction
715 4 208
jLi + “ZPb

Assume that only the Coulomb force is important. The Li nuclear is accelerated to a kinetic energy
of 50 MeV.

(A) 1.12 fm N

(B) 2.24 fm ¥ T o
(C) 3.54fm beam target
(D) 7.08 fm

(E) 8.20 fm

A charge ¢ is distributed throughout a sphere of radius R with uniform charge density p. Given that
the potential is

¢ = —prilée, + A/r + B forr <R,

determine the constants 4 and B and hence ¢.

(A) ¢ = —prilée, + pR¥3e r
B) ¢ = —pr2/6¢<;0

©) &= —(pl2e,)[2R — /3]
D) ¢=0

(E) ¢ = (p28 )[R — /3]

Two small spheres are half immersed in a substance of conductivity o as shown below. Find the
resistance of the two sphere system forr», =7, =r.d >>r.

- d -

pa—
(A) R=1[lr+ ld)/wo (D) R=[l/r— Vd)/wo
B) R=1[2/r + 2/d)/mo (B) R=1[2/r—2/d)/mo

(C) R = d/mor?



65.

66.

67.

PRACTICE EXAM 4

The nature of the gravitational field and the electric field are alike in that both are inverse square.
Use this analogy to develop a differential Gauss’s law for gravitation. Let p be the mass/volume.

(A) V-g=—4nGple,

B) V-g=-Gp
(©) V-g=—4mp
(D) V-g=—-p/G
(E) V-g=—47Gp

The first variation

of = Bf 31(5)6/

is used to determine the Lagrange equation. What is the second variation of the integrand of the
action integral

t
A= lzf(t, x, x")dt?
1

@ T2 L swor+ 2L axy
®) fj(éﬂx)%jiﬁ(ax’)z
(©€) ng(ax)%rz £;J; -5x8x’
0 22 se5v+ 0L 50y
P>

() —-5(6x)

What is the fundamental physics basis of Snell’s law?

(A) The first postulate of special relativity
(B) The Pauli exclusion principle

(C) The uncertainty principle

(D) Newton’s first law

(E) Fermat’s principle of least time
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69.

70.

71.

GRE PHYSICS

Determine the two-dimensional Lorentz transformation matrix K — K’ using the rapidity variable

y = ig.

X4
X:l X4
‘\9
;

coshy —isinhy cosh y —i sinh y
(A) (D) .

i sinh y coshy —i sinh y coshy

coshy isinhy coshy sinhy
(B) . (E) .

i sinh y coshy sinh y coshy

cosh y i sinh y
©)

—i sinh y cosh y

Discover the first correction term for the classical kinetic energy as relativistic effects become
important.

(A) 172 mv*y? (D) 3/8 m?B?
(B) 34 mp2 (E) 1/2 m?B%y>
©) 12mvB

Consider the standard two body nuclear reaction "“N(«a, p)!70O and determine the minimum kinetic
energy needed (in the center of mass frame) for the reaction to occur. Given:

m, = 1.0078, m, = 4.0026, m,, = 14.0031, and m, = 16.9991 all in amu.

(A) 0.0 MeV (D) 0.6 MeV
(B) 1.1 MeV (E) 1.6 MeV
(C) 2.2MeV

An ideal system of N spins each of magnetic moment u  is under consideration. Each spin can
either point up or down only, where P(1) = p and P(| ) = ¢ = 1 — p. Find the variance of the
mean magnetic moment.

(A) Npqu? (D) 6Npgu}
(B) 2Npqu (E) 8Npgu2
(C) 4Npqus



PRACTICE EXAM 4

72. Cosmic ray events are detected with a Geiger counter. The events occur randomly in time, but with
a well-defined mean rate » = 1 Hz = 1 event/s such that P[1 event occurs in (z,t + df)] = rdt. What
is the probability of recording five counts with the Geiger counter?

(A) 0.009 (B) 0.019 (C) 0.038
(D) 0.047 (E) 0.057

73. The second law of thermodynamics is intimately connected with the transfer of heat and the opera-
tion of machines. Which of the following is NOT a correct statement in light of this law?

(A) It is not possible to only transform heat into work extracted from a uniform temperature
source.

(B) It is impossible to construct a perpetuum mobile of the second kind.

(C) TItis impossible to only transfer heat from a body at high temperature to one at lower tempera-
ture.

(D) If heat flows by conduction from body A to body B, then it is impossible to only transfer heat
from body B to body A.

(E) It is not possible to only transform work into heat where the body is at a uniform tempera-
ture.

74. In a centripetal laboratory experiment, g is computed from spinning a
bob of mass m = 50 grams in a circle of radius » = 20 = 1 cm. The q j
rotational period is measured to be 7 = 0.638 = 0.016 s. The body
stretches a spring a distance equivalent to the force of a weight Mg GO000000000 - m
where M = 100 grams. If the working equation is g = Am’mr/MT?,
then find the uncertainty Ag.

(A) 24 cm/s? (D) 69 cm/s? r
(B) 39 cm/si (B) 59 cm/s?
(C) 49 cm/s

75.  For one mole of ideal gas and the Carnot cycle pictured, find Q,, — Q..

(A) RT,nV,/Vy,—RT.InV./V, (D) RIT,— T/
(B) RT,InV,/V,— Rl InV,/V, (E) RT,InV,/V,—RT.InV.V,
(C) RT,InV,/Vy— RT.InV,/V,
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76.

77.

78.

79.

80.

GRE PHYSICS

Use the Boltzmann factor to study the thermodynamics of N indepen-
dent particles of a spin system in a magnetic field where the energies are
E, = Fp,B. Find the total average energy at temperature 7 = 1/Bk.

(A)
(B)
©
D)
(E)

—NuB coth (Bu,B)
+Nu,B coth (Bu,B)
—Nu,B tanh (Bu,B)
—Nu,B sinh (Bu,B)
+Nu,B tanh (Bu,B)

Evaluate the microcanonical ensemble theory density of
states for a harmonic oscillator with Hamiltonian p?/2m +
kx?/2. The phase space plot is shown here. Let @ = +/k/m.

(A)
(B)
©
(D)
(E)

Ehw

+uo

v2mE

—&

)

1/hw <
E2how
VE /hw

E¥?/how

Identify the phase space orbit shown here.

(A)
(B)
©
(D)
(E)

Lissajous figure
Damped motion
Simple harmonic motion

e

-

V2E/k

< Y

Gravitational motion (g = constant) -
Logistic difference equation

TN

\
y

Consider the spectroscopy of the hydrogen atom in Bohr theory. Determine the upper limit for the

Brackett series. Given that R = 109,677.6 m™~ .

(A) 121.6 nm (B) 656.3 nm (C) 4050 nm
(D) 1880 nm (E) 7450 nm
By looking at an empty glass along the ray path shown (angle = 0),
one sees the lower left-hand corner. Now when the glass is filled
with a clear liquid of refractive index n = 1.3, one sees the mid-
dle of the bottom of the glass again looking along angle 6. Given
the width is 5.0 cm, find the height y.
(A) 2.73 cm (D) 4.08 cm y
(B) 5.46 cm (E) 6.33cm o ’
(C) 1.35cm
w




81.

82.

83.

84.

PRACTICE EXAM 4

A chamber contains uniform electric and magnetic fields £ and B, respectively, at right angles to
each other. An ion traveling at velocity v enters the chamber at a right angle to both £ and B and
passes through without deflection. The velocity of the charged particle must be

(A) E/B (B) EB

(D) y/(E*—B?) (E)

The surface temperature of a blackbody, such as the
sun or any star, can be found from plotting the inten-
sity u(A) versus the wavelength A. Generally, u())
is proportional to 1/[A°(e¥ — 1)] where x = hcB/A.
Find the equation for x which one could use to find

the temperature.

(A) e(5—x)=5
(B) (4 —x)=4
(C) &3 —x)=3
(D) &2 —x)=2
(E) (1 —x) =1

A ball bounces elastically in the vertical
y direction. Calculate the energy levels
using Bohr-Sommerfeld quantization.

(A) nghm

(B) [9n2772g2h2m]2/3
(C) [n?m*g™h’m/8]"3
(D) [In*m’g™h’m/8]"3
(B) [In*m’g™h’m/8]*3

A metal ball is dropped into a deep well with water on
the very bottom. The time taken between dropping the
ball from rest to hearing it splash into the water is 6.83 s.
Calculate the depth of the well assuming v = 330 m/s.

(A) 229m
(B) 219m
(C) 201 m
(D) 191m
(E) 181m

(©) \(E*+B%)

Q NN u(h)
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85.

86.

87.

88.

GRE PHYSICS

Consider a quantum mechanical problem where the eigenfunction is the spherical harmonic

Ylm, with/ = 1landm = 0,i.e., Y6, d) = Ncos 6

Find the normalization constant V.

(A) +/3/6xm (D) +/3/2xm
B) 3/ (E) +/3/4rm
©) 3/8xm

What is the degeneracy of the energy for a hydrogen-like atom with
principal quantum number # and orbital quantum number /?

(A) n
(B) n?
©) n’
(D) I+ 1)
(E) 21+ 1

Study the ballistic pendulum problem in which a bul-
let of mass m = 0.005 kg hits and becomes embed-
ded in a block of mass 1 kg. Given that the initial
velocity of the bullet is 200 m/s, determine the height
the ballistic pendulum rises.

(A) 505X 1072m —
(B) 10.1 X 1072m v

(C) 15.15%102m
(D) 202X 102m
(E) 2525X102m

Determine the speed of the Lorentz transformation in y
the x-direction for which the magnitude of velocity in
frame K of a particle is

u= (C/\@, c/\[Z)

and the magnitude of velocity in frame K’ is seen as

u = <—c/\@, c/\@)

(A) 1.4 % 108 m/s (D) 3.5 % 107 m/s
(B) 2.8 X 108 m/s (E) 12X 107 m/s
(©) 7.0 X 10" m/s

x Y

<Y
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90.

91.

92.

93.

PRACTICE EXAM 4

In the quantum theory approach to the hydrogen-like atom for / = 0 using the Schrédinger equation,
find the energy eigenvalue for the ground state radial wavefunction

R,y(r) = Ne~ %4

(A) —K*Zue*/2h? (D) K*Z*ue*/2h?
(B) —Kk*Ze*/2uh? (B) K*Ze*2unh
(C) —K*Z%ue*/2h?

Two events occur in the space-time continuum. Event A has coordinates (1m, 2m, 3m, Os) and event
B occurs at (2m, 3m, 4m, 1/c) where the fourth coordinate gives the time in seconds. Calculate the
proper distance between these two events.

(A) 1m (B) 2m (C) V3m
(D) V2m (E) V5m

Use the Fermi gas model for electrons in a metal
to determine the Fermi momentum k, = p./h for
electrons in a metal of density 971 kg/m? and molar dn
mass 0.02299 kg/mol. a3k

(A) 0.11 X 10" m~! ;
(B) 0.22 X 100 m~! !
(C) 0.45X 10"m~! |
(D) 0.91 X 101 m~! |
(E) 1.82 % 1010m™! ' -

The complete wave function for a particular state of a hydrogen-like atom is
(r, 0, p) = Nre 734 sin? g ¥

Determine the eigenvalue of the angular momentum operator L .

(A) h (B) 2h (C) 3h
(D) 4h (E) h
Study the coupled harmonic oscillator problem pictured K K K
here. Find the anti-symmetric mode frequency.
m m
(A) Vk/m
B) Vr/m

© Jk+2x)/m
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95.

96.
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Determine the electric current due to two electrons in a 1s*> quantum state orbiting a central nucleus
at distance 1.0 A in a circular orbit.

(A) 0.0004 A (D) 0.0016 A
(B) 0.0008 A (E) 0.0020 A
(C) 0.0012 A

Evaluate the circuit shown below to determine the anti-symmetric mode frequency. Let £ = 1/LC,
k, = 1/Ly,and k, = B/L.
(A) Vk

B) V(k+2K)

(©) V(k+2x1)/(1+2K)
D) V(1+2K)

) V(k+x)/(1+5x)

F. London and H. London in 1935 explained a superconductor as a single wave function describing
a coherent collective state. Use the London equation j = —A/u A, to determine the equation for
the B field as a function of distance into the superconductor. Hence, explain the Meissner effect.

BA A A A A AB
T>T, T<T,
(A) B = 0inside (D) B = B, inside
(B) B= Boe_X/)‘L (E) B=B,5(x)

(C) B=B 1 —xA,)

Consider a reversible isothermal expansion of a photon gas. Determine the entropy S for this gas at
temperature 7 and volume V.

(A) oT*V (D) 230T3V
(B) oT*B 3 (E) 43 0TV
(©) 130TV



PRACTICE EXAM 4

98. The problem of the rigid diatomic rotor is of fundamental importance in physics and physical chem-
istry. What is the differential equation for the 0 part of the wave function (0, ¢) = P(0)0(d)?

(A) ! i <sin6dp> =0

sin@ d6 de
2 m
®) L f
0 d¢?
1 d dP m?
C — (sing— (I+1)——L|P=0
© sin@ do (sm d9>+[( 1) sinze} m
d dP m?
D) — (sin6— [+1)——|P=
(D) 16 <sm9d9>+{l( +1) i’ } 0
2
(E) [1(z+1)— i ]P—O
sin

99. Which of the following is NOT a true statement about the general theory of relativity?

(A) True physical laws hold only in an inertial coordinate system.

(B) The gravitational equations can be applied to any coordinate system.

(C) The gravitational equations are structure laws describing the changes of the gravitational field.
(D) The universe is not Euclidean.

(E) The ellipse of the planet Mercury rotates with respect to the sun.

100. Choose the correct dynamics equation for the relativistic rocket (of initial mass m,) problem. A
mass element m is ejected with speed v to the left and the remaining mass of the rocket m, moves
with velocity u to the right.

(A) mc*=myc*+myc (D) m,c* =myyc?
(B) m102 = myvc2 (E) mypy=myu

C€) myp= m,y,u
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Answer Key

— e b b e e e
NoUukEwWD—O©

S A o

(A)
(B)
(A)
(E)
©
(A)
(B)
(A)
(B)
(A)

(e

©
(E)
(B)
©
©
(D)

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

(E)
(D)
(D)
©)
(E)
©)
(E)
©)
(E)
(E)
©)
(D)
(A)
©)
(D)
(A)
(B)

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

(D)
(A)
(A)
(B)
(B)
(©)
(D)
(B)
©)
(©)
(D)
(©)
(D)
(©)
(D)
©)
(E)

52.
53.
54.
55.
56.
57.
38.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

(B)
(D)
(E)
(D)
(B)
(E)
(A)
(E)
(D)
©)
(D)
(E)
(D)
(E)
(A)
(E)
(A)

69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

(D)
(B)
©
©)
(E)
(D)
(E)
©)
(B)
©
©
(A)
(A)
(A)
(D)
(D)
(E)

86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.

(B)
(A)
(B)
©
(D)
(D)
(B)
©
(B)
©
(B)
(E)
©
(A)
(E)
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Practice Exam 4

Detailed Explanations of Answers

1. (A)
The total relativistic energy is found from
E? = p2 + mic
Hence, E = +/p?c? +m?c?
Using OM, ho = \/(h ke)? + (m?c?)

o= \/(kcz) + (mc? /h)?

1
By definition V, = ?;]? = 5((kc)2 + (mc? /h)?) 122k
_ Bke?
/p2c2 —|—m2c4
B pfc2 o mv)/c2 B
E myc?

(B)

Several of the hydrogen-like atom quantum mechanical wave functions are

AN
Wy - _~- | = e—Zr/ao
100 o <a0>
2 z \*? Zr
\P e — - 1 _ *Zl’/zao
00 = e < 2a0) < 2an e) e
3/2
W0 =/ icose (Zr) Zr_ zr/2a
4r 200 \/§a0
3/2 )
W300 = (£ 1— 2Zr | 2(zr)” o—7r/3a
V/(4m) \3ao 3ap  27a¢?
15 NG 7 3/2 7 2
Wi = —\/7$in900s9 e’“’i () <r> e~ Zr/3a0
87 27\6 3610 ao
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GRE PHYSICS

In the 3-D picture, we have plotted

P(x, z) = yap* (y = 0)

where cos 0 = z/r and sin 6 = x/r. Only i,,, has the rich structure pictured.

3. A
In quantum mechanics ¢(x, f) represents the physical state of the particle/system. Usually ¢, ¢,
and " are finite, single valued, and continuous. For every observable x, p, E, etc., there is an operator:

£, D E 'ha etc
X = - = .
P ox or’

The expectation value of the observable is a real number:
<F> = [ ¢* Fop dx.

P(x, 1) = ¢(x) e "M is the usual separation of variables technique. ¢(x) is normalized such that [ o*¢
dx = 1. Also, the operator follows an eigenvalue equation Fiy = Fi.

4. (E)

The quantum mechanical harmonic oscillator has energy eigenvalues.

1 [k
E, =hay <n—|—> where wy =/ —
2 m

and wave functions
d(x) = (x)e**2  where a = (mk/h?)V4

is a constant and the n(x) are Hermite polynomials. For n = 1,

3
E| = Eha)o and ¢ = Nxe~®*/2

By the normalization condition

N2[7 x2emo® gy = 1 I

o0
—00

Let t = x2. Then

A

xY

1= N22/ 321 gy /2
0

— N°T (3) /(@)




DETAILED EXPLANATIONS OF ANSWERS — PRACTICE EXAM 4

I:NZ%!/OP
N =’ /(VT/2)

=20*/Vr

Finally, N=1/203/\/T.

5. (O

The increase in the length of the tube between the two modes is 0.175 m = 1/, A. Hence, A = 0.350 m.

Now v = fA = (1000 Hz)(0.350 m) = 350 m/s

6. (A

The given dispersion relationship for deep water ocean waves is
w? = gk + ak’

Solving for w, we get

© =/ gk + ak’

The phase velocity is

g n 27a
2 A

using the definition of wave number k = 27/A.

7. (B)

The use of vacuum techniques is essential in many laboratory experiments. Mechanical pumps
pump down to about 1073 torr (about the same as 10~3 mm Hg). Molecular diffusion pumps can then
take the system to 1077 torr. Finally, ion pumps are used to get to 10~? torr. Liquid nitrogen cold traps
are used to condense volatile vapors in the system. The pressure in free space is much better than any of
these values, about 10~ ¢ torr. Some mechanical pumps are two stage in design. lon pumps are generally

of the cold cathode or hot filament type.
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8. A
A one-dimensional, non-linear oscillator is usually developed as an approximation to a general
potential function

Ux) = U0) + U'(0)x 1, U"(0)x2 + ...
using a Taylor series. In the given problem
Ulx) = Y kx*> + Y, bx*

Constant terms like U(0) do not affect the results. For stable equilibrium in a symmetric potential, the
odd terms are zero. The force is

F=-VU

or —aU
F= ox

= —kx—bx*

in 1-D

9. (B)

This is basically the soap film problem. A film has a certain surface energy per unit area y. The
total energy is then just y* area. Hence, minimizing the energy is tantamount to minimizing the action
integral

A= [2myds
:/2717y 1+y? dx

Since

f=yV/1+y2=f(y)

the 2nd form of Euler’s equation is needed.

of d of
dx dx (f—y

aof
| =0=f—y L=
3y/) = ay ¢
After a little work, we get

X .
y = c cosh < > = catenoid

c



DETAILED EXPLANATIONS OF ANSWERS — PRACTICE EXAM 4

10. (A)

F=mg

This is the standard pendulum problem, but in an effective local gravitational field

8e =8+ %g
3
=38
By Newton’s second law for rotational motion
51 =l

—mg,lsin 6 = 10"

= ml*0"

Thus, 0" + % sin@ = 0

is the equation of motion. For § <<C 1, a Taylor expansion gives sin 6 = 6.

Thus, 0" + 00 =0

_ & _ |38
where wy = T\ 3

is the angular frequency. Also,

L /3
= ox 272V 2

is the linear frequency. In other words, the problem may be solved by substituting g, for g.
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11. (C)

The room volume is
V = Iwh = (2.5m) (5 m) (5 m)
=62.5m’
The smaller volume is

V, = (0.025 m)(0.05 m)(0.05 m)

=625X107°m?
The probability parameter is
VO -6
=—=10
P=y

The situation under consideration is binomial in nature

N
p(n) = p(1—p)""
n
The desired probability is
N!
p(N) = mPN( —P)O
_ (1076)1027

or log,, p(N) = —6 X 10%".

12. (O)
For gravitational 1-D motion with a resistive force the equation of motion is
mx" = —mg — bx'
or X'=—(g+ yx'), y=bm

Integrate

v d t
/ Y :—/dt
vog 8+ YV 0
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DETAILED EXPLANATIONS OF ANSWERS — PRACTICE EXAM 4

to get

1

Y 8&tMo
Exponentiate to get

gt yyw=(@g+ e

or v:<g—|—v0>e_7’—g
Y Y

The maximum height occurs when v = 0 so that

o) ()

or t:11n<1+Vo}’>
Y 8

Note for y << 1, we get using a Taylor expansion

1
t_ivoyzvo

re g
the vacuum value.

13. (E)

Gauss’ law for gravitation is I

Y

V-g=—47wGp

M
>

where G = the universal constant of gravitation. Applying
the divergence theorem, we get

fy cda = —4m7Gm,,
For an infinite line mass, the mass density is A = m/l. Use a Gaussian cylinder for integration to get
fg -da = —4wGAl

—g2mrl = —47wGAI

or g = —(2AG/r)r
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14. (B)

The basic equation to find the gravitational potential is

_ —G/b 2wosds
a

r

using the definition of mass density o so that

dm = 2mos ds

b sds
2—27I'GG/ —_—
a Vs?+x?

using the theorem of Pythagoras. Integrating, we obtain

b
= 216GV s> +x2
¢
a

= 270G [\/b2 +x2—\a? +x2}

Note that one could also find g since

d¢
:—V = —_——
g (1) X
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15. (O) AN
At the top of the circular path
F
SF=W-N=F, l ¢
The pilot’s apparent weight is WY
2 AN
Nr =mg— —
,

At the bottom of the loop

SF=N—-W=F, wy
and the pilot’s apparent weight is
2
my
Np=mg+——
-
We want
2 2
N =2Nr = mg+ = 2mg— 27~
r r
2
or mg = 31
,
2
r=3—
8
16. (O)

This is the standard Atwood’s machine problem with m, > m,. The
two free-body diagrams are shown here.

By Newton’s Second law
mg—T=maand T — mg = mya

Solving the second equation

T'=ma+ m,g
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and substituting in the first: AT AT
mg — ma— m,g = ma
18 2 28 1 aT l a
(m; — my)g = (m; + m,)a
Y Y

a = (m; — m,)gl/(m, + m,)

For m; = 4m and m, = m, we obtain.

17. (D)

This question concerns some of the basic properties of nucleons and nuclei. Protons and neutrons
are nucleons. They are also fermions since they have spin s = 1,h. Their orbital angular momentum is
integral / = 0, 1, 2, . .. The total angular momentum of collections of nucleons in nuclei is

~
I
™=
&~

Il
-

and is
(i) integral for even A nuclei
(i) half integral for odd A nuclei

and  (iii) zero for even z, even N nuclei.

18. (E)
We are given that

a=r

e M= Mg

The Roche limit is the distance orbital between Earth and
moon at which the tidal action of the Earth would rip the moon
apart. Consider the moon as being composed of two halves. Then
the attractive force is

mm, 5
Fy=G——
n=G5 o
= Gm?/4r? a >
and the disruptive tidal force is

B GMm 1 1

Fr 2 |(a—r)? (a+r)?
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Taylor expanding

GMm r r
_ 1427 - (1 —27)]
2a? [ + a a

= 2GMmr/a’
Set F, = F, to get the Roche limit distance
Gm?/4r* = 2 GMmr/a®
a® = 8Mri/m
Thus, a = (8M/m)"3r = 16,000 km

19. (D)

The electric quadrupole moment of a charge distribution is
2
A= gZ ((12 — bz)

where Z = the number of protons in the nucleus
a = the nuclear semi-major axis
and b = the ellipse semi-minor axis

Clearly, this factor is a measure of how elliptical the nuclear charge distribution is. The eccentricity is

e=Va:—bja= & = (a* —b?)/d®

Thus,

2
0= §Zeza2

For a circle e = 0. The deuteron, for example, has O = 0.003 barn.

20. (D)

The tukawa potential is based in the meson theory of nuclear forces. The relativistic wave equa-

tion

1 9%
2 2
(V s %za#)‘p:o
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may be separated by
D(r, 1) = p(r)e Eh
to get
(V2 = 1) = 0
for a virtual particle. The radial solutions are ¢ ~ ~#/r. The tukawa potential has the same form
Ulr) = VRe_kR’/r - I{4e_KAV/r

The repulsive part is

Ve krlr
with force
—d e_kRT
F=_—_
ar Vk r
Vige kR 1
r
21. (O

The only force that is accelerating the crate is frictional force. Hence, by Newton’s Second Law,
Force = mass X acceleration, we get friction = ma.

22. (E)
The photon is a stable particle with zero mass, infinite lifetime, and spin j = 1. The electron is
a stable particle with mass 0.511 MeV/c?, infinite lifetime, and spin j = % The proton is a stable par-

ticle with mass 938.28 MeV/c?, lifetime greater than 1032 years (perhaps infinite), and spin % The pion

7° has mass 134.96 MeV/c?, half-life t = —8 X 1077 s, spin 0, and commonly decays to yy. The kaon
K™ has mass 493.67 MeV/c?, lifetime 108 s, spin zero, strangeness S = 1, and commonly decays
to wtv.

23. (O)

Hadrons are built of quarks whereas leptons are fundamental particles. Quarks have spinj = % and

baryon number B = % Antiquarks have the same spin, but opposite baryon number, electric charge, and

isospin. u, d, s, ¢, b, and t are the flavors of quarks: up, down, strange, charm, bottom, and top. Some
common hadron configurations are

p=uud p=aad

n=udd Aa=uad ATT =uuu
gt =ud 7~ =ad J=cc

Kt =us K =is
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24. (E)

In the lab frame the atomic scattering looks like

whereas in the CM reference frame, one sees

Y
A

where 6 = 260, and ¢ = ¢, (not shown). Particle number is conserved so that

a(0,,,)dQ,, = o(6)d()
. 00 .
0(0)2msin 6, d6; = EZnsm 0deo

= 0,2 sin 6, cos 6,2d 0,/2
a(0) = o, cos 8,/m
The differential cross section is thus not isotropic in the lab!

25. (C)

In radioactive decay
N = Ny ™

follows from the assumption that the decay is a random process where the probability of one decay is
Adt. (This means dN = —AN dt.) The half-life is related to the decay constant

Ny2 = Ne M= t, = InQ2)/A

12
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as 1is the mean life

JoteMdr
T=<1>=
Jo e Mdt
t 1 Z
-2 ——eilt——eﬁlt _
2
A A 0 A
1
Hence, == t1/2/In(2) = 5760 yr/In(2) = 8310 yrs
26. (E)

Since the discovery of lasers in 1955, this laboratory technology has found diverse uses in the cut-
ting and welding of metals, the research study of nuclear fusion, dermatology, and even art/music/enter-
tainment. A small CO, laser can radiate at 10° times the solar intensity. The basic idea is that of optical
pumping or to produce a population inversion. Suppose the atoms have two quantum states £, and E,.
Then hw = E, — E|. Also, according to Einstein

N _ B (@)

4t _ "

” 1B12

dN-

T: = NA21 + N2 Boiu(@)

At equilibrium N', = N', so that

N,Bu = N2A21 + N,B,u

N,
Thus, ﬁ? = Bou(w)/(A21 + Baju(m))

27. (E)
In the Raman effect, an incident beam of monochromatic light of frequency w induces a dipole
moment in a molecule. This inelastic interaction results in scattered radiation of frequency

W'=w*ow

depending on whether hw' of energy is given to or taken from the molecule. The electric field of the
light interacts with the molecule. The incident light can be of any frequency whereas in fluorescence,
the incident photon must be at the proper molecular absorptive frequency.
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28. (O)
One can use the Biot-Savart law
Ho 2
dB = —Idl
A tdlxs /s

_ fol dxsing P

 4m s2
and plug in the trigonometric facts S r

s = rescO 0 .
—x dl = dx x /
and cot = —
,
so that dx = resc? 6 do
Uol resc? Osin 046
to get dB="—"——>——5—
©8e 4w r?csc?
Integrating, one obtains
H H 0
= i/ sinf do = 2" cos O
477: 7] 9/
I
= % (cos @ —cos @)
29. (D)
Consider the electric potential energy between the spherical shell of differential charge
dq = Amrdrp
and the central charge
47r 3
=_7r
4= 3 p
The differential potential energy is
dU = kqdg/r
= l6m*kp*ridr/3
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The spherical charge distribution is total electric potential energy is then

16m%kp? (R
Uzin p / r*dr
3 0

162 2p5
— Or%p2R
5% P

Since
4
0= /pcPr = 37Rp

we rearrange to get

3
U= -kQ*/R
5
30. (A)
Maxwell’s equations in free space are y
V.E=0 VxE=%B
Jt AE
JE
V. - o
B VXxB = ué& o
and they yield a wave equation i
E > [ E
v = .1108052 ‘
B “\B
where
1
= —
Ho€o

A plane wave solution is
E = yEoycos(wt —kx + @) + 2 E, cos (ot — kx + B)

and

Eo, Ey,
B=—y—cos(wt —kx+ )+ z—=cos(wt —kx+ o)
C C
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since ¢ = w/k. Now if 6= — «, then

2 2

where ¢ =wt — kx + «. Clearly for 6 = *£a/2, we get elliptic polarization

E\> [E\’
(&) (&) =
31. (O)
Ampere’s law in medium is
VXH=j

By Stokes’ Theorem

fH-dr=fV><H-da
Thus

fH-drzfj-dainn

Integrate around a circular loop to get

27rH = NI
Solve for
H = NI[2m(a + b)/2] since r = #
= Nl/m(a + D)
Thus, B = uH = Nul/m(a + b)

since the magnetic field B is related to the field H. Note that in the vacuum case
B, = Nul/m(a + b).

32. (D)

The Fraunhofer diffraction pattern results from monochromatic light waves incident on a single slit.

The condition for destructive interference is

dsin 6 = nA
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Hence,
sin@ = & =Y 2
d v+l
l et - y
S I s — [
-« / >
and
Al
y= 7
gives the first minimum. The intensity pattern is
1= ppsin? (4 / md \?
—os A\ \ar?
2 Al
b (3)(5) w2
_ I 4
Finally, Lz
33. (A)
The electric field is that of the given charge and an image charge of equal and opposite magnitude.
Hence,
) /
E.—kq 72—2 7+z

(2 + (z—2)2)32 - (2 + (z+2)2)32

The charge density is

gh/2m

o =&k, - _(sz T 12)32
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Note that q
oo 27[ 00
/ osds do = fqh/ sds/(s>+h*)3? S —h

0 0 0

= qh(s2 _|_h2)71/2

0
=—q
—qe

The infinite sheet has charge —q on top, as it must.

34. (B)
The given voltage boundary condition is

for z = 0 along the z—axis.

7 )_E/ sdsdf
YT ) (e
s=0
= Voz(s? +22) 71/
s=r

taking |7 dp = 2

-l )

v <1 ‘ >
= Vo —

Vit 472
Now we calculate the electric field

p_ U _0( W
T i\t
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by the definition of the electric field E = —V¢. Differentiate to get

(OVI2+22 —z2(z(P +22)71/?)

E. =V T

72

Vo (PR +22)32
a dipole field.

. (D
* ie‘? each rod have area of cross section 4 and length L. Let the end temperatures be T, and 7, for
the rod with thermal conductivity &, and 7, and T}, for the rod with thermal conductivity %,.
For the composite rod: O/t = kA(T, — T,)/(2L)
For the first rod: Q/t = k,A(T, — T,)/(L)
For the composite rod: O/t = k,A(T, — T;)/(L)
From the second and third equation:
(T, — T,) = (Mk)(Q/HL/A
(T, — Ty) = (1/k)(Q/t)LIA
Adding these two equations:
(T, = Ty) = (Vky + Vk)(Q/OLIA = [(ky . ky)/(k,ky) [(Q/D)LIA
= O/t = [(k\k,)/(k; + K)IANT, — Ty)/L = [(2k,k,)/(k, + k)IANT, — T)/(2L)
= Comparing this to the equation for the composite rod above we get

Sk = = Qkk)(k + k)

36. (A)

The magnetic vector potential is

_Ho [, , _ Ho [ldl
A_47r/Jdr/r_477:

r

where j is the current density. By the Stokes theorem
I 1
A=t / daxV <)
4r r

Hol r
=l [
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since dm = Ida for a small current loop.

Ho r
= [ am

Ho
= — X —
a2

Finally,

B=VXA

Uo mxr
=y
Am X( r? >

_ _Ho
47r3

B(m-r)r—m]

which is the standard form for any dipole field.

37. (A)
This problem is best treated in cylindrical coordinates, as suggested. Therefore,
24t =
and x=pcosb,y=psinh, and z = z.

The potential energy is U = mgz taking U = 0 at z = 0. Also,
V= p'2 4 p20'2 + 272
in cylindrical coordinates. Hence, the Lagrangian is
L=T-U=1Ym?— mg
=1/ m(p'? + p?0'? + z'%) — mgz

38. (B)
The problem of a grounded conducting sphere in a uniform electric field has potential ® which
satisfies Laplace’s equation:

V2P = 0 fora <r < oo,
Also the boundary conditions are
®_, =0andE_, = Egp.

o0

Thus, & _, = —Ezor —Eycos0.

r=00 0
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) 0P
since E, = 2z

The given solution is

B
b= <Ar—|— 2) cos 0
I

Applying the boundary conditions
®(r = ®) = Arcos § = —E cos 0

=4 = —E0

B
d(r=a)=|Aa+— 0=0
(r=a) ( a+a2>cos

=B =—Ad* = a3E0

Hence, the electric potential is

3E
d(r,0) = (—Eor—i— (120> cos 6
r

:_Eor<1_ (3)3) cos 0

39. (B)
Consider a system of charges and an E field. Then, since power = F - v,
dEmech
=oqv-E
dt v
where F = ¢gE has been used
= [ pv - Edr

passing to the continuous case

aW
— 1. 3: 73
—/JBEdr_/atdr

where
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is the mechanical power density and j = pv is the current density. Let
1
U=ug+uy = E(E-D—i—B-H)

be the field energy density and S = E X H the Poynting vector. Then

u

V-S
+az

+j-E=0

is the differential statement of Poynting’s theorem. In integral form, we have

d
fs.da+/8—:d3r+/j-Ed3r:0

which is just the conservation of energy.

40. (O)
The minimum angle of resolution for a circular lens is
d A
Op=-=122—
"l D

The relationship d = /6, follows from the radian definition of angle. We are given

d=1mand !/ = 10,000 m
Thus, 6 =10"*rad

and using A = 6000 A

D=122\/6,

= 1.22 X 6000 X 10710/10~4

=0.73 X102 m

41. (D)
We are given a = 60° and 6, = 30°. By Snell’s law

n.sin @, = n_sin 0,
(1)sin30° = 1.5sin 6, = 0, = 19.47°
By geometry

a=0,+6,=0,=060—19.47 = 40.53°

415



416

GRE PHYSICS

Again apply Snell’s law to get
1.5sin 40.53° = 1sin§ =0, = 77.10°
Now the total deviation angle is
6=(0,—6,+ (0,0,
=0,+0, -«
=30 + 77.1 — 60 = 47.1°

Note that the near normal incidence prism formula cannot be used here.

42. (B)
This is the general thin lens problem. Applying the optics equation for n
going from one medium to another
No Rq
n n _n—n

s s R

we get
N
no ny o ny, —ngo
5o 8 Ry .
R

ne N nj—n

and —— = i~ )

Add the equations to get

ng np (n, —no) N (nj —n;)

so S R Ry
To find the secondary focal length, set s, = —o°
% _ nr;lno n n,-1;2nr
r_ n
o F= (nr—no)/Ri+ (nj—n,)/Ro
43. (O)

The 13 electrons of aluminum are arranged as

1s%2s? 2p® 3s? 3p!



DETAILED EXPLANATIONS OF ANSWERS — PRACTICE EXAM 4

44. (B)

Positive logic means that the high voltage state is 1 w

hereas the low voltage state represents 0. The

assignments are reversed for negative logic. The voltage truth table for NAND is

A B output
lo lo hi
lo hi hi
hi lo hi
hi hi lo
For negative logic, this becomes
A B output
1 1 0
1 0 0
0 1 0
0 0 1
which is 4 NOR B.
45. (D)
ViV,
/ 0
=y TV,
Therefore,
A
F=ryz- V.

And since v, = v, f" = 1.

46. (C)

The wavelength of sound is changed due to the motion of the source only. Motion of the observer
does not affect the wavelength of sound. If the source is moving toward the observer, the wavelength

received by the observer is

a=r"Y (1 —V~‘> =0.343
14
47. (D)
At high frequency the inductive reactance
X, = oL

<1 — ;) =0.1715m
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is very much greater than the 10 k() resistance. Thus, most of the current then goes through that resistor:
R
L R
— A
L
Also at high frequency the capacitive reactance

X = l/aC

acts like a short. The equivalent circuit is a voltage divider.

48. (O)

Arago first discovered optical activity in 1811 in France. The plane of vibration of light undergoes a
continuous rotation when passed through a number of substances (quartz, turpentine, benzil, etc.). The E
field of the incident linear plane waves rotates about the optic axis. With respect to the source direction,
a substance that causes clockwise rotation is dextro type or right handed. Levo type means left handed.
Crystal quartz can be either dextro or levo depending on the crystallography.

49. (D)
For a plane transmission diffraction grating the condition for maxima (constructive interference) is
d sin 0 = mA
wheren = 0, 1, 2, 3, . .. gives the order of the spectrum. Note that for m = 0, all wavelengths are indis-

tinguishable since 6 = 0 for each of them. Differentiating, we get

do m
d cos 0 d6 = md A — =
o8 " " 4A " dcos
Since m/d = sin 6/A, the angular dispersion is
de 1
— = —tan6
a - r
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50. (C)

The radii of the dark interference rings of various orders is given by

r=vVmAR

where m is the order of the spectrum, A is the wavelength, and R is the radius of curvature of the plano-
convex lens. This result follows from the thin film destructive interference condition.

2nd = mA where n =1 forair
=d=m\/2
and geometry
R=R-d?*+7r

r»=2Rd —d*>~2Rd

Thus, r=vV?2Rd
=vVmAR
51. (E)

Note that Ag is the substance. We find its work function
¢ = hvy, = hc/)
= 12,400 X 1071% eV m/2638 X 10710 = 4.70 eV
The energy of the incident light is
E = hv = hc/A = 12,400 X 107191600 X 10710 = 7.75 eV
Thus, the kinetic energy of the photoelectrons is
T=h—¢="775—-470=3.05eV

Finally,

T = %mvz = v=1/(3.05)(2)/(511,000)c

= 1.04 X 10°m/s
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52. (B)
This is a standard Compton scattering problem

}\r

We are given that
A=620X10"1"m

Hence,

he 124x10710keV-m
=— = =2.0KeV
E=7 6.2x10-10 OKe

The Compton Shift is

¢ =180° = AL = 2;Lcsin2§

= 2(0.0242)(1) = 0.484 X 107 %m
Thus, the photon wavelength and energy in the final state is

A =A+AL=62484x 107'M E' — % —=1.985 keV

The Compton energy shift is then
AE=E —E =0.015keV = 15.5¢V

53. (D)
Apply Newton’s Second Law to get
myv' = —by
and integrate
vd "b b
e Zam L =-2
vo V 0o m Vo m
b - 7,},1 dx
=—=v=ye ' =—
m 0 dt
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Integrate again to get

Substituting the given information

t=25s,y=2s"1 v, =100 m/s

54. (E)
This is a rocket problem. By the conservation of momentum

mdv = —vdm

Integrating, we obtain

/’” dm 1 Vd
e "

mg om0y

mo
v=vo+vIn—
m

=0.5+1.0 ln%
= 1.2 km/s
55. (D)
In cylindrical coordinates
r=pp+z
and V:%:p’f)—kpG’@%—z’ﬁwhere%:B’@

is used. Now by differentiating, one gets

R N A de’
dt :p”ﬁ"i’p/e,e_'_p,e/e_‘_pleﬂe+p,9/d_9t+Z”2

dv
a=—

then use
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and collect terms
a=(p'— p0'd)p+ (po" + 2000 + "2

to get the desired answer.

56. (B)

The given vector is
r=xt+y=x tx,
The rotational transformation is

/

x) A A X
/

X} A A x1

cos@ sin6 X1
, 6=30°
—sin@® cos@ X1

(

|
(«;; |
(

0.37

r' = 137x", + 037 x", = (1.37,0.37)m
which may be confirmed geometrically using cos 15° and sin 15°.
57. (E)
Stirling’s approximation to second order is desired. Use the definition of the I" function:
N =T(N+1) = /Owe‘ft’vdt = /OOc e/Odt
f)=NInt—¢
Now we wish to do a Taylor expansion

N
f’:7—1:0ét:NmaXimum
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F6) % FN)+ F (N N)+ 5, f (N) VY

NI — N In N-N /°° o =N /2N g,
0

-2 v

A)

In microcanonical ensemble theory, the cumulative number of states for an ideal gas is

23N/

NI () 1(2mh)3N

I'(E)= VN (2mE)N/?

The factors of

come from the volume of a 3N dimensional sphere in momentum space. Using the first order Stirling

a3N/2 ( 2mE) /v y2)!

approximation, we have

NI — N Nand 3NN, _ (3N e
e 2 )7\ 2e

The entropy is

S=kInT

5
=Nk
+ 2

3/2
= Nk In K L%E
N\ 27?3 N

which is the Sakur-Tetrode equation:

59.

S =Nk In [@Tﬁﬂm + gNk

(E)

By the right-hand thumb rule, the wire on the x-axis creates the magnetic field in the +z direction
and the sire along the y axis creates an equal amount of magnetic field in the —z direction. Hence, the

net magnetic field is zero.
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60. (D)
The total rest and kinetic energy of the electron-positron pair must be sufficient to account for the
rest energy of the resultant proton-antiproton pair. The particle reaction is

e +et —p+p

\/E =E.n= 02\/(””1 +mT)2 + 2Tjapmr

m,+mp = \/(me +mz)?+2T,m;

2x938:Vk2x0ﬂlﬂ+2E®51U
T, = 3.44 x 10° MeV = 3440 GeV

=3.44TeV

61. (O)
The given Lagrangian L = T — U is

1
inmvz—q(b%-qA-v

The Lagrange/Euler equation is

From this, we obtain

or
F, = qlE; + (v X B)]
F = ¢(E + v X B)

which is the Lorentz force law.
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62. (D)
The given nuclear reaction is
JLi + 2%8Pb
The closest point will be where the kinetic energy of the Li is converted entirely to potential energy.

1 2 2
rol 2@ _ 3(82)e _ 246¢
2 r r r

r = 246¢%/T
= 246(1.44 MeV — fm)/(50 MeV)
= 7.08 fm

In the head-on collision, we thus see a transformation of KE into PE.

63. (E)

Gauss’s law and the definition of an electric field give

FJiSY

r<R

VE=_-,E=-V¢=VE=

r>R

In spherical coordinates

We are given that
¢ = —pr2/680 + A + B, r <R
For r > R, we guess by symmetry ¢ = C/r + D. The boundary conditions then give
d(r—>20)=0=D=0
¢ (r—0) finite=>4 =0
¢(r = R) continuous = B — pR*/6¢, = C/R
Gauss’ law in integral form gives

C 2 q q
E-da= —4nR?=21 =oc=_1_
?{ a R? & 4me
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q PR
Thus, B= —_—
us azeR | Gey
P 2 2 q
= —_— R —_
and ¢ 68()( )+ 4megR
_ P R’ — rj
28 3
64. (D)
d
2r - >

l I

A matrix approach is appropriate here.

o Ry R I;
¢ Rt Ry L
If I, =0= R, = 1/Qmor)) = 1/2 mor) {I, # 0}

I, = 0= R,, = 1/Q2mor) = 1/(2 wor) {I, # 0}

In the same way R,, = R,, = 1/(2 mod)

¢1 1 1 % Il
- 2no
9 i 7 h

Now use I, = [ = —I,. By Ohm’s law

o) _L(11)

1 no \r d

65. (E)

Newton’s law of universal gravitation is
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We can write this as a Gauss’s law for gravitation:
GM
%g-da = ——247rr2 = —4nGM = —4nGmy,
r

The divergence theorem is

%V-gcﬁr:%g-da

and hence
4 3
V. ggﬂrr = —4nGm;, = V-g = —4nGp

This is analogous to the electric field law
V-E= 477kepq
with k, = 1/4me,

66. (A)

The action integral is
)
A= [ St x, x") dt
1
The first variation results in 84 = [8¢ dt where

of . of

Of = —O6x+ == 6x'
f dx x ox
gives the usual Euler-Lagrange equation.
In a similar manner, the second variation is
% f % f % f
2,0 2 / 2
6°f= ﬁ(&c) +28x8x’ Oxox + %2 (ox')

where 824 = [ 8%f dt and the total variation is
o?
M:am+§ﬁh+m

67. (E)

Snell’s law from Fermat’s principle of least time. The action integral

am
Vv
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is just the time ¢ to go from P to Q.

l l nl nol.
A:—1+—2—11—|—22
vy v c c

=B+ 24+ 2 02y (d—x)2
c c
The first derivative condition d4/dx = 0 gives

X d—x

=n
Va2 4 x2 2\/1724-(61’—)c)2

ni

or n, sin 01 = n, sin 02

68. (A)

The usual Lorentz transformation in Minkowski space (r, ict) is

x) cos¢  sing X1
X - sing cos¢ X4
Using Euler’s formula
e® = cos ¢ + isin ¢
one easily proves
el 410
cosP =

—s = cosh(i¢) =cosh y

sin ¢ = ("% — e7%)/2i = —i sinh(y)

Thus, the desired result is

/ . .
x| cosh y —isinhy X1

x) sinh y  coshy X2

69. (D)

The total relativistic energy is

E =T+ mc*> = myc?
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where T is the relativistic kinetic energy

=mc*(y—1) = mc? 71 -
T =mc*(y—1) <W 1>

Now we use a Taylor series expansion

3
=14 —x+=x*+...
with x = 82 to get

1 3
T—m [ 252+ 2g
mc (2/3 +8ﬁ>

1 3

= Emv2 + gmvzﬂ2
70. (B)
The standard two-body nuclear reaction is
I+ T—>E+R

where / is the incident nucleus, 7 is the target, £ is the emitted particle, and R is the residual nucleus.
Here the reaction is

a+"N—-p+10
with O-value

Q=m1+mT—mR—mE

(4.0026 + 14.0031 — 1.0078 — 16.9991) amu
X 931.502 MeV/amu
= 1.1 MeV

In the center of mass reference frame, this is the minimum kinetic energy needed for the reaction to
occur.

71. (C)

The ideal system of N spins is an example of the binomial distribution where

p=P(1)andg=1-p="P(])
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The mean magnetic moment for one spin is
<u>=pp,+ (1 =p)(—ry) = 2p — D,
and the single spin variance is
o= <(u — <u>)> = <p?> — <p>?
=pug + (1 = pug — @p — Dig
= 4pqu;
Hence, for N signs

<M> = N(2p — 1)p, and oy, = 4Npq,u§

72. (C)

We are given that
pl1 event occurs in (¢, t + dt)] = r dt

with » = 1 Hz. One must know that the distribution is Poisson with A = r# = 10 being the expected
number of counts in ¢t = 10 s. Thus, the probability of 5 counts is found from

p(n) = Ae A/n!

or is p(5) = Ae /5!
= 10° e~ 19/5!
= 0.038

73. (E)

Answer (A) is the postulate of Lord Kelvin and is a statement of the second law
AS = 0.

Answer (B) is simply a restatement of choice (A). Selection (C) is the postulate of Clausius and is a
statement of the second law. Answer (D) is a restatement of (C). An easy counterexample for (E) is the
heating of a body, no matter what its temperature, by frictional work. Clearly also electric energy can do
work and be transformed into heat in a toaster (resistor).

74. (D)
For this centripetal motion laboratory experiment

g = 47 mr/T*M
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The standard rule for the propagation of error is

dg. \* [0 :
Ag = \/<8‘3Ar> + <8§AT>

Hence, the relative error is

The experimental g-value is thus 970 = 69 cm/s?.

75. (E)
For the two isothermal parts of the cycle
AU=0
Hence, by the first law of thermodynamics
AQ = AW
D
or _QC:WCD_/ pdv
c
Vb RT; Ve
= [ ZC4qv=-RTyIn -
ve V Vb
Therefore,
Ve
=RT¢c In —
Oc chn g
and in the same way we find
7
=RTy In —
On u In Vi
Thus, the total amount of heat absorbed is
Vi Vi
Oy —0c=RTy In -2 —RT- In -<
Va Vb

(G RCORI (O
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76. (C)

For the simple two-level system, there are only two relevant energies
E_=pBandE, = —u,B
The partition function for the system is
Z = e PE
= o BuyB 4+ BB
= 2 cosh(Bu,B)

The single particle average energy is

d
<E>=—-—=—InZ

Ip
—2u,B sinh(Bu,B)/2 cosh(Bu,B)

= — B tanh(BuB)

Hence, the total or N-particle energy is

<E>, = N<E>

= —Nu,B tanh(Bu,B)

77. (B)

The Hamiltonian of the system is
H(x, p) =p*2m + kx*2 = E

The cumulative number of states is found in the usual way:

1
1 14
= =V 2mE — 2
271:h/ dx/pdp, p mE — mkx

1 \/2E/k
:—/ 2V2mE+ /1 —kx*/2Edx
27h Jo

Using o =+/k/m
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and a u-substitution

u=sinb = \/k/2Ex

Finally, the density of states is

ar_ 1
dE  ho

Note that [ 6(E — H) dx dp could also be found from the ellipse area formula

2E
wab =/ 7\/2mE =2nE/w

78. (O)
The phase space orbit is easily identified as that of simple harmonic motion

2F = —kx = mx" m
"= wix =0, 0,=/k/m }T’

The constant is the energy

which may be written as

with A=+/2E/kand B=+/2E/m

Thus, the phase space plot is an ellipse.
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79. (C)

The Brackett series in hydrogen involves transitions from energy level m to energy level n = 4

resulting in the emission of a photon. The wavelength is found from

/A = R(1/n? — 1/m?)

where R is the Rydberg constant.

The upper limit comes from m = 5
1A = 109,677.6 (/1 — Y4s)

which gives A = 40,500 A = 4050 nm.

80. (A)
Applying Snell’s law to the second figure, we get

: e :9 7
10 Ll
e 0,
y Sy =0
5 25
n sin 0.=n, sin 0.
5 2.5
(1) e = (1.3)
Ay +25 Yy +6.25
2 1.3

V2125 V1625
Multiplying means and extremes and squaring, we get
4% + 25 = 1.69)% + 42.25
2.31y? = 17.25

y =273 cm
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81. (A)
The Lorentz Force is
F = ¢[E + (v X B)],
No deflection > F = 0

— E = —v X B — In magnitude, E = vBsin 90° — v = E/B

82. (A)

The blackbody distribution may be expressed in various ways

u(w)dw = u(A)d\

ho’ 1 167%he 1
723 ehof — lda) AS eReB/A 1d;t
) c
since =270 = an

The intensity #(A) has a maximum when
du(A)/dr = 0

5 1 1 e heff _
_ﬁex—1+ﬁ(ex—l)2 2 =0, x=hcp/A

Rearranging terms, we get ¢*(5 — x) = 5 which has solution x = 4.965 so that

A, T = he/4.97 K

83. (D)

The Bohr-Sommerfeld quantization rule is

1
— [ pdy=rh
sw ] v

For a ball bounding in one dimension y, the energy is

»?
E=T+U=_—+mgy

2m
1 E/my
Thus, — -2/ \/2m(E —mgy) dy = nh
2 0
y= E
-2 2 32 E Tomg
nh=—V2mE~ (1 - @> —
2 3 E my y=0
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Simplifying, we get

2 [2
—\/ZE¥? =nphor E, = (97°12n*k* m/8)'/3
3ngV m

84. (D)

The total time is a combination of the fall time plus the time for the sound wave to propagate.
t=/2h/g+h/vs
h+vs\/2/gVh—vit =0
h+149.08Vh —2253.90 = 0
Completing the square
(Vh+74.54)% = 2253.90 + 5556.12
Vh=—74.54+88.37

thus h=191m

85. (E)

The normalization constant for any spherical harmonic is found from the condition
[ a2 =1
Thusor/= 1landm, = 0

1 2n
1= /YIOYI*OdQ :NZ/ cos? 0d(cos 0) dé
-1 0

6=0
=N?*(27)=cos® 0

0=m
2 5 4,
= —N(1—-(-1))=—=—N
N1 - (1) =

Hence
_.J3
-~ Vir
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86. (B)

The degeneracy for the H-like atom problem is found from thinking about the quantum numbers
which describe a state. » = 1, 2, 3, . . . is the principal quantum number. / = 0, 1,2, ...,n — 1 is the
orbital quantum number. m, = =/, =(/ = 1), ... —=1,0,1, ...,/ — 1 is the magnetic quantum number.

Hence, the degeneracy g is the number of states that have the same energy E .

87. (A

:22

n—1

g=) (21+1)

=0

n—1

=0

I+

An initial, intermediate, and final picture is helpful to solve the problem.

M

By momentum conservation:

mv = (m+M)V

v:$\/2gh

By energy conservation:

1
E(m +MW? = (m+M)gh

v = /e

2
m
h= 2
<m+Mv> /28

2
5
= [100520,000] /2(980)

=5.05cm
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88. (B)
The Lorentz transformation for coordinates is
x'=Ax — v)
Y=y,
zZ' =z
t = (t Y x)
e ’}/ C2

By differentiation one finds the velocity transformation

u' = (u, — v)I(1 — uylc?

uy’ = uy/y(l - uxv/c2)

u' =u/y(l — uylc®)

We are given that

Hence,
1 1 1
- (58) /(- 7#)
L B_ 1
V2 2 V2

4

;»[5:3\—@:0.94
v=Bc=(3x10%)(0.94)
=2.8x10% m/s

89. (O)

The Schrodinger equation for / = 0 is

1d [ ,dR\ 2ur
L (s E—-U=
Rdr (r dr) + h? (E-U=0)
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Now the wave function is given as
— Np—Zrl
R, (r) = Ne=“"%

and the potential energy is U(r) = —kZe?/r. Differentiating, one obtains

d [ ,dR z zZ ,
(P = 2R 2
dr (r dr> ap < " a0r>

Hence, we have

Thus, the Bohr radius is

= kue?

and the energy eigenvalue is
E = —WZ7%2pa} = —k*Zpe’/2k

90. (D)

The proper distance squared is

4
ds> = Z dxMdxy
u=l1

or dx? + dy? + dz* — c,df?
Hence, we have

As? = Ax? + Ay? + A2 — AP
and since x(4) = (1, 2, 3, 0) and x(B) = (2, 3, 4, 1/c), we get

As* = (2— 1) +(3-2)2+(4-3)>— (i—O)zcz

=3-1
=2
or finally

As:\ﬁm
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91. (D)
In the Fermi gas model at zero temperature
ﬂ = V. _ const
Bk Semp T O

Integrate to obtain

N d 1 kr
o 2—/ Amk® dk
o V (27)3 Jo

where the degeneracy g = 2 for electrons.

N 11 g
Vv m3F
or krp = (37r2p)1/31&71
6.02 x 103 mol 10~ 8¢cm
h =d x Ny/A=0971 g/cm’
where p=dxNa/ &M X 732,99 g/mol (
= 0.0254A73

Thus, k,=0.910 X 10 m™".

92. (B)
The angular part of the wave function is a spherical harmonic

1 /15 :
Ylml = Y22 = Z E Sin2 9€2l¢

3/2 2
Ry =Ry = 2Y2 (Z) (Z) o230
27\5 361() ap

and the radial part is

The complete wave function is

D (0:0) = R ()Y, (0.0)

Fortunately, L_ only operates on the ¢ component

1A
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h

=2hY

Hence the angular momentum eigenvalue is 2k = m/h.

93. (C)
> X4 > Xp
m m

Newton’s Second law states:
Fy=mx," = —ke, — kx; + kx, = —kx; + k(x, — x,)
F, =mx," = —kx, — kx, + kx; = —kx, — k(x, — x,)
The solutions are
x, = A4 cos(wt + )
and x, = B cos(wt + §)
The easiest way to find the frequencies is to add and subtract the equations to get
my" = —ky,y =x, +x,
mz' = —(k + 2K)z,z = x, — x,.

The symmetrical mode frequency is thus

and the anti-symmetrical one is

M
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94. (B)
Two electrons can form an / = 0 quantum state by the Pauli principle, e.g., a 1s? configuration. The
current is then

(2nr/v) @

2
-4 e ev
t

and the velocity comes from Newton’s second law F' = ma or

m?  ke?
ro 12
ke?
v pry —_—
mr

= (9% 10°)(1.6 x 10719)2/(9.1 x 10-31)(1 x 10-10)
=1.59 x 10°m/s

Therefore, the electric current is
I= (1.6 X 10719)(1.59 X 10%)/a(1 X 10719)

=8.1X1074A

95. (C)

By Kirchhoff’s current law

I=1,-1,

According to Kirchhoft’s voltage law:

C Y
—?—{4+(%_qﬁ+ﬁﬂ:0
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Differentiate and set
k = 1/LC, k,=1/Ly, k,= /L
Note that k, is dimensionless. Then we find
1"+ k) — k" + (k+ k), — k1, =0

L'(1 + k) — k0" + (k+ k), — kI, =0

Add and substract the equations letting

y=I1+Landz=1 -1

to obtain
k+2K
"+ ky=0and 7" =0
YKy an Z+1+2K2Z
Thus,
wa =/ (k+2K1) /(1 +2K2)
96. (B)
Maxwell’s fourth equation is
VX B = w
The London equation
i = —Alpp)}

is given. Hence,
VXj=-VXAuAi = —BluA?
Also,
VX(VXB)=V(V-B)—-V’B
V X = —V’B
since V - B = 0 by Gauss’s law.
Thus, VZB = B/)t%.
One solution is obviously B = 0. However, the desired solution is

B =Be ™

The magnetic field thus penetrates into the superconductor to a penetration depth, typically A, = 200 A.
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97. (E)
The energy density of a photon gas is
U=oT*
Thus, the energy is
E=[Ud=oVT*
Now use the first law of thermodynamics:

dE = dQ — dW

dQ = dE + dW = dE + pdV

1
= oT*dV + 3 oT* dv

4 4
= _oT*dv
36
4
as=99 _ 43 gy
T 3

4
S:/dS: gc;T3v

We have used the fact p = 1/; E/V, the relativistic Virial theorem.

98. (O)

The motion of two particles of masses m, = m, = m sepa-
rated by a distance r is equivalent to that of a reduced mass
particle w as shown. The Schrodinger equation is

_K2
HY=E¥Y, H=—V*+U(r)
2p

where U(r) = 0 for fixed »

In spherical coordinates, we get

r2sin@ 00 a6 rzsinze (9(1)2

2UE
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The standard separation of variables technique using s(0,¢) = P(0)Q(¢) gives

1 .
— 7elm4¢
019)= =
1 P 2
— 06— (1 — P=0
and sin@ do (sm 9>+[( b sinze]
where P = P/"(0)

is the associated Legendre function.

99.

This was Einstein’s 1905 theory. In 1915, he went beyond this with the general theory of relativity for

(A)

The two postulates of special relativity are:
(1) True physical laws are the same in all inertial reference frames.

(2) The speed of light is a constant in vacuo regardless of source and observer relative motion.

which (B)—(E) in the question are true statements.

100. (E)

This is the usual relativistic rocket problem. The four momentum is
p/-" = mu/-‘“
= (myu, myc)
v
u
my mo

m

Certainly the space component of the four momentum is conserved

0, mc) = (—mA v, my,c) + (m,y,u, myy,c)

so that

or

0=—myy+ myyu

m ’}’UU = mZ’Yuu

The rest mass is not conserved since this is an inelastic collision in reverse.
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Table of Information

Rest mass of the electron m,=9.11 X 1073! kilogram

=9.11 X 10728 gram
Magnitude of the electron charge e = 1.60 X 10~ coulomb

= 4.80 X 10719 statcoulomb (esu)
Avogadro’s number N, = 6.02 X 10% per mole
Universal gas constant R = 8.314 joules/(mole - K)
Boltzmann’s constant k=138 X 10723 joule/K

=1.38 X 107 % erg/K
Speed of light ¢ =3.00 X 103 m/s

=3.00 X 10'° cm/s
Planck’s constant h = 6.63 X 10734 joule - second

=4.14 X 10713 eV - second
Vacuum permittivity &, = 8.85 X 1072 coulomb?(newton - meter?)
Vacuum permeability o = 4 X 1077 weber/(ampere - meter)
Universal gravitational constant G = 6.67 X 10~ meter?/(kilogram - second?)
Acceleration due to gravity g = 9.80 m/s> = 980 cm/s?
1 atmosphere pressure 1 atm = 1.0 X 10° newton/meter?

= 1.0 X 10’ pascals (Pa)
1 angstrom 1A =1X10"1"meter

1 weber/m? = 1 tesla = 10* gauss

Rydberg Constant R=1.097 X 10" m™!
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