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Data 
speed of light in free space c   3.00 × 108 m s1 
permeability of free space 

0   4  107 H m1 

permittivity of free space 
0   8.85 × 1012 F m1 

   (1/(36)) × 109 F m1 
elementary charge e   1.60 × 1019 C 
the Planck constant h   6.63 × 1034 J s 
unified atomic mass constant u   1.66 × 1027 kg 
rest mass of electron me   9.11 × 1031 kg 
rest mass of proton mp   1.67 × 1027 kg 
molar gas constant R   8.31 J K1 mol1 
the Avogadro constant NA   6.02 × 1023 mol1 
the Boltzmann constant k   1.38 × 1023 J K1 
gravitational constant G   6.67 × 1011 N m2 kg2 
acceleration of free fall g   9.81 m s2 

 

Formulae 

uniformly accelerated motion s  21
2ut at   

 2v   2 2u as  

work done on/by a gas W  p V  

hydrostatic pressure p  ρgh 

gravitational potential   G m r  

temperature T/K  / C 273.15T    

pressure of an ideal gas p  21

3

Nm
c

V
 

mean translational kinetic energy of an ideal gas molecule E 
3

2
kT  

displacement of particle in s.h.m. x 
0 sinx t  

velocity of particle in s.h.m. v  0 cosv t 2 2
0x x    

electric current I  Anvq 

resistors in series R  1 2 ...R R   

resistors in parallel 1/R  1 21 1 ...R R   

electric potential V 
4

Q

r
 

alternating current/voltage x 
0 sinx t  

magnetic flux density due to a long straight wire B  0

2 d



I

 

magnetic flux density due to a flat circular coil B  0

2

N

r

 I
 

magnetic flux density due to a long solenoid B  0n I  

radioactive decay x   0 expx t  

decay constant  
1

2

ln2

t
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Answer all the questions in the spaces provided. 
 
1 (a) Fig 1.1 shows two frictionless trolleys A and B of mass mA and mB moving horizontally 

towards a wall with the same speed u. The trolleys are not in contact.  
 
 
 
 
 

Fig. 1.1 
 
Upon collision with the wall, trolley A rebounds with speed u and collides elastically with 
trolley B.  
 

  (i) State the principle of conservation of momentum. 
     

 
     

 
     

 
      

[2] 
    
  (ii) Taking motion to the right as positive, show that the speed of trolley B, Bv  after the 

collision with trolley A is given by the expression 

3 A B
B

A B

m m
v u

m m





. 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     [3] 
   

 
 
 
 

trolley A trolley B wall 

u u 
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 (b) A student performs a similar experiment with a basketball of mass 0.62 kg and a  
tennis ball of mass 0.059 kg. The student places the tennis ball slightly above the 
basketball and releases both at the same time from a height above the ground, as shown 
in Fig. 1.2. 
 
 
 
 
 
 
 
 
 
 
 
Just before the basketball touches the ground, both the basketball and the tennis ball 
have the same speed of 4.4 m s1. The basketball bounces off the ground with a speed 
of 4.4 m s1. Its subsequent impact with the tennis ball causes the tennis ball to move up 
at a very large speed. 
  

  (i) Using the expression in (a)(ii), determine the speed of the tennis ball after its 
collision with the basketball. 

    
 
 
 
 
 
 

    speed =  m s1 [1] 

    
  (ii) Besides the assumptions that all collisions are elastic and air resistance is 

negligible, state one other assumption that is necessary in order to use the result in 
(a)(ii) to determine the speed for (b)(i). 

     
 

      
[1] 

    
  (iii) The student repeats the experiment, replacing the tennis ball with another ball of 

much smaller mass.  
 
Deduce the maximum speed the ball can have after its collision with the basketball.  

    
 
 
 
 
 
 
 
 

    maximum speed =  m s1 [2] 

 

tennis ball 

basketball 

ground 

Fig. 1.2 
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2 Fig. 2.1 shows an airplane of mass 1.5  105 kg, flying horizontally at a constant velocity. The 
airplane has four engines, two located on each wing, which produce a combined forward thrust 
of 8.0  105 N. The other forces acting on the airplane are drag force, the combined lift of both 
wings and its weight. The horizontal separation of the lines of action of lift and weight is  
0.75 m.  
 

  
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 (a) Define the moment of a force about a point. 
   

 
   

 
 
[1] 

  
 (b) Determine the vertical separation of the lines of action of thrust and drag. 
   

 
 
 
 
 
 
 
 
 
 
 

    vertical separation =  m [3] 
         
 (c) The airplane starts to accelerate forward. Using Newton’s First Law of Motion, state and 

explain the direction of the frictional force acting on a box that is placed on the airplane 
floor. 

   
 

   
 

   
 

   
 

 
[2] 

     

0.75 m 

thrust 

weight  

drag 

lift 

engine 

wing 
rudder 

Fig. 2.1 

engine 
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 (d) The engines of the airplane are located 10 m and 20 m perpendicularly from the midline 
of the airplane’s body. In a training session, both engines on the right wing are shut down, 
leaving only the two engines on the left wing working. Each of these engines produce a 
forward thrust of 2.0  105 N. As a result, the airplane rotates in the horizontal plane. To 
counter this rotation, the rudder at the tail of the aircraft can be adjusted. 
 
Fig. 2.2 shows the adjustment of the rudder to an angle such that a force P acts on the 
rudder at a point 30 m from centre of gravity C.G. along the midline of the airplane. P acts 
at an angle of 60 to the midline and is due to the airflow incident on the rudder. 

   
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 

 

    
  Calculate the value for P that will prevent the aircraft from rotating. 
    

 
 
 
 
 
 
 
 
 
 
 

    P =  N [2] 
   

 
  

 
  

  

C.G. 
  

 

 

Fig 2.2 

 
 

P 

2.0  10
5
 N 

10 m 

20 m 

rudder 

60 

30 m 

2.0  10
5
 N 

engines 

midline 
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3 Fig. 3.1 shows a wind turbine with a diameter of 100 m. Wind of density 1.2 kg m3 is incident 
normally on the blades of the turbine at a speed of 20 m s1.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (a) Calculate the volume of air that passes through the area swept out by the turbine blades 
in one second. 

   
 
 
 
 
 
 
 
 
 
 
 
 

  volume =  m3 [2] 
   
 (b) Hence, calculate the mass of air that passes through the area swept out by the turbine 

blades in one second. 
   

 
 
 
 
 
 
 
 
 

  mass =  kg [1] 
   

 
 

20 m s1 

Fig. 3.1 

100 m 
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 (c) After passing through the blades, the wind speed decreases to 15 m s1.  
 

  (i) Determine the rate of loss of kinetic energy of the wind.  
    

 
 
 
 
 
 
 
 
 
 
 

   rate of loss of kinetic energy =  W [2] 
    
  (ii) Using Newton’s second law, determine the force exerted by the turbine blades on 

the wind. 
    

 
 
 
 
 
 
 
 
 
 
 

   force =  N [2] 
    
 (d) Explain how the answers obtained in (c)(i) and (c)(ii) are related by the equation  

P = Fv. 
   

 
   

 
 

[1] 
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4 (a) A pendulum with a bob of mass 10 g is suspended from a fixed point O by an inextensible 
string of length 30 cm. The bob is initially held at point A, at an angle of 25° to the vertical 
as shown in Fig. 4.1. It is released from rest and swings towards point B, which is vertically 
below O. 

   
 
 
 
 
 
  
 
 
 
 
 

  (i) Show that the speed of the mass at point B is 0.74 m s1.   
    

 
 
 
 
 
 
 
 
 
 
 

    [2] 
     
  (ii) Hence, determine the tension in the string at point B.  
    

 
 
 
 
 
 
 
 
 
 
 

    tension =  N [2] 
         
    

 
 
 
 
 
 

A 
B 

Fig. 4.1 

O 

25° 
30 cm 
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  (iii) A rod is placed above point B such that part of the string remains vertical as the 
mass swings past B as shown in Fig. 4.2.  

    
 
 
 
 
 
 
 
 
 
 
 
 

   Explain why the tension in the string just after the bob passes point B will be larger 
than the tension calculated in (a)(ii). 

    
 

    
 

    
 

    
 

 
[2] 

     
 (b) The bob is now set in uniform circular motion in a horizontal plane with the string making 

an angle θ to the vertical as shown in Fig. 4.3. The tension in the string is 0.20 N.  
   

 
 
 
 
 
 
 
 
 
 
 

  (i) Calculate angle θ. 
    

 
 
 
 
 
 
 
 
 
 

    θ =  ° [2] 

Fig. 4.3 

O 

θ 

rod 

A 

B 

Fig. 4.2 

O 

25° 
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  (ii) Calculate the angular speed of the bob.  
    

 
 
 
 
 
 
 
 
 
 
 

    angular speed =  rad s1 [2] 
 
  



12 

© Raffles Institution 

5 Fig. 5.1 shows two small metal spheres X and Y each weighing 1.5  104 N carrying a charge 
of 3.2 nC and 1.6 nC respectively. Sphere X is fixed at its position while sphere Y is 
suspended from an insulating string that is attached to a fixed point P.  
 
An external force F is applied on sphere Y in the direction shown. Sphere Y settles at 
equilibrium where the string makes an angle of 10° with the vertical and the centre of the two 
spheres are separated by a horizontal distance 0.050 m. The line joining the centres of X and 
Y is horizontal. 
 
The diameter of each of the spheres is negligible compared to the separation between them.  
 
 
 
 
 
 
 
 
 
 
 
 
  

 (a) (i) Calculate the electric force acting on sphere Y. 
   

 
 
 
 
 
 
 
 
 

    electric force =  N [2] 
    
  (ii) Calculate the magnitude of F. 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

    F =  N [3] 
    

X Y 

P 

0.050 m 

Fig. 5.1 (not to scale) 

3.2 nC 1.6 nC 

10° 

F 
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 (a) (iii) State and explain whether your answer in (a)(ii) would be larger, smaller or 
unchanged if the diameter of each of the spheres is no longer negligible compared 
to the separation of the spheres.  
Assume that the weight of the spheres remains unchanged. 

   
 

   
 

 

   
 

 

   
 

 
[2] 

     
    
 (b) The force F is now removed. Sphere Y swings downwards and moves past point Q, which 

is located vertically below point P as shown in Fig. 5.2. 
 
 
 
 
 
 
 
 
 
 
 

  Explain why the gain in kinetic energy of sphere Y is not equal to the loss in gravitational 
potential energy as it moves from its initial position to Q. 

   
 

   
 

 
[1] 

     
 
  

X 

P 

Fig. 5.2 (not to scale) 

initial 
position of Y Q 
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6 A long vertical rectangular frame, of width of 2.0 m, consists of a 2.0  resistor and conducting 
wires of negligible resistance. The frame is placed in a uniform magnetic field of flux density 
0.35 T. The magnetic field is directed into the plane of the frame.  
 
A horizontal metal rod of mass 0.15 kg and negligible resistance slides along the frame 
downwards, as shown in Fig. 6.1. The metal rod remains in electrical contact with the frame 
throughout its motion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 (a) Explain why a magnetic force acts on the metal rod. 
 
 

  

   
 

   
 

   
 

   
 

   
 

 
[3] 

   
 
 
 
 
 

metal rod 

conducting wire 

direction of motion 

region of magnetic field 
into plane of the frame 

Fig. 6.1 

2.0 m 

2.0  resistor 
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 (b) State and explain the direction of the magnetic force. 
   

 
   

 
   

 
   

 
 
[2] 

   
 (c) Determine the highest speed the metal rod can reach. Assume that friction and air 

resistance are negligible. 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    speed =  m s1 [4] 
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7 Fig. 7.1 shows an ideal transformer. The primary coil of the transformer has 4000 turns and is 
connected to a sinusoidal a.c. supply. The secondary coil has 200 turns and is connected to a 
4.8  load resistor and a diode. 

  
 
 
 
 
 
 
 
 
 
 
 
 

 VXY is the potential of X with respect to Y. The variation with time t of VXY is shown in Fig. 7.2. 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (a) Determine the frequency of the a.c. supply. 
   

 
 
 
 
 
 
 

    frequency =  Hz [1] 
   

 
 
 

secondary coil 
200 turns 

a.c. supply 
X 

Y 

Fig. 7.1 

4.8  

primary coil 
4000 turns 

VXY / V 

t / ms 0 

10 

10 20 30 40 50 

Fig. 7.2 

10 

20 

20 
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 (b) Calculate the root-mean-square value of VXY. 
   

 
 
 
 
 
 
 

    root-mean-square value of VXY =  V [1] 
   
 (c) Determine the root-mean-square voltage of the a.c. supply. 
   

 
 
 
 
 
 
 
 
 
 
 

   root-mean-square voltage =  V [2] 
   
 (d) Determine the mean power dissipated in the load resistor. 
   

 
 
 
 
 
 
 
 
 
 
 

    mean power =  W [2] 
   
 (e) With reference to Fig. 7.2, describe and explain how the potential difference across the 

load resistor varies with time. 
   

 
   

 
   

 
   

 
 
[2] 
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8 Read the passage below and answer the questions that follow. 
 

Exoplanets 
 

 An exoplanet is any planet beyond our solar system. Most orbit other stars, but free-floating 
exoplanets, called rogue planets, orbit the galactic centre and are not bound to any star. 
 
The first exoplanets were discovered in the 1990s and since then we have identified thousands 
more using a variety of detection methods. It is pretty rare for astronomers to see an exoplanet 
through their telescopes the way they might see Saturn through a telescope from Earth. This 
method is called direct imaging, and only a handful of exoplanets have been found this way. 
Most exoplanets are found through indirect methods, such as the transit method. 
 
When a planet passes directly between an observer and the star it orbits, it blocks some of 
that starlight, as shown in Fig. 8.1. For a brief period of time, that brightness of the star 
decreases. It is a tiny change, but it is enough for astronomers to detect the presence of an 
exoplanet around a distant star. This is known as the transit method. 

  
 
 
 
 
 
 
 
 
 

 HD 209458 b, also known as Osiris, is an exoplanet that orbits the star HD 209458. Osiris was 
the first exoplanet to be discovered using the transit method.  
 
Some data of the star HD 209458 are given below. 

 mass = 2.28  1030 kg 
distance from Earth = 159 light-years 
orbital speed = 84.3 m s1  
temperature = 6070 K 
age = 3.5  109 years 

 
 Fig. 8.2 shows the variation with time t of the brightness of the star HD 209458.   
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Fig. 8.1 

star 

planet 

orbit of 
planet 

t / day 
0 3 1 2 4 5 6 

brightness 

Fig. 8.2 
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 (a) Determine the period of orbit of Osiris.  
   

 
 
 
 
 

  period  =  days [1] 
  
 (b) In a particular planetary system, a star of mass MS and a planet of mass MP move in 

circular orbits of radii x and y respectively, about their common centre of mass O, with a 
period T as shown in Fig. 8.3.  
                                                                                            
The star and planet are separated by a distance d apart.   

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
(i) Show that 

2 2

2

4
S

yd
M

G T

 
  
 

 and 
2 2

2

4
P

xd
M

G T

 
  
 

. Explain your working. 

 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   [3] 
   

d 

x y 

MS MP 

Fig. 8.3 

O 
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(ii) Hence, show that 

2 3

2

4
S P

d
M M

G T

 
   

 
. 

 
 

  
 
 
 
 
 
 
 

   [1] 
   
 (c) Use the equation from (b)(ii) to calculate the distance between HD 209458 and Osiris.  

 
Assume that the mass of Osiris is negligible compared to the mass of HD 209458. 

   
 
 
 
 
 
 
 
 
 
 

   distance =  m [2] 
  
 (d) Show that the orbital speed of Osiris about the common center of mass is  

1.47  105 m s1. 
   

 
 
 
 
 

      [1] 
  
 (e) Hence, by considering the momentum of HD 209458 and Osiris, determine the mass of 

Osiris.  
 
Assume that the centre of mass of HD 209458 and Osiris is stationary.  

   
 
 
 
 
 
 
 
 
 

    mass =  kg [2] 
 (f) Suggest two limitations of the transit method in detecting exoplanets. 
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1 

 
 

   
 

  
2 

 
 

   
 

 
[2] 

   
 (g) A light-year is the distance that light travels in one year.  

 
Show that one light-year is 9.5  1015 m. 

   
 
 
 
 
 
 

   [1] 
       
 (h) The James Webb Space Telescope (JWST) is set to launch in October 2021. It is planned 

to succeed the Hubble Space Telescope as the world’s most powerful space telescope. 
The JWST will be used to observe some of the most distant events and objects in space 
using infrared radiation. The telescope has a large aperture size of 6.5 m. 
 

  (i) Explain what is meant by the Rayleigh criterion. 
    

 
    

 
    

 
     

[2] 
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  (ii) Fig. 8.4. shows a possible arrangement of the relative positions of HD 209458, 
Osiris and JWST. 

 
 
 
 
 
 
 
 
 
 
 
 
 

   

   Calculate the maximum angle  subtended by HD 209458 and Osiris at the JWST. 
    

 
 
 
 
 
 
 
 
 
 
 

   =  rad [2] 
    
  (iii) Use the Rayleigh criterion to determine whether the JWST is able to distinguish  

Osiris from HD 209458 at a wavelength of 14 m. 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   [3] 
   
   [Total: 20] 
 

Fig. 8.4 (not to scale) 

JWST 

HD 209458 

Osiris 

 


