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Answer any four of the six questions. Each question carries equal marks. 

1. (a) Find the center of mass of a uniformly solid cone of base diameter 2𝑎𝑎 and height ℎ and a solid 
hemisphere of radius 𝑎𝑎 where the two bases are touching. 

 

(b) A rocket leaves Earth’s surface under gravity, typically in a vertical direction and returns to 
Earth. The exhaust velocity is 𝑢𝑢, and the constant fuel burn rate is 𝛼𝛼. The initial mass is 𝑚𝑚𝑜𝑜 and 
the mass at fuel burnout is 𝑚𝑚𝑓𝑓. Show that the altitude of the rocket at fuel burnout is given by 
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      (c) A child slides a block of mass 2 𝑘𝑘𝑘𝑘 along a slick kitchen floor. If the initial speed is 4 𝑚𝑚/𝑠𝑠 and 
the block hits a spring with spring constant 6 𝑁𝑁/𝑚𝑚, what is the maximum compression of the 
spring? What is the result if the block slides across 2 𝑚𝑚 of a rough floor that has 𝜇𝜇𝑘𝑘 = 0.2? 

             (6.75+7+5)                                                                                   

2. (a) Check if the following forces are conservative. If conservative, find the potential energy 𝑈𝑈(𝑟𝑟). 

𝐹𝐹𝑥𝑥 = 𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐,      𝐹𝐹𝑦𝑦 = 𝑎𝑎𝑏𝑏𝑎𝑎 + 𝑏𝑏𝑎𝑎,            𝐹𝐹𝑧𝑧 = 𝑎𝑎𝑏𝑏𝑎𝑎 + 𝑏𝑏𝑎𝑎. 

(b) A particle of mass 𝑚𝑚 moving in one dimension has potential energy 

𝑈𝑈(𝑏𝑏) = 𝑈𝑈𝑜𝑜 �2 �
𝑥𝑥
𝑎𝑎
�
2
− �𝑥𝑥

𝑎𝑎
�
2
� where 𝑈𝑈𝑜𝑜 and 𝑎𝑎 are positive constants. 

i. Sketch 𝑈𝑈(𝑏𝑏) on an energy diagram and locate the position of stable and unstable 
equilibrium. 

ii. What is the angular frequency 𝜔𝜔 of oscillations about the point of stable equilibrium? 
iii. What is the minimum speed the particle must have at the origin to escape to infinity? 

 



(c) A particle of mass 𝑚𝑚 with initial velocity 𝑢𝑢𝑜𝑜 collides with an unknown particle at rest. After 
collision, the mass 𝑚𝑚 scattered through an angle of 45𝑜𝑜 with its original line of motion. The 
unknown particle moves with speed −𝑢𝑢𝑜𝑜/5 in the centre of mass frame. 

i. Find the final velocities of each particle in the Lab frame.  
ii. Find the scattering angle of the unknown particle in the 𝐶𝐶 −frame. 

             (5+8+5.75)                                                                                   

3. (a) Show that the moment of inertia of a long, very thin cone about an axis through the apex and 
perpendicular to the centerline is 3

5
𝑀𝑀𝑙𝑙2, where 𝑀𝑀 is the mass and 𝑙𝑙 is the height of the cone. 

 
(b) A uniform cylinder of mass 𝑀𝑀 and radius 𝑅𝑅 is at rest on a uniform block of mass 𝑚𝑚, which in 
turn rests on a horizontal, frictionless table. If a horizontal force 𝐹𝐹 is applied to the block, the block 
accelerates and the cylinder rolls without slipping. 

 

i. Find the acceleration of the block. 
ii. Find the angular acceleration of the cylinder. 

iii. If the force 𝐹𝐹 acts over a distance 𝑑𝑑, calculate the kinetic energy of the block.                                                                                                     

(c) A ball of mass 𝑀𝑀 collides with a stick with moment of inertia 𝐼𝐼 = 𝛽𝛽𝑚𝑚𝑙𝑙2 (relative to its center, 
which is its center of mass). The ball is initially traveling at speed 𝑉𝑉𝑜𝑜 perpendicular to the stick. 
The ball strikes the stick at a distance 𝑑𝑑 from the center. The collision is elastic. Find the angular 
speed of the stick after collision. 

 

(7+6+5.75)                                                                                   

4. (a) Show that the steady state amplitude of a damped oscillator driven by an external force  𝐹𝐹𝑜𝑜𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖  
is given by the expression 
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where 𝑚𝑚 is the mass of the system, 𝜔𝜔𝑜𝑜 is the natural frequency of the oscillator, 𝜔𝜔 is the driving 
frequency, and 𝛾𝛾 is the damping constant. Discuss the amplitude resonance.                                                                    

(b) The density of a sphere is given by 𝜌𝜌(𝑟𝑟) = 𝑘𝑘
𝑟𝑟
  where 𝑘𝑘 is a constant. The sphere has a radius of 

5.0 𝑚𝑚 and a mass of 1011 𝑘𝑘𝑘𝑘. 
i. Determine the constant 𝑘𝑘.  

ii. Find the gravitational field for the region 𝑟𝑟 <  5.0 𝑚𝑚. 
 



(c)  A particle of mass 𝑚𝑚 moves along a trajectory given by 𝑏𝑏 = 𝑏𝑏𝑜𝑜 cos𝜔𝜔1𝑡𝑡 , 𝑎𝑎 = 𝑎𝑎𝑜𝑜 sin𝜔𝜔2 𝑡𝑡.   
i. Find the 𝑏𝑏 and 𝑎𝑎 components of the force. Under what condition is the force a central force? 

ii. Find the potential energy as a function of 𝑏𝑏 and 𝑎𝑎. 
iii. Determine the kinetic energy of the particle. Show that the total energy of the particle is 

conserved. 
(8+4+6.75) 

5. (a) Show that the expression for the acceleration in the fixed coordinate system in terms of the 
position, velocity, and acceleration in the rotating coordinate system is given by 

�⃗�𝑎 = �⃗�𝑎′ + 𝜔𝜔��⃗ ̇ × 𝑟𝑟′ + 2𝜔𝜔��⃗ × �⃗�𝑣′ + 𝜔𝜔��⃗ × (𝜔𝜔��⃗ × 𝑟𝑟′). 
Give the physical interpretation of the terms involved in the equation. 
 
(b) A rocket that has a proper length of 1000 𝑚𝑚 moves away from a space station and in the 
positive 𝑏𝑏 − direction at 0.60 𝑐𝑐 relative to an observer on the station. An astronaut stands at the 
rear of the rocket and fires a dart toward the front of the rocket at 0.80 𝑐𝑐 relative to the rocket. 
How long does it take to reach the front of the rocket as measured in the frame of 

i. the rocket. 
ii. the space station. 

 
(c) Two light sources 𝐴𝐴 and 𝐵𝐵 situated 10 meters apart flash light signals at an interval of one 
nanosecond. At what time interval will an observer traveling at a speed of 0.9 𝑐𝑐 along the direction 
𝐴𝐴𝐵𝐵 see the two events? Which source 𝐴𝐴 or 𝐵𝐵 that he will find the flash first? 

                                                                                                                            (7+6+5.75) 
6. (a) Derive relativistic transformation equations for momentum and energy. Show that 𝑝𝑝2 − 𝐸𝐸2

𝑐𝑐2
  is 

Lorentz invariant, where the symbols have their usual meaning.                                                                           
     

(b) A particle having rest mass m0 and kinetic energy 𝑏𝑏𝑚𝑚𝑜𝑜𝑐𝑐2, where 𝑏𝑏 is some number, strikes an 
identical particle at rest and sticks to it. What is the rest mass of the resultant particle?     
 
(c)  High-energy neutrino beams at Fermi laboratory are made by first forming a monoenergetic 
𝜋𝜋+ beam and then allowing the pions to decay by 𝜋𝜋+ → 𝜇𝜇+ + 𝜈𝜈. Note that the mass of the pion is 
140 𝑀𝑀𝑒𝑒𝑉𝑉/𝑐𝑐2 and the mass of the muon is 106 𝑀𝑀𝑒𝑒𝑉𝑉/𝑐𝑐2. Find the energy of the decay neutrino in 
the rest frame of the 𝜋𝜋+. 
                         (7+6.75+5) 
                                  


