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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 geosynchronous satellite is one whose orbital period is one day, so its apparent
position in the sky over the equator remains constant. Such satellites are used to relay signals
between different points on the Earth’s surface. You may have noticed the awkward pauses
in TV interviews that are a consequence of the delay time.

(a) Calculate the minimum time for a signal that is sent via such a satellite to travel between
the highest and lowest reachable latitudes on the Earth’s surface, A andB in the diagram.

(b) Compare this with the minimum time it would take to send a signal between A and B,
but along the Earth’s surface distance by optical fiber. Take the index of refraction of
the fiber as 1.5.

Problem 2: A platform of mass M sits on a frictionless table. Two identical blocks of mass
m are attached with identical springs to a post fixed to the platform. The springs are massless
and have a force constant k. The blocks move on the frictionless surface of the platform and
are constrained to move along the x axis (parallel to the table surface and in the plane of the
paper).

(a) Give the Lagrangian of the system of masses and springs.

(b) Calculate the normal frequencies of the system.

(c) Describe the normal modes of vibration corresponding to these frequencies.

Problem 3: A projectile of mass m is fired at an angle θ above the horizontal, with an initial
velocity v0. At the highest point of the trajectory, the projectile explodes into two fragments
of equal mass. One of the fragments falls vertically with zero initial speed, following the
explosion.

(a) How far from the point of firing does the other fragment strike the level terrain?

(b) How much energy was released during the explosion? (Assume that the energy loss in
the form of heat and sound may be ignored.)
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Problem 4: The “dispersion relation” describes the dependence of the frequency on wavenum-
ber (k = 2π/λ) for a wave propagating through some medium, and the speed of wave propa-
gation can be derived from it.

For wavelengths longer than about a meter, the dispersion relation for water waves is ap-
proximately ω =

√
gk tanh(hk), where g is the gravitational acceleration, and h is the water

depth.

(a) An undersea earthquake causes a massive displacement upward of a land mass 100 km
in diameter that is at 3 km depth, which displaces the water above it. If this generates
λ=100 km waves, how long will they take to reach an island 50 km away, if the depth is
taken as approximately constant?

(b) Now consider waves around λ=10-100 m. Show the dispersion relation approximates to
ω =

√
gk and show that, in this limit, the phase velocity is twice the group velocity.

How long would λ=10 m waves take to reach the island?

Problem 5: A space station consists of a large cylinder of radius R0 filled with air (every “air
particle” has a mass m). The cylinder rotates about its axis of symmetry at an angular speed
Ω providing an acceleration at the rim equal to the free fall acceleration g. If the temperature
T is constant inside the cylinder, what is the ratio of air pressure at the center of the station
pc to the pressure p0 at the rim? [Hint: to solve the problem you need to figure out what
kind of potential energy corresponds to the centrifugal force.]

Problem 6: An ideal gas is compressed at constant temperature T from volume V1 to volume
V2 (see Figure).

(a) Find the work done on the gas and the heat absorbed by the gas.

(b) The gas now expands adiabatically to volume 2V2. What is the final temperature Tf?

(c) Estimate the final temperature Tf for air (diatomic gas) and initial temperature Ti =
300 K.
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Problem 7: A classical system (or system at sufficiently high temperature) has continuously-
distributed energy levels E = αx2 where α is a parameter, and x ranges from 0 to infinity.
The system is in thermal equilibrium with a heat bath at temperature T . Calculate the
partition function, mean energy, Helmholtz free energy, and entropy as a function of inverse

temperature β = 1/(kBT ). [Hint:

∫ ∞
0

e−αx
2
dx =

1

2

√
π

α
;

∫ ∞
0

x2e−αx
2
dx =

√
π

4α3/2
.]

Problem 8:

(a) A cylindrical glass optical fiber (radius R) with index of refraction, n, propagates light
by total internal reflection at the air-glass interface. Give an expression for the maximum
angle of incidence, α, at the flat end of the fiber.

(b) If a point source of light is used to illuminate the optical fiber, find the distance from
the end of the fiber at which the light source must be placed to maximize the intensity
of light that comes out of the other end of the fiber.
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