
1: Springs 
 

 
 
Six massless springs are arranged in a triangular formation as shown above, connecting a mass 𝑚 at 
each corner of the triangle, and another at the centre. All six have the same stiffness 𝑘 and natural 
length 𝐿. The three longer, outer springs form an equilateral triangle, and the three shorter springs 
meet at the centre. 
 
At time 𝑡 = 0, the triangle is pinned to a horizontal surface at each of the three corners so that the 

lengths of the outer springs are held constant at a length 
3

2
𝐿. 

 
The pins are removed at 𝑡 = 0 so that the lengths of the springs can change. 
 
i) If the springs can stretch and contract but not bend, explain why the triangle remains equilateral 
when the pins are removed and the springs lengthen or contract. 
 
ii) Find the ratio of the lengths of the shorter springs to the longer springs. 
 
iii) Some time after the pins are removed, the length of each outer spring is 𝑥. Find the magnitude 
of the net force at each vertex in terms of 𝑘, 𝐿, and 𝑥. 
 

iv) If the natural length of the springs is (√3 − 1) cm, find the length of the long springs when the 
system is in equilibrium. Hence determine whether the triangle expands or contracts when the pins 
are removed. 
 
v) Explain why the value of 𝑥 you found in (iv) minimises the total energy stored in the six springs. 
  



2: Projectile Motion 
 
A helicopter is initially flying at 120m above level ground at a speed of 40m/s. At 𝑡 = 0, it begins 
climbing at an angle of 30° to the horizontal at constant speed. A small package is dropped from the 
helicopter at 𝑡 = 0 and at every second afterwards.  
 

i) Which is the first package to be released from a height of at least 250m? 
 

ii) Which is the first package to reach a maximum height of at least 250m after it is 
released? 

 

iii) Which is the first package to take at least 12 seconds to hit the ground after it is 
released? 

 
  



3: Capacitors and Diodes 

 
 
i) Examine the circuit depicted above. 
 

a) While the cell is connected, current flows anticlockwise around this circuit. Does a positive 
charge form on plate A or plate B of the capacitor? 

b) Explain why and in what direction electrons in the circuit move when the cell is replaced 
with a wire and the capacitor discharges. 

 
ii) Now another circuit is formed using a second identical capacitor and a diode: 

 

On a single set of axes, sketch the graph of voltage against time for the resistor and then for the 
diode. You do not need to label any specific values, but you should show which curve corresponds 
to which component. 

iii) After a long time, when the current through both capacitors is effectively zero, the cell is 
removed from the circuit and replaced with a wire. In each capacitor, determine whether current 
flows clockwise, anticlockwise, or not at all. 

 



4: Resistors 
 

i) Order the following circuit components by increasing resistance: Ammeter, Voltmeter, Idle 
Motor, Working Motor 
 
ii) The resistors in the circuit below are variable resistors. Let the value read by the ammeter after 𝑡 
seconds be 𝑥 Amperes. 
 
A student plans to use the ammeter and a clock to continuously adjust the resistances so that 𝑅1 
always has resistance 𝑥 Ohms and 𝑅2 always has resistance 𝑡 Ohms. The ammeter reports only the 
size of the current, i.e. only positive values. The cell produces a constant e.m.f. of 𝑉 Volts. 
 

 
a) Find the current 𝑥 through the ammeter in terms of 𝑡 
and 𝑉. 
 

b) Explain physically why 𝑥 ≈
𝑉

𝑡
 when 𝑡 grows large. 

 

 

iii) Now the resistors are placed in parallel, as shown below. 
 
 

a) Find 𝑥 as a function of 𝑡 and 𝑉. 
 
b) Describe how 𝑥 behaves as 𝑡 grows large. 

 
 
 
 
iv) A second student attempts to replicate the experiment in (iii). The ammeter has a needle that 
moves along a scale and the resistor R1 has its own needle that must be dragged up or down to 
change the resistance. The second student links the ammeter needle to the resistor’s needle with a 
heavy metal bar so that, when the ammeter needle moves, it drags the resistor’s needle and sets 
R1 to 𝑥. 
 
Give a reason why this setup will not replicate the experiment in (iii) properly. 

 



5: Orbits and Scaling 

i) Explain why a space probe sent to Jupiter will need larger solar panels than a satellite in Earth 
orbit with equal power requirements. 
 
 
ii) One engineer suggests that their Jupiter probe will need batteries as well as solar panels, unless 
it is put in a particular kind of orbit. 
 
Given that Jupiter rotates about an axis at roughly 90 degrees to its plane of orbit, explain why the 
probe needs batteries unless it is in a particular kind of orbit you should describe. Explain also why 
that orbit will cease to be an advantage in the long run. 
 
 
iii) The probe, including the solar panels and batteries, is of mass 104 kg. Its solar panels and 
batteries must each be able to deliver 10 kW of power.  
 
Its solar panels are of mass 750 kg in total and altogether form a rectangle of length 10 m when 
unfolded. Their mass and power output vary in proportion to their area. The batteries are also 750 
kg in mass and deliver power in proportion to their mass. 
 
A second Jupiter probe is being designed with an additional instrument, which has a mass of 2650 
kg and requires an additional 4.4 kW of power. Nothing else changes except what is needed to 
accommodate the additional power requirements. 
 
If the proportions of the solar panels are kept the same, calculate:  

a) The new length of the rectangle of solar panels 
b) The total increase in mass of the space probe 

 

Probe before:             Probe after: 

       

 

iv) The rocket used to launch the first probe has mass 106 kg and is 100 m tall. You may 
assume almost all of the mass of the rocket is fuel and the amount of fuel required by the 
rocket to launch the probe is proportional to the probe’s mass. 
 
Calculate the height of the rocket needed to launch the second probe. 

 
 



6: EM Radiation 

 
Suppose you are holding a mobile phone flat against your ear to make a phone call. The phone’s 
transmitter operates on 1.2 W of power at a frequency of 1800 MHz. It emits electromagnetic 
radiation identically in all directions. 
 
i) Show that the number of photons passing into your head from the phone every second is about 

5 × 1023. You may use ℎ ≈
20

3
× 10−34 𝑚2𝑘𝑔𝑠−1. 

 
ii) The phone communicates with a tower 500 m away, where the signal is received by a circular 
dish of radius 0.3 metres directly facing the phone. Calculate the number of photons received by 
the dish every second. 
 
iii) During the call, roughly how many photons from your phone are at a distance of 1 metre or less 
from the front of the dish at any instant in time? 
 
iv) How far away would the dish have to be to receive only one photon per second from your phone 
on average? 
 
 

 
  



7: Refraction 
 

 
A glass prism has a cross section congruent to a quarter circle with 

radius 2 cm as shown. The glass has refractive index √3. 
 
Monochromatic red light passes through the air and forms a narrow ray 
incident on the curved surface of the prism at P as shown. The ray 
comes from a direction parallel to the straight edge AB and at a 
distance 𝑑 from it, where 𝑑 < 2cm. 
 
 

 

i) In the first part of this question, we deal with the case 𝑑 = √3cm. 
 

a) Draw the normal to the curved surface at P and find the sine of the angle between the 
incident ray and the normal. 

b) Hence find the acute angle the refracted ray makes with the base BC of the prism where it 
leaves at point Q. 

c) After the ray leaves the prism via the flat base, it passes the vertical below the left side of 
the prism at a point X, as shown. Find BX in cm. 
 
 

      
 

ii) Now the prism is submerged in a type of oil of refractive index 2√3. A new value of 𝑑 is chosen 
so that the ray meets the surface of the prism at the critical angle, due to the higher refractive 
index of the oil. The refracted ray is incident at D, where BCD is a straight line as shown. 
 

a) Show that 𝑑 = 1cm. 
b) Hence find the distance BD. 

  



8: Circular Motion and Mechanics 

 
i) The surface gravity on the Moon is about ⅙ that on Earth. Suppose an experimental apparatus 
can project a test mass from ground level to a maximum altitude of 2m on Earth. 
 

a) How high can the apparatus project the same test mass on the Moon? 
b) Show that the mass is in the air for between 1.2 and 1.3 seconds on Earth, but for between 

7 and 8 seconds on the Moon. 
 
ii) Due to the rotation of the Earth, scales will measure the weight of a person standing on the 
equator to be less than the weight of a person standing at the North pole. Explain why. 
 
iii) Show that the decrease in weight of a person standing on the equator compared to standing at 

the North pole is 
4𝜋2𝑟

𝑇2 𝑚, where 𝑚 is the mass of the person in kg, 𝑟 is the radius of the Earth, and 𝑇 

is the time in seconds the Earth takes to rotate on its axis once. 
 
iv) If the Earth rotated quickly enough that each day lasted only about 90 minutes, scales would 
measure the weight of a person standing on the equator to be the same as if they were standing on 
the Moon. Does this mean the experimental apparatus would be able to project the test mass 
higher than when the day lasted 24 hours? 
  



9: Simple Harmonic Motion 
 

 
 
In a mass-spring system, the displacement 𝑥 of the mass over time follows a cosine curve, where 0 
displacement amounts to the spring being at its natural length. 
 
The acceleration 𝑎 of the mass is opposite and proportional to its displacement, so that it performs 
simple harmonic motion. 
 
In this case, we might write 𝑥 = 𝑢𝑐𝑜𝑠(𝑡) and 𝑎 = −𝑢𝑐𝑜𝑠(𝑡) for some 𝑢 > 0, where 𝑡 is the time 
since the mass was first allowed to move. 
 
In what follows, you should not use any fact about the period of the motion of the system that you 
are not given in the question itself. 
 

i) If a displacement-time graph is drawn and then scaled in the t-direction by a factor 
1

𝛼
, explain 

geometrically why the gradient everywhere is multiplied by a factor 𝛼. Hence find the acceleration 
𝑎 if 𝑥 = 𝑢𝑐𝑜𝑠(𝛼𝑡) instead of 𝑥 = 𝑢𝑐𝑜𝑠(𝑡). 
 
ii) State the period of the motion when 𝑥 = 𝑢𝑐𝑜𝑠(𝑡). Hence state the period when 𝑥 = 𝑢𝑐𝑜𝑠(𝛼𝑡). 
State the amplitude in each case. 
 
iii) Now suppose the mass-spring system moves with 𝑥 = 𝑢𝑐𝑜𝑠(𝛼𝑡). Describe the displacement and 
acceleration at 𝑡 = 0. Find 𝛼 in terms of 𝑘 and 𝑚 and hence derive the period in terms of 𝑘 and 𝑚. 
 
  



10: Buoyancy 
 

 
 
A 1-metre-long block of wood forms a prism with the above cross section. All angles are right 
angles. 
 
i) Suppose the cross section above is taken halfway along the block, i.e. at 50cm along. By dividing 
the cross section into rectangles or otherwise, find the horizontal and vertical distance of the centre 
of mass of the block from P, assuming it has uniform density. 
 
 

 
ii) In the above diagram, the buoy rests on a solid surface in A and B and floats in water in C and D. 
Briefly explain why the block can easily be made to rest in equilibrium in cases A and D, but not in 
cases B and C. 
 
 

iii) Assume the block floats with P at the bottom and 
the 6cm sides at 45 degrees to the horizontal. Suppose 
the water level lies between P and Q as shown. 
 
If 𝑥 is the distance P lies below the surface in cm, show 
that the upthrust/buoyancy force on the block is 𝑥2N. 
 
 
iv) If the density of the block is 𝜌 kg/m3, show that 𝑥 =
√𝜌

5√2
 cm in the situation in (iii). Give the range of values 

of 𝜌 for which 𝑥 lies between P and Q as shown. 
  



Extra Question 1: Circular Motion 

 
i) A bead of mass 1 kg lies on a smooth, massless rod of length 2 metres. It is joined to each end of 
the rod by a spring wrapped around the rod. Each spring has stiffness 1 N/m and natural length 1 
m. One end of the rod is fixed and the rod rotates in a horizontal plane about that end with angular 
speed 𝜔 > 0 measured in radians per second. The bead’s distance from each end of the rod does 
not change as the rod rotates. 
 
Find the distance 𝑥 from the bead to the fixed end of the rod in terms of 𝜔. For what values of 𝜔 is 
the situation described possible? 

 
 
ii) Now suppose there are two beads of mass 1kg on the rotating rod and three springs as shown. 
The springs all have the same stiffness and natural length as in (i). 
 
Let the distance from the first bead to the fixed end of the rod be 𝑥 and the distance from the 
second bead to the fixed end be 𝑦, where 0 < 𝑥 < 𝑦 < 2. 
 

𝑥 and 𝑦 do not change as the rod rotates. Show that 𝑥 =
2

(3−𝜔2)(1−𝜔2)
  and 𝑦 = (2 − 𝜔2)𝑥. 

  



Extra Question 2: Radioactivity 

 
In this question, you might want to use the following information about exponential decay. There 
are two equivalent descriptions of exponential decay in a quantity 𝑁(𝑡):  
 

• 
𝑑𝑁

𝑑𝑡
= −𝑘𝑁 for some 𝑘 > 0 

• 𝑁(𝑡) = 𝑁(0)𝑒−𝑘𝑡 for the same 𝑘 
 
In what follows, 𝑁(𝑡) is the number of moles of radioactive substance after time 𝑡 and 𝑘 is the 
decay constant. 
 

It might be useful to note that 
𝑑

𝑑𝑥
(𝑒𝑘𝑥) = 𝑘𝑒𝑘𝑥 for any 𝑘. 

 
i) Ryskium-998 decays to Dubium-998, which is stable, by beta decay. Name a quantity conserved 
during this decay and a quantity that is not conserved, ignoring energy. 
 
ii) Dubium-997 decays to Safium-993, which is stable. A sample contains Dubium-998 and Dubium-
997. Why might it be difficult to measure the relative amounts of the two isotopes? 
 
iii) A scientist can measure the amounts of Ryskium, Dubium, and Safium in the sample, but they 
cannot distinguish Dubium-997 from Dubium-998. Only the isotopes already mentioned are present 
and they only decay in the ways described. The decay constant for Ryskium-998 is 𝜆 and the decay 
constant for Dubium-997 is 𝜇. 
 
The initial number of moles of R-998, D-998, D-997, and S-993 are 2, 1, 1, and 2 respectively. The 
number of moles of Dubium after 𝑡 seconds is denoted 𝐷(𝑡). 
 

a) Write down a formula for 𝐷(𝑡) as a function of time. 
 

b) Calculate the rate of change of 𝐷(𝑡).  

Show that there is a turning point in 𝐷(𝑡) when 𝑡 =
ln(

2𝜆

𝜇
)

𝜆−𝜇
 where ln (𝑥) is log𝑒(𝑥). 

Hence show that, when there is a turning point, either 𝜆 > 𝜇 or 2𝜆 < 𝜇.  
 

c) Without differentiating again, explain physically why the turning point is a maximum if 𝜆 >
𝜇 and a minimum if 2𝜆 < 𝜇.  
 

d) Sketch a graph of 𝐷(𝑡) as a function of time in the case 𝜆 = 0.02 𝑠−1 and 𝜇 = 0.1 𝑠−1. You do 
not need to find the 𝑦-coordinate of the turning point. 

 

  



Extension Questions 

Extension Question 1 – Projectile Motion and Sketching 

 

 

  



Extension Question 2 - Mechanics 

 

 

 

 

 

  



Extension Question 3 – Mechanics 

 

  



Extension Question 4 - Circuits 

 

When all resistors have resistance 𝑅 as shown, the current through the cell is 𝐼. 

When the resistor between A and C and the resistor between B and D have their resistances 
doubled to 2𝑅, the current through the cell is 𝐽. 

What is the ratio 𝐼: 𝐽? 

 

  



Extension Question 5 - Circuits 

i) A tetrahedron (triangle-based pyramid) is constructed from 6 pieces of wire, so that 
each edge of the tetrahedron has resistance R. What is the total resistance between the 
apex (top) of the pyramid and any of the corners of the base? 

 
ii) The triangular base of the wire tetrahedron is then filled with a solid triangular metal 

slab of negligible resistance, so that the resistance between any two corners of the base 
also becomes negligible. What is the total resistance between the apex of the pyramid 
and any point on the solid base? 

 
iii) Two wire tetrahedra with solid bases as in (ii) are attached so that their solid bases lie 

flat against one another. If the resistance between the bases is also negligible, what is 
the total resistance between the apex of the first pyramid and the apex of the second? 
 

 
 



iv) If the solid metal bases are removed from the two connected tetrahedra in (iii), but each 
of the 9 edges of the resulting shape still has resistance R, what is the resistance 
between the apex of the first pyramid and the apex of the second now? 
 

 
 

v) A cube is constructed from 12 pieces of wire, so that each edge of the cube has 
resistance R. What is the total resistance between the vertex at A and the diagonally 
opposite vertex at B, as shown? 
 
(You may wish to use ideas from (iii) and (iv) to help you.) 
 

 




