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General Instructions

1. Each problem is to be done on a separate booklet. Label the front of each book with the
identifying code letter you picked, the part number of the exam, and the number of the
problem only; for example: A-I.6. Do not write your name or IIT ID number on any material
handed in for grading.

2. Any numerical data not specified in a problem should be found in the table of constants at
the front of the exam.

3. DON’T PANIC: It is not expected that each student will completely solve every problem.
However, it is advisable to do a thorough job on those problems that you do solve.
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Physical Constants

Speed of light in vacuum c = 2.998 × 108 m/s
Planck’s constant h = 6.626 × 10−34 J· s

~ = h/2π
= 1.055 × 10−34 J·s
= 6.582 × 10−16 eV·s

Permeability constant µo = 4π × 10−7 N/A2

Permittivity constant 1
4πεo

= 8.988 × 109 N·m2/C2

Fine structure constant α = e2

4πεo~c
= 7.30 × 10−3 = 1

137
Gravitational constant G = 6.67 × 10−11 m3/s2·kg
Avogadro’s number NA = 6.023 × 1023 mole−1

Boltzmann’s constant k = 1.381 × 10−23 J/K
= 8.617 × 10−5 eV/K

kT at room temperature k·300 K = 0.0258 eV
Universal gas constant R = 8.314 J/mole·K
Stefan-Boltzmann constant σ = 5.67 × 10−8 W/m2·K4

Electron charge magnitude e = 1.602 × 10−19 C
Electron rest mass me = 9.109 × 10−31 kg

= 0.5110 MeV/c2

Neutron rest mass mn = 1.675 × 10−27 kg
= 939.6 MeV/c2

Proton rest mass mp = 1.672 × 10−27 kg
= 938.3 MeV/c2

Deuteron rest mass md = 3.343 × 10−27 kg
= 1875.6 MeV/c2

Atomic mass unit (C12 = 12) u = 1.661 × 10−27 kg
= 931.5 MeV/c2

Mass of earth ME = 5.98 × 1024 kg
Radius of earth RE = 6.37 × 106 m
Mass of sun MS = 1.99 × 1030 kg
Radius of sun RS = 6.96 × 108 m
Gravitational acceleration at

earth’s surface g = 9.81 m/s2

Atmospheric pressure = 1.01 × 105 N/m2

Radius of earth’s orbit = 1.50 × 1011 m
Radius of moon’s orbit = 3.84 × 108 m

Conversion Factors

1 eV = 1.602 × 10−19 J 1 J = 6.242 × 1018 eV
1 Å = 10−10 m 1 Fermi = 10−15 m

1 barn (b) = 10−28 m2 1 in = 2.54 cm
0◦ Celsius = 273.16 K 1 cal = 4.19 J
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Problem 1: A charge q of mass m is constrained to move along a line perpendicular to the
plane of, and through the center of, a thin ring of radius R, mass M , and charge −Q as
shown in the figure. Calculate the frequency of small oscillations. Note: both of the objects
are allowed to move.

-Q

R

q

Problem 2: A uniform thin square sheet of material of total mass M and side A lies in the
(x, y) plane with one corner at the origin. Its thickness in the z direction can be neglected.

Calculate the inertia tensor, the principal moments of inertia, and the principal axes.

Problem 3: You are employed at a nineteenth century astronomical observatory and you
have been asked to design a pendulum for the observatory’s master clock. This pendulum
must have a period of 2 seconds and must be designed so as to compensate for deviations in
length caused by temperature changes. You have in your shop the following materials: brass
(αb = 19 × 10−6/C◦), mercury (ρ = 13.5 g/cm3, β = 18 × 10−5/C◦), and a cylindrical glass
(αg = 9 × 10−6/C◦) tube of diameter 4 cm and height 30 cm to hold the mercury. Calculate
the overall dimensions of the pendulum (L) and the height of mercury (h) needed for your
design. You may neglect the mass of the brass used to make the frame and the mass of the
glass container.
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Problem 4: Estimate the largest radius (in meters) that a spherical asteroid may have
such that a human being can, by jumping, escape from it. Note, you will need a number of
numerical values for various quantities (e.g. mass density). Pick a value and justify it. Be
sure to clearly state all numerical assumptions made in obtaining your estimate.

Problem 5: 10 liters of gas at atmospheric pressure is compressed isothermally to a volume
of 1 liter and then allowed to expand adiabatically to 10 liters.

(a) Sketch the processes on a pV diagram for a monatomic gas.

(b) Make a similar sketch for a diatomic gas.

(c) Is a net work done on or by the system?

(d) Is it greater or less for the diatomic gas?

Problem 6: A thermally insulated box is separated into two compartments (volumes V1 and
V2) by a membrane. One of the compartments contains an ideal gas at temperature T ; the
other is empty (vacuum). The membrane is suddenly removed, and the gas fills up the two
compartments and reaches equilibrium.

(a) What is the final temperature of the gas?

(b) Show that the gas expansion process is irreversible, i.e., calculate the entropy change.
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Problem 7: Consider a two-dimensional ideal monatomic gas of N molecules of mass M at
temperature T constrained to move only in the (x, y) plane. The usual volume becomes in
this case an area A, and the pressure p is the force per unit length (rather than the force per
unit area).

(a) Give an expression for f(v)dv, the total number of molecules with speeds between v and
v+dv. (Assume that the classical limit is applicable in considering the behavior of these
molecules).

(b) Give the equation of state (relating pressure, temperature etc.).

(c) Give the specific heats at constant area (two-dimensional analogue of specific heat at
constant volume) and at constant pressure.

Problem 8: You are given a deposition system which can make multilayer films of TiO2

(n1 = 2.4) and SiO2 (n2 = 1.5).

(a) Design a highly reflective multilayer mirror for λ = 500 nm at normal incidence and
qualitatively discuss the reflection properties of your multilayer mirror when the light is
no longer at normal incidence to the surface.

(b) If the reflection coefficient at each interface is approximately 0.2, estimate (and justify)
the number of layers required to achieve a 99.9% reflectivity.
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