OSU PHYSICS DEPARTMENT
COMPREHENSIVE EXAMINATION #121

Monday, January 5 and Tuesday, January 6, 2015
Winter 2015 Comprehensive Examination
PARTS 1, 2, 3 and 4

General Instructions

This Winter 2015 Comprehensive Examination consists of eight problems of equal weight (20
points each). It has four parts. The first part (Problems 1-2) is handed out at 9:00 am on Monday,
January 5, and lasts three hours. The second part (Problems 3-4) will be handed out at 1:00 pm
on the same day and will also last three hours. The third and fourth parts will be administered on
Tuesday, January 6, at 9:00 am and 1:00 pm, respectively. Work carefully, indicate your reasoning,
and display your work clearly. Even if you do not complete a problem, it might be possible to
obtain partial credit—especially if your understanding is manifest. Use no scratch paper; do all
work in the bluebooks, work each problem in its own numbered bluebook, and be certain that your
chosen student letter (but not your name) is inside the back cover of every booklet. Be sure to
make note of your student letter for use in the remaining parts of the examination.

If something is omitted from the statement of the problem or you feel there are ambiguities,
please get up and ask your question quietly and privately, so as not to disturb the others. Put all
materials, books, and papers on the floor, except the exam, bluebooks and the collection of formulas
and data distributed with the exam. Calculators are not allowed except when a numerical answer
is required—calculators will then be provided by the person proctoring the exam. Please return
all bluebooks and formula sheets at the end of the exam. Use the last pages of your bluebooks for
“scratch” work, separated by at least one empty page from your solutions. “Scratch” work will not
be graded.






Problem 1 Monday morning 3

(n turns, current I)

Figure A Figure B

(a) Refer to Figure A in which a single loop of wire is depicted. The loop is a circle with radius
a, carries a current I, and p, is the permeability of the vacuum. The angle 6 is the half-angle
of the cone defined by the circular loop as the cone base and the point P as the cone apex,
as indicated. Show that the magnetic field at P is

] oI .
B(9) = 2“2—(1 sin® @ (1)

(b) Refer to Figure B in which an n-turn solenoid of length d, radius a is depicted. The solenoid
carries a current I. Use part (a) to calculate the axial magnetic field at point P. Express the
answer in terms of o and 3, the half-angles of the cones defined by the back and front coils,
respectively, as shown.

(¢) Show that the result in (b) reduces correctly to the result for an infinitely long solenoid.

(d) Show that for small distances (¢ < d) from the center of the narrow (d > a) but finite
solenoid that the axial field dependence is parabolic in z:

B.(z) = B, {12‘; (1+1§§2>} (2)



Comprehensive Exam, Winter 2015 E&M Undergraduate (Solution)

(@) Let ¢ be the angle that defines the position of the 1dl element, measured from the x-axis.
Let r be the distance from the Idl element to P (vector r points from Idl to P).

The Biot-Savart law is:

dE:ﬁldixr 1)
4 r
The total field is the integral around the current loop, with I and r constant.
D Uol D 7
B= dixr 2
Arr’ CJS @)

dl and r are constant in magnitude around the loop, and they are mutually perpendicular at every
point, so dB is always constant in magnitude, but traces out a direction on the surface of a cone
with apex P and at an angle 90°+0 with the z-axis. For this reason, the net radial field at P is
zero, and the field at P is axial, and point in the +z direction if positive current flows in the
direction indicated in Figure A (right hand rule).

Use df=adg¢ sin6’=% r’=z"+a’
. s —
Bz:ﬂolasT@Iz d¢=ﬂola s;n@zﬂolsm %
4rr ¢=0 2ar 2a . 3
B =0
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(n turns, current /)

(b) The solenoid can be considered as a stack of current loops, each contributing to the axial B
field at P. The sum of the axial fields due to all the current loops is an integral of (3) with
0 varying from o to . Each current loop contributes:

in3 A3
dB, = Mdlloop = wdz (4) where dl,, =I D 4z and we must relate dz to do.
2a 2ad o d
dz rde
-
a 6o
sing =2 =19 (5)
rdz
so that
- 2 -
dB, = Ny, lsin® @ rdo - N, lsing do
2ad 2d

Perform the integration:

Nuol o7 N B
B =—/——| sinddd=—"—(-1)cos
‘o 2d L 2d D H‘“

B, = %(cos a—cos ) (6)

(c) Infinitely long solenoid has ¢ =0; f= .

Y7 N, | [n)
B, =——(cosO—-cosrx)= 1-(-1))=u 1| — 7
as required.
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(d) At the center of a long and narrow solenoid, we have the following. o and y are small, so a
cosine expansion to parabolic order suffices.

Angles
a —a
a~tana = ; y=nr—f=tany =
2 2
2 2
a a
cosa~rl-—=1-———
2(3+2)

(8)

2y f
__cosy~—|1-L |-
COS S =—COoSy (1 2] kl Z(Q—Z)ZJ
Putting together:

Nl
B, = o —2—(cosa — cos f)
( g 2 )
B oMl g & g &
20 [ 2(i+r | 2(1-2)
Nyl (2_ a’ a’

)
~72d | (g+z)2_(%—z)2J
AR 4 |
~2d L 2 d2(1+22/d)2 d*(1-2z/d)’

2
el (@] }Z 24z2 1L % 24z
d 2

And the required result:

n [ 2a%[, 1222 )
B, = 1- 1 9
=g | d2 e ®)
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Problem 2 Monday morning 5

A bead of mass m is constrained to slide under the influence of gravity on a smooth(frictonless)
parabolic wire with equation z = %anQ, where the z-axis is directed vertically upwards. The wire

rotates about the z-axis with constant angular velocity w.

(a) Show that the Hamiltonian is

2 2
P mx
+——(9a® —w?) (5)

H =
(b, ) 2m(1 + a*x?) 2

where p = p(z, &) is the generalized momentum of the bead confined to the parabolic wire.

(b) Roughly sketch the phase curves (i.e. lines of constant H) for the two cases (i) ga? > w? and
(ii) ga® < w?. Briefly comment qualitatively on what your plots tells you about the bead’s
motion in each case. For simplicity you may assume a*z? < 1.

(c) Show that if ga? > w?, the bead always oscillates about the bottom of the parabola with
period,

2v/2m [T/ 9 1/2
T:J/ <1+°‘2sm29) df (6)
B Jo B
where E is the total system energy and §* = 2(go® — w?).

(d) Explain qualitatively and justify mathematically what happens in the special case ga? = w?.



Solutions to problem 2 Monday morning 6

A bead of mass m is constrained to slide under the influence of gravity on a smooth(frictonless)
parabolic wire with equation z = %anQ, where the z-axis is directed vertically upwards. The wire

rotates about the z-axis with constant angular velocity w.

(a) Show that the Hamiltonian is

P2 ma2

2m(1 + ota?) T

H(p,x) = (90” —w?) (7)

where p = p(x, &) is the generalized momentum of the bead confined to the parabolic wire.

Solution:

(8 points) Given that z = 1a?2z? we get # = azd. This is a 2D problem (z, z(z)), but the
bead is effected by the external angular momentum introduced. Cartesian coordinate make
sense for this problem b/c the bead is NOT free to orbit the angular coordinate.

Step 1: Write the Lagrangian, L = T — U. Note, it is necessary to find L, as the definition

of the classical generalized momentum is p = % .

2

The only potential is gravitational, so U = mgz = %mgazx . Similarly the kinetic can be

expressed as,
1
T= §m(x2 + 22 4+ 2%w?) (8)

1
§m(3'32 + otz?i? + 2%w?) (9)

1
= im(dsQ(l + o*z?) + 2%w?) (10)

The system Lagrangian is: L = im(i?(1 + a'2?) + 22w?) — 1mga?a?.

Step 2: Find the generalized x-momentum of the bead, p(x, &) = g—ﬁ = mi(1+ a*z?). This
also implies that © = m.

Step 3: Find the Hamiltonian, H(p,z). A Legendre transform is used to introduce our
generalized momentum to the Hamiltonian.

H(p,x)) =pi— L "
e e R -

»? 1 p 2 )
— 5 |5 - a2y, 22\ L1 2 oo
m(1 + atz?) [Qm <(m(1+a4x2)> (1+a%2%) + 2w > ymgate ] (13)

»? ma?

- 2m(1 + ota?) T (g0® — %) (14)

(the desired result)



Solutions to problem 2 Monday morning 7

(b)

Roughly sketch the phase curves (i.e. lines of constant H) for the two cases (i) ga? > w? and
(ii) ga® < w?. Briefly comment qualitatively on what your plots tells you about the bead’s
motion in each case. For simplicity you may assume a?z? < 1.

Solution: ) ,

(4 points) In the limit, a*z? < 1, our Hamiltonian is H = 2- + ™ (ga? — w?). In a phase
curve, we draw lines of constant energy H = E. The resulting orbits are either elliptical
(left)for case i, ga? > w? and mean that the bead oscillates in the parabola with complete
periods. In case ii (right), ga? < w? and the phase curves are hyperbolic and the system in
unstable, means the bead prefers to climb the parabola rather than oscillate about it.

K P
stableobitsof/;’ B o R g Py
e R NN Z s
e NN P28
- T S ) S -
1 AN \t\ — - /
R =
L \ N %
< 7
IANAANFERRNRRR S
13 . i 3
\2§ i 1 \ns o o5 1 B 2 75/ ) Y/ ol NG £ i
0.5 7
S / - | \
s 407 v R NS NN\
S ) I e AR
- p—
" 7% SN
i L po 9% N

Show that if ga? > w?, the bead always oscillates about the bottom of the parabola with
period,

202m [/? ip 1/2
T = Bm/ <1+ O‘ﬂz sin> 9) do (15)
0

where E is the total system energy and 32 = Z(ga? — w?).

m
2
Solution:

(6 points) The conventional approach to finding the system period is to apply energy conser-

vation (H = F) and separation of variables.
Step one is to express the velocity & in term of x and ¢ only.

dx - p
@~ mitaia?) (16)
_ \/2m(1 + alz?) [E — M (ga? — w2)x2] -

m(l+ atz?)

Step 2 is to separate variables and integrate both side over a full period oscillation. Since
ga? > w?, the oscillations are stable and it will oscillate between endpoints +z,. Endpoint z,
is obtained from the Hamiltonian when p = 0 (no kinetic energy, all potential). Accordingly,

2K

tr,=t————
o lga =)

(18)



Solutions to problem 2 Monday morning 8

Separation of variables and integration give, the period (7T'),
Yo dx

T=2 — 19

/5 (19)

m(1+ a*z?)

- 4/0 \/2m(1 + ata?) [E — Z(ga? — w?)a?]

o m (1 + ate?)
=4 2 21
/0 \/E — B(ga? —w?)2? dz (21)

Lastly to simplify, we substitute x = x,sinf = % sinf to get rid of the ugly denominator

dx (20)

above, where § (given) is % = Z(ga® — w?). Plugging in, we obtain the desired (readily
integrable) result for the bead’s period,

/2 1/2
T= 2\/5%/0 (1 + O‘;ZE sin? 9) df (22)
(23)

Explain qualitatively and justify mathematically what happens in the special case ga? = w?.

Solution:

(2 points) When ga? = w? there is no potential energy, just and x-dependent inertia on the
bead. So for any x, the bead will rest stay at rest if p = 0 or the bead will move with remaining
p, otherwise. In both cases the rotational and gravitational effects cancel. The phase curve
plots are shown below.
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Problem 3 Monday afternoon 9

Adsorption equilibrium A helium gas (atomic mass, m) at a pressure P is confined in a box
(volume, V') at temperature T. One side of the box is a metal plate (area, A). Some atoms are
adsorbed on the metal surface with the adsorption energy U, an amount of work being necessary
to remove a helium atom from the metal surface to infinity. Assume that the adsorbed atoms do
not interact with each other and are free to move on the metal surface, i.e., the atoms on the metal
surface form a two-dimensional ideal gas. The number of the adsorbed atoms is N,(>> 1), and the
number of gas-phase helium atoms is Ny(> 1).

metal surface

° * N A

\;@sorbed He atoms
™~ Na

N free He atoms

e o ./g\.. .

(a) Find the partition functions of the gas-phase atoms Z,; and the adsorbed atoms Z,.

(b) Find the total partition function Z and the free energy F of the helium system including both
the gas-phase and the adsorbed atoms.

(c) Calculate the chemical potential of a gas-phase atom p, and of an adsorbed atom fi,.

(d) What is the number of atoms adsorbed per unit area at equilibrium? Show that it depends
on P, T, and U.

Useful formula:
Inn!=nlnn—n

oo

2 ™
/ e dr=4/—
o V a



Solutions to problem 3 Monday afternoon 10

Adsorption equilibrium A helium gas (atomic mass, m) at a pressure P is confined in a box
(volume, V') at temperature T. One side of the box is a metal plate (area, A). Some atoms are
adsorbed on the metal surface with the adsorption energy U, an amount of work being necessary
to remove a helium atom from the metal surface to infinity. Assume that the adsorbed atoms do
not interact with each other and are free to move on the metal surface, i.e., the atoms on the metal
surface form a two-dimensional ideal gas. The number of the adsorbed atoms is N,(>> 1), and the
number of gas-phase helium atoms is Ny(> 1).

metal surface

° * N A

\1dsorbed He atoms

@
([ ° ‘\\ Na
® Ng free He atoms
([ PY / ~e
® [ )
® { ]

(a) Find the partition functions of the gas-phase atoms Z,; and the adsorbed atoms Z,.

Solution:
Since the helium atoms are indistinguishable while not mutually interacting, the partition
function of the helium gas can be written as

1

Zg:Nig!

[Zgl]Ng’ (24)

where the single-atom partition function,

3 3 p2
g1 — //d pd e kaBT
= / / / e 2kaT Pz+Py+Pz)dp dpydpz

— e 2kapo )
w (/L

= %(27rkaT)3/2. (25)

Z

Similarly, the partition function of the adsorbed atoms is expressed as




Solutions to problem 3 Monday afternoon 11

where

2 2
Za1 //d pd’r 72"5»W+k3T
= kBT/ / e 2kaT(pw+Py)dp dpy

2
— ;leechT (/ e 2kapo >

A
2 (2rmkpT)e BT (27)

(b) Find the total partition function Z and the free energy F of the helium system including both
the gas-phase and the adsorbed atoms.

Solution:

The total partition function is written as

7 = Z,Z4
N, N,
1 9T A @
AR [f‘;(%kaT)?’/z] [h (2rmkpT)e kBT} . (28)
JIN,!
The free energy is
F = —kgTlhz
= kT [N, d L @rmbsT)2 Y 4 N { A @rmbpT)e T
= —kp o In ﬁ(wmg) + NyIn ﬁ(wmg)eB
—In(N,!) — In(N,!)] (29)

Since Ng, Ng > 1,

14
F = —kgT {Ng In { % (27kaBT)3/2} + N, ln{

—N,In(N,) + Ny — Ny In(N,) + N, (30)

;“‘Ih

(27kaBT) kBT }

(c) Calculate the chemical potential of a gas-phase atom p, and of an adsorbed atom .

Solution:

_ (9E
Ho =\ N,

— ot [in{

D“<}

(27rmk:BT)3/2} —In Ng} (31)



Solutions to problem 3 Monday afternoon 12

and

([ OF
Ha = oN,

A _U_
= —kgT {ln {h2(27rkaT)ekBT } —1In Na} (32)

(d) What is the number of atoms adsorbed per unit area at equilibrium? Show that it depends
on P, T, and U.

Solution:
Setting on gy = g at equilibrium, we obtain

N, An 1 v
5T (33)

e _ 20— oFp
N, ~ V \ommksT

The number of atoms adsorbed per unit area is therefore

N, (Ng) 1 U
Ng = — =h|— | ——=——===eFs87
A V ] V2mmkgT
hP 1 U
= —— kBT
kT \2mmkgT
h__ P e (34)

_h P
2k, T2

This shows that n, is a function of P, T, and U.

Useful formula:
Inn!Znlnn—n

o0

2 ™
/ e dr=4/—
oo V a



Problem 4 Monday afternoon 13

In a hydrogen-like atom the 2s state has slightly higher energy than the 2p states. The energy
difference is A. The effect causing A has a negligible influence on the wave functions of the states.
The atom is placed in a constant uniform electric field of strength £.

When answering the following questions, neglect the effects of electronic and nuclear spin.

(a) Sketch an energy level diagram of the n = 2 states (the 2s and 2p states) for the case £ = 0.
Indicate any degeneracy of the levels.

(b) Neglecting the influence of more distant levels (such as n = 1 and n = 3 states) obtain general
expressions for the energy shift of all n = 2 levels as a function of £.
Note: You do not have to evaluate explicitly any non-zero integrals. Assign an algebraic
symbol to represent the value of any non-zero integral.

(¢) Plot the energy of the levels as a function of the electric field strength £. Label all the curves.
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Problem 5 Tuesday morning 15

A pendulum is composed of two point masses, 3m and m, and two massless strings of equal
length [ as shown. At ¢ = 0, the system is released from rest with upper (heavier) mass not displaced
and the lower mass displaced slightly to the right: i.e. 22(0) = 0 and z1(0) = a.

(a) In the limit that a < I, explicitly evaluate an analytic equation for the subsequent motion of
the lower mass, x1(t).

(b) Suppose instead that we displaced z;7 by a much larger value, such that the angular motion
of the masses cannot be be neglected. Show that the Lagrangian of this system is given by:

. 1 . .
L =2mi?¢2 + §ml2gb% + mi%pagy cos(da — ¢1) + 4mgl cos ¢y + mgl cos by (35)

(c) Again consider the limit that a < [, show that the above Lagrangian simplifies to a Lagrangian
describing coupled simple harmonic motion.
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A pendulum is composed of two point masses, 3m and m, and two massless strings of equal
length [ as shown. At ¢ = 0, the system is released from rest with upper (heavier) mass not displaced
and the lower mass displaced slightly to the right: i.e. 22(0) = 0 and z1(0) = a.

(a) In the limit that a < I, explicitly evaluate an analytic equation for the subsequent motion of
the lower mass, x1(t).

Solution: (Revised, 8 pts)

(10 points, Question credit: Prof. Tom Greytek, MIT Part 1 PhD exam, Fall 2000)

In the limit that a < [, one must immediately recognize that is the standard condition when a
pendulum (angular harmonic) become a 1D simple harmonic motion (analogous to a spring)
where gravity is the restoring force — this true b/c when a < [, sinf = 6 = . The same
argument holds for a double pendulum.

As such, all angular motion (i.e. the vertical motion component) can be ignored, and (to first
order) the tension of each string is just mg and 4mg.

Using Newtonian mechanics (i.e. F' = ma) we can readily write a coupled differential equation
systems (this problem is now precisely analogous to the coupled mass-on-a spring problem,
see the 120" comp exam for details). By inspection that for the lower mass we get:

mi; = — (xl ;$2> mg (36)

0= i’l + %.’El - %(EQ (37)
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For the upper mass we get:

3mis = —%4mg + ;M mg (39)

0= 34y — %961 + 5%@ (40)

Let’s define w? = g/l. Assume the solution may be obtained with an exponential of form
x1(t) = Ay expiwt and z2(t) = Agexpiwt, and we may solve the coupled ODEs by method
of determinants where the matrix equation is & = Cz or more explicitly

w2 —w?
¢= <—w2 5w§)

o

We can now solve for the eigenvalues (or characteristic frequencies) of matrix C by,

det (C — w?I) = (w2 — w?) (5w? — 3w?) —wh =0 (42)
3w — 8ww? + 4wl =0 (43)
(wofae)? = 2L 49

Hence characteristic frequencies are w; = V2w, and wy = V2/3w,

Now solving for the normal modes (eigenvectors), we obtain

det (C — w21) (il) =0
2

Solving for the eigenvectors, we find that o = —x; and x5 = %1’1. The normal modes ()1 and

Qo are Q1 = 1+ x9 and Q2 = o9 — %xl. This enables us to write the solution as superposition
of normal modes:

x1 = Acos(wit) + B cos(wat) (45)
x9 = —Acos(wit) + gcos(wgt) (46)
(47)
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ORthatA:%ande%“.
Therefore the explicit motion of the lower mass in the a < [ limit is:

x1(t) = %cos(wlt) + ??Ta cos(wat) (51)

Suppose instead that we displaced x; by a much larger value, such that the angular motion
of the masses cannot be be neglected. Show that the Lagrangian of this system is given by:

. 1 . .
L =2mi*¢3 + 5m12¢% + mi%pagy cos(da — ¢1) + 4mgl cos g + mgl cos ¢ (52)

Solution:
(6 points) Working in Cartesian coordinates we have:

To = [ sin ¢g (53)
Yo = —1 Cos ¢o (54)
x1 = Isin @1 + [ sin ¢ (55)
y1 = —lcos @1 — L cos ¢ (56)

where we observe that [ = 23 +y? = (x5 —21)*+ (y2 — y1)?. The Lagrangianis L =T —U =
Ty 4+ T5 — Uy — Uy. The Kinetic energy of the upper mass is:

3m . .
1> = 7@% +93) (57)
3ml? .
SLL (58)

Likewise for the lower mass (applying an double angle identity), we get:

7= Gt i) .
- mTZQ (1 co8 ¢1 + 2 o8 )% + (1 5in 61 + o sin ho)? (60)
_ mTZQ(¢‘,§+¢;g + 261 o (OS 1 COS d + Sin by sin do)) (1)
_ mTZQ(dﬁ + 32 + 2613 cos(d2 — 1)) .

For the gravitational potential energies we obtain,

Uy = 3mgys = —3mgl cos ¢ (63)
Ui = mgy1 = —mgl(cos ¢1 + cos ¢2) (64)
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Finally putting it all together we get,

L=T1+T5—U; —Us (65)
mi? g 39 - 3ml2 .
= 7(¢1 + &5 + 2¢1p2 cos(¢p2 — ¢1)) + 5 @5 + mgl(cos ¢1 + cos p2) + 3mgl cos ¢1
(66)
1 . .
= 2ml%¢3 + iml%ﬁ + mi%pagy cos(da — ¢1) + 4mgl cos g + mgl cos ¢ (67)

which is the desired result.

Again consider the limit that a < [, show that the above Lagrangian simplifies to a Lagrangian
describing coupled simple harmonic motion.

Solution:

(4 points) In limit that a < [, sing = ¢ and b = &, cos(py — ¢1) = 1. For the potential
energy terms, we must include the second order terms (otherwise the potential energy would
be constant), i.e cos o =2 1 —23/2 and cos ¢1 = 1 — (z; — x2)?/2. Using these approximations
we get:

. 1 . .
L =2mil?¢2 + iml%ﬁ + mi%pagy cos(da — ¢1) + 4mgl cos g + mgl cos b1 (68)

1
>~ omi%iZ + imZQfU% + mil%ioiy + 5mgl — mgl(23/2 + 2(z1 — x2)?) (69)

We can obtain similar equations of motion as found in part a, by applying the respective
Euler-Lagrange equations % 2L — g—fi to the above approximation to the Lagrangian, i.e. we

dt D
obtain
dmiPiy + mi?i; = —mgl(bxy — 4x1) (71)
mi%iy + mil%iy = —4mgl(z, — ) (72)

These equation describes simple harmonic coupled motion, as they are a superposition of the
equations of the similar form to those derived in part a. i.e. subtracting these two equations,
one obtains 3ml?iy = mgl(8x, —6a2) which is an ODE describing a simple coupled oscillator.

Note: there are various levels of approximation possible to make this problem work, any
reasonable set of approximations that result in a coupled simple harmonic differential system
are acceptable.
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(a) A free particle of mass M is confined to move around the perimeter of a circle. At time ¢t =0
its wave function is given by

U(p,t =0) = A(exp(2i¢p) + 2 cos()) (73)

where ¢ gives the position of the particle on the circle.

i. If the angular momentum of the particle is measured at time ¢y, what are the possible
results of the measurement and the corresponding probabilities for each possible outcome?

ii. If the energy of the particle is measured at time ¢y (instead of measuring the an-
gular momentum), what are the possible results of the measurement and the corresponding
probabilities for each possible outcome?

(b) A free particle of mass M is confined to the surface of a torus of radii a and b as shown below.
You may assume a > b.

S

Find the eigenenergies of this system.
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Problem 7 Tuesday afternoon 22

(a)

Derive the wave equation for electromagnetic fields E and B in a linear, non-dispersive,
homogeneous dielectric with dielectric constant € and magnetic permeability u (no free charges
or currents). This derivation should be performed in a general vector space that does not rely
on a particular choice of coordinate system.

To discuss the solutions, use Cartesian coordinates to simplify the algebra, and assume solu-
tions of the form

where FE,, B, are constant vectors, and w and k are constant scalars.

(i) Show that these fields satisfy the wave equation, and that they propagate in the z
direction. Hence define the wave velocity.

(ii) Show that E,, B, are vectors in the yz plane.
(iii) Show |E,| = v|B,|, where v is the velocity defined in (i).
(iv) Show that E, | B,
The medium is now conductive, i.e. a free current ff = oF is allowed, where o is the

conductivity. Show that the waves attenuate by a factor of 1/e in a length , /ﬁ in the high

conductivity limit.



Comprehensive Exam, Winter 2015 E&M Graduate (Solution)

(@) The Maxwell equations are (equation sheet):

52

VeD= VXE=——

£ ot

- (1)
- _ 9D
VeB=0 VxH=—+/]

where, in a linear medium,

D=e¢B; H=2
U
In the absence of free charge and current

=0 J,=0 , (2
and in a homogeneous medium where € and p do not depend on position,

VeE=0 vxE=-28
ot

L (3)

- ~ JoE
VeB=0 VXB=ue—
H ot

Take the curl of the curl equations:

. B(VXE)
VXVXE=—————~
@
- a(VxE)
VXVXxB=pue 5

Use standard vector identities (equation sheet) on the LHS, and use the relation of the curl of one
field to the time derivative of the other (Egs 3) on the RHS:

2
V(V-E)—VzE:—usa f
ot
25 O
V(V+B)-V’B=—pue
(V-B) He =
Use the zero divergence of both fields (Egs 3), and rearrange:
-
V’E = ue
Heoe
25 O
VB = e
Heor
Egs. (6) are the decoupled wave equations for the E and B fields, and it is conventional to define
1

V= T , Which has dimensions of [length/time], for later identification with the speed of wave
U

propagation.
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(b) To simplify the algebra, assume solutions of the form
E(7,t)= Eoei(kr_“”)
e ™
B (r ,t) =B,e
where E,, B, are constant vectors, and o and k are constant scalars.

(i) Show that these fields satisfy the wave equation, and that they propagate in the x direction.
Hence define the wave velocity.

Any feature of the waveform can be identified by a particular value of the phase ¢=wt—kx. A
point of constant phase is characterized by d¢ = wdt — kdx =0, so that wdt = kdx, and

w dx

—=—=V 8

which identifies w/k as the velocity of the waveform in the x-direction.

If EO , B’O are constant vectors, independent of space and time, then the assumed form (7) for E

_ 82 ei(wt—kx) _ az ei(mt—kx)
EO axz = ‘ngEO at2
substituted into the wave equations (6) gives:  —E k*¢"™ ™) = —w?ugE, ")
o 1
==
k™ ue
. . . . . 0] 1
That is, the given forms satisfy the wave equations provided |V, = — = —|. 9)
k  Jue

An identical result holds for B because the wave equation and solution have the same form as
for E.

(ii) Show that E, B, are vectors in the yz plane.

There is no dependence on y and z and the x dependence is all in the exponent.

To satisfy the divergence equations (3),
=_OF, JE, OE,

V.E= + =0
dx dy  dz,
0 (10)
SN aE X ei(kx—tﬂl) _ l'konei(k"_wl) — 0
X

which means that Eq = 0, so that the thas no x component, and must point in the yz plane,
perpendicular to the direction of propagation.
The same argument is true for 1§0 because its divergence is zero also and it has the same form.
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(1) & (iv) Use one of the curl equations:

VXE=——
ot

aE _0E, (aE oE. ) oE, OE \_. =
— = |47 * | = iwB

ay 0z dz Ox ox  dy
The x components are zero as shown in (ii) and there is no y or z dependence of any kind.

[(%E, W€\ (0B OF) (0E, OB/} . . oo .o
XL%_\%X ykﬁz ) kax ﬁy} lo Bg 10B Y +1wB,,z

Equate components to see that

1)

A aE X— (u X—@' o
y( 6x] i®B,,§ = ikE,,e™* ! =iwB, e = E,, = By,
12
- OE i(kx—at) _ i(kx-wt) w (42
7| — | =iwB,,7 = ikE, e =iwB, e =E, =—B
aX 0z 0y k 0z

(iv) Thus EO,E'O are mutually perpendicular because a y(z) component of E"O = az(y)

component of B, .
(iii) Furthermore, the amplitudes are related:

2
et Ey=(2) (B, 0B)> [EI=2B) @9

The x direction is not special and in general (with n direction perpendicular to k direction)

i(/E.?—wz)ﬁ; B _ lE 2 E
v

EzEOe

(d) The medium is now conductive, i.e. a free current ff =oE is allowed, where o is the

conductivity. Show that the waves attenuate by a factor of 1/e in a length /i in the high
ouoc

conductivity limit.

_ (14)
. oF -
VeB=0 Vsz,ueE+uGE
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Same principle as in (a), but now

. . aE
V(V.E)-V’E=
( ) o’ az
. _ o’B 0B
V(VeB)-V’B=—ug—- o —
(v-5) Mo 1%
and with zero divergence:
- _
Vzl?:uea f+uaa—E
ot ot
821§ 0B 19
V’B = pg—+ o —
Again plane waves:
E — Eoei(/c\-—wz)
L (16)
B= B ™
(E-field only because B-field has identical mathematics)
_. az i(kx—wt) az i(kx—wt) -~ 0 i(kx—ot)
— = eE ———5— +UCE
£y 0x’ H or’ HOE0 ™5,
—E k2" = @’ ugE e — iouo E e (17)

k* = w*ue +iouoc

So now k is complex, so set k =k, +ik,giving

= E.Oe—kzxei(klx—wz)
with kj in the role previously played by k (determines velocity and wavelength) and k;
representing an inverse attenuation length because the field attenuates by e™ in a length 1/ko.

k =k, +ik, = k* = k> — k> + 2ik/k, (18)
Equate real and imaginary parts of (17) and (18).
k? -k = pew’

19
2k k, = uoo (19)

Solve two equation simultaneously. Substitute 2" of (19) into first of (19) to get k
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ok k? = uew?
2
2
k; + pew’k? —(%} =0

> 1/2
kz_w,/ﬂ_g[_li () }
2 EW

Choose positive sign to recover correct k; ->0 as o ->0 result.

In the high conductivity limit, 9 o1
Ew

1/2
k, ~ ”—g[i} - |42 (21)
2 |l ew 2

1/e attenuation length
2
k'~ | —— (22)
[0)1lez
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Problem 8 Tuesday afternoon 24

Einstein’s theory of heat capacity Einstein treated the atoms in a crystal as simple harmonic
oscillators, all having the same vibrational frequency w. The energy levels of the harmonic oscillators

are given as
1
FE, = (n + 2) hw.

Consider a crystal consisting of N atoms.

(a) Find the partition function Z; for a single oscillator and the mean energy per oscillator u at
temperature 7. What is the total energy of the N-atom crystal?

(b) What is the heat capacity of the crystal at constant volume Cy? Show that Cy = 3Nkp at the
high temperature limit (kg7 > fiw) and Cy — 0 at the low temperature limit (kpT < hw).
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Einstein’s theory of heat capacity Einstein treated the atoms in a crystal as simple harmonic
oscillators, all having the same vibrational frequency w. The energy levels of the harmonic oscillators

are given as
1
FE, = (n + 2) hw.

Consider a crystal consisting of N atoms.

(a) Find the partition function Z; for a single oscillator and the mean energy per oscillator u at
temperature 7. What is the total energy of the N-atom crystal?

Solution:
Assuming the oscillators are in thermal equilibrium at 7', the partition function for a single
oscillator is

o) & 1
Ze_ﬁEn = Ze_ﬁhw(nﬂ/?)’ where = ——
n=0

Z1
n=0 kBT

/2 x 671/2
- = h = Bhw
e ng_oe T where z = 3

o—Bhw/2
= 1w (79)
The mean energy per oscillator is then
u = —% In Z;
= % {;ﬁmﬂnu —e Bhw)}
= ?w+3£%7. (80)

The N-atom crystal is composed of 3N identical oscillators of the resonance frequency w.
Using the fact that energy is an extensive property, the energy of the 3N oscillators in the N

atom crystal is
1 1

(b) What is the heat capacity of the crystal at constant volume Cy? Show that Cy = 3Nkp at the
high temperature limit (kg7 > fiw) and Cy — 0 at the low temperature limit (kpT < hw).
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Solution:
The heat capacity is

_ () gy () %
o = (o), =5 () or

2 Bhw
N A L)t (82)
(5 1)
2,
= 3Nk3%7 where z = fhw. (83)
e(lj —

When kT > hw (e, x < 1), e — 1= 2 and e* = 1, therefore

xz?-1

Cv =2 3Nkp = 3Nkp.

22

When kpT < hw (i.e., x > 1), e* — 1 = %, therefore Cy = 3Nkpx?e % — 0.





