
Interference

Interference happens when two waves having the 
same frequency, each from individual point sources, 
pass through each other. Because of the way the 
troughs and crests from each of the waves add 
together when they meet, a pattern is formed which 
consists of lines along which the wave amplitude is 
increased in between lines along which the wave 
amplitude has been reduced to nothing.

Along the antinodal lines, the two waves arrive in 
phase. This means crests from one wave source meet 
crests from the other and so the combined wave 
along this line will have high amplitude. This type of 
interference is called constructive interference.

Along the nodal lines, the two waves arrive with 
opposite phase (180° out of phase). This means crests 
from one wave source meet troughs from the other 
forming a line of low-amplitude wave. This type of 
interference is called destructive interference.
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If the waves from each source have the same amplitude, constructive interference will give a wave that has 
amplitude that is double the amplitude of the individual waves. Destructive interference will produce a wave 
that has zero amplitude and so the wave will be completely destroyed.

Nodal and antinodal lines are numbered, independently, from the middle outward. The number is called 
the order number, n.

The way nodal and antinodal lines are experienced depends on what sort of waves produced them. 
For light waves, at any position on a nodal line there will be darkness, at any position on an antinodal line 
there will be brightness; for sound waves, nodal lines are experienced as silence, antinodal lines as loudness.

The pattern can be sharpened and spread by using multiple sources instead of just two.

If the waves are light waves, an additional condition for the interference pattern to be produced is that the 
waves must be coherent. Splitting a single light wave into two or more sources most readily achieves 
coherence. This can be done by shining light through a series of narrow slits, allowing diffraction to create 
a point source of the wave at each slit.

The angle that any outer antinodal line (n > 0) 
makes with the central antinodal line (n = 0) 
depends on the wavelength of the wave. d
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Standing waves in strings and pipes

A standing wave is created when two waves of the same frequency pass through each other in opposite directions.

A standing wave consists of a series of nodes (points 
where the medium does not move at all), and 
antinodes (points where the medium vibrates with 
maximum amplitude).

Within each half wave, all particles are in phase with one another, and particles in adjacent half waves have 
opposite phase.

In stringed instruments, both ends of the string are fixed and so must be nodes. In wind instruments, the 
pipe must be open at one end, but the other end may be open or closed. There must be a node at a closed 
end and an antinode at an open end.

open end of pipe: antinode

fixed end of string: node closed end of pipe: node

When a string is plucked (or bowed) or a pipe is blown into, a large number of different frequency waves are 
created, at the same time, in the string or pipe. These waves travel to the end of the string or pipe and are 
each reflected and travel back through themselves, creating the condition for setting up a standing wave.

Strings and pipes have a fixed length. Because of the requirement for the ends to be either nodes or 
antinodes, only the frequencies that have a wavelength that will ‘fit’ into the string or pipe are able to form 
standing waves (resonate). However, there will be many frequencies that have the ‘right’ wavelength and 
all these frequencies will form standing waves.

The longest standing wave (lowest frequency) possible is called the 1st harmonic (fundamental).
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Other standing waves will have shorter wavelengths (higher frequencies) and are called higher harmonics 
(overtones).
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Even-numbered harmonics do not exist in a closed pipe.

When many harmonics are present at the same time, the higher harmonics add to the 1st harmonic, changing 
its shape but not its frequency. The pitch heard is therefore usually the frequency of the 1st harmonic. The 
different shapes that the combined wave can have affect the quality (timbre) of the note but not its pitch.

antinode
node
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Questions 
Standing waves in strings and pipes

Question One: The police whistle
Some police forces have used whistles that 
have two chambers of different lengths.      

A model of the whistle chamber 
is shown in the diagram.     

longer chamber

shorter chamber

a.  On the above diagram, draw the fundamental standing wave in the shorter chamber, AND label any 
displacement nodes and antinodes.

The fundamental frequencies for the two chambers are 2 136 Hz and 1 904 Hz. The speed of sound in air is 
343 m s–1.

b. Calculate the length of the longer chamber.

c. Explain how a standing wave is produced in a pipe that is closed at one end.

d. When the whistle is blown, the sound made is quite different to a pure sound of either 2 136 Hz or 1 904 Hz.

  Calculate the value of TWO other frequencies produced, AND explain why these other frequencies are 
produced, and what effect they have on the sound.

 Year 2013  
Ans. p. 99
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Question Five: Guitar string
Sarah has a six-stringed guitar. Each string is tuned to a different pitch.  
She finds that when she places a tuning fork of frequency 512 Hz on the bridge of her 
guitar, one of the strings starts to make a sound at the same frequency as the tuning fork.

She looks at the string very carefully and sees that it is oscillating with THREE antinodes,  
as shown in the diagram. 

Diagram is
not to scale

bridge

a. Show that the natural fundamental frequency of the string is 171 Hz. 

b. Explain why energy from the tuning fork appears to be transferred only to this string.

c. The string has a length (between the two fixed ends) of 0.635 m.

 Calculate the velocity of the travelling wave in the string.

d.  The thickness and tension in two other strings (numbers 2 and 3) are such that a travelling wave in 
string 3 moves 1.005 times faster than the wave in string 2 (so that 

v3
v2

 = 1.005)

  Both strings are the same length. When they are plucked, they both vibrate in their fundamental mode. 
The two sounds cause beats at a frequency of 1.2 Hz.

 Calculate the fundamental frequency of string 2.

 Year 2009  
Ans. 100
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Question Two: Riding a bike
A cyclist, of mass 55.0 kg, is riding a bike of mass 
11.0 kg. The bike and cyclist can be considered a 
system.

While freewheeling (not pedalling) at a constant 
speed of 3.50 m s–1, the cyclist positions himself so 
that his centre of mass is vertically above the centre 
of mass of the bike. He then moves his position so 
that his centre of mass moves towards the front of 
the bike.

a. State why momentum will be conserved during this change in position.

b. Relative to the bike, the cyclist moves his centre of mass forward a horizontal distance of 13.2 cm at a 
steady speed. 

  Show that the horizontal distance between the centre of mass of the system and the centre of mass of 
the bike is now 11.0 cm.

The cyclist goes over a steep drop and crashes on the ground. When the bike (with cyclist) hits the ground 
it is travelling horizontally at 3.50 m s–1 and vertically at 1.80 m s–1. It takes 0.835 s, from the first moment 
of impact, for the bike (and cyclist) to stop.

c. Calculate the speed of the bike as it hits the ground.

 speed = 

d. Calculate the size of the average total stopping force which acts on the bike and cyclist. 

 average stopping force = 

 Year 2010  
Ans. p. 102
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e. During the crash, the bike (and cyclist) experience an upwards push from the ground that stops the 
vertical motion, and friction with the ground that stops the horizontal motion. Horizontal motion stops 
after 0.835 s but the vertical motion stops in about one tenth of this time. 

  Describe and explain how the size of the vertical and horizontal forces on the bike (and cyclist) will be 
different.

f. Cycle helmets are made so they crumple under impact. 

 Explain why the crumpling of the helmet reduces the risk of serious injury to the cyclist.

Question Three: Playing pool
Sam relaxes with a game of pool.

The diagrams show what appeared to occur during one shot. Ball 1 has a mass of 0.146 kg and ball 2 has a 
mass of 0.165 kg.

 

1

1

2

2

v = 2.00 m s–1

Diagram is 
NOT to scale

v = 9.00 m s–1

p = 1.31 kg m s–1

BEFORE AFTER

 Year 2009  
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Rotating systems

The disc shown is spinning about its centre.

Its frequency, f, is the number of turns it does each second, and its period, T, is 
the time it takes to do one complete turn. Frequency and period are related by:

frequency = 1
period

 ,  i.e. f = 1
T (unit: Hz or s−1)

period = 1
frequency

 ,  i.e. T = 1
f (unit: seconds, s)

Angular speed
The angular speed, , of the disc is the angle (measured in radians) it turns through each second.

angular speed = angle turned through
time taken

 ,  i.e.  = 
t   (unit: radians per second, rad s−1)

As there are 2  radians in one revolution, angular speed is related to frequency by:

 = 2 f and so  = 2
T

Angular acceleration
If the angular speed of the disc is changing, it will have angular acceleration, .

angular acceleration = change in angular velocity
time taken  ,  i.e.  = 

t   (unit: rad s−2)

If the angular acceleration is constant, the average angular speed of the disc is the average of its initial and 
final angular velocities and so equations linking the quantities , i , f ,  and t can be developed:

f = i + t  = ( i + f

2 )t
f
2 = i

2 + 2   = it + 1
2

t2

Circular motion

r

d

v

P (final ) P (initial)If a point P is chosen, anywhere on the disc, the path of the point P 
will be a circle and the point P will be travelling in a circular motion. 
The linear quantities of the circular motion of point P are related to the 
rotational quantities of the spinning motion of the disc by:

d = r v = r a = r

Torque

r

F

A force causes rotation if the direction in which it is applied does not act 
through the centre of rotation.

When a force causes rotation, a torque is said to be acting.

The size of a torque, , is given by:

 = Fr

where r is the perpendicular distance of the force vector from the centre of rotation and  has the unit Nm.
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Rotational inertia
An unbalanced torque causes angular acceleration:

 = I

where I is the rotational inertia of the rotating object and has the unit kg m2

Just as mass (sometimes called linear inertia) is a measure of how reluctant an object is to change its linear 
speed, rotational inertia is a measure of an object’s reluctance to change its angular speed.

The rotational inertia of an object depends not only on its mass but also on how its mass is distributed 
around the point about which it is rotating.

This means that an object’s rotational inertia will depend on which point it is rotating about and will 
change if it starts to rotate about a different point.

There is no single formula that can be used to calculate rotational inertia. For irregularly shaped objects, 
there is no formula at all! Rotational inertia is often found by experiment.

Example
Q.  In a pulley arrangement, when a mass   

FT = 2.75 N

0.150 m
 

is released it accelerates downward at 
0.255 m s−2.

  The gravity force on the mass causes 
a tension force of 2.75 N in the cord.

  Calculate the rotational inertia of the 
pulley wheel.

A.  The rotational inertia of the wheel is found from  = I  by substituting values for  and . Neither of these 
values is given in the information, and so they must first be calculated. The torque, , on the pulley can be 
found from  = Fr , as the values for both F and r are given.

   = 2.75 × 0.150 [substituting values for F and r]

   = 0.4125 N m

 The angular acceleration, , of the wheel can be found from a = r , as values for both r and a are given.

   = a
r
 [rearranging the equation]

   = 0.255
0.150

 [substituting values for a and r]

   = 1.70 rad s−2

 so I =  [rearranging  = I ]

   = 0.4125
1.70

 [substituting unrounded values]

  rotational inertia = 0.243 kg m2 [rounding 0.242647 to 3 s.f.]
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Questions 
Nuclei

Question One: Energy from stars

Nuclide

Binding energy 
per nucleon

(× 10–13 J)
U235

U238

Fe 56O16

C12

He4

Li6
Li7

He3
H3

H2

H1
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2H 1.78
4He 11.32
12C 12.29
14N 11.96
16O 12.76
19F 12.45

20Ne 12.85
23Na 12.98
40Ca 13.68
55Mn 14.02
58Fe 14.07
62Ni 14.07

206Pb 12.60
238U 12.25

a. Use the information in the table and the graph to answer the following questions.

 i. In the above list, nickel and iron have the highest binding energy per nucleon.

  Explain which nuclide on the list has the highest total binding energy.

 ii. Explain how stars, which are composed mostly of 1H, can release huge amounts of energy.

 iii.  If a star reaches a stage where it has formed a core rich in iron and nickel, it suddenly stops ‘burning’.

  Explain why this happens.

Ans.  p. 106
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Question Two: Torch battery and lamp
Jess is investigating a torch to find out 
the characteristics of the battery and the 
lamp. The torch uses a filament lamp. 
The filament is a long coil of fine wire 
that heats up and glows when it carries 
sufficient current. For the purposes of 
calculation, assume that the resistance 
of the filament remains constant.

Jess measures the battery voltage when the lamp is switched off and finds the voltage to be 6.12 V. When 
Jess switches on the lamp, the voltage drops to 5.87 V. The current through the lamp is then 0.743 A.

a.  Name the term used for the potential difference measured when no current is drawn from the battery.

 

b.  Show that the working resistance of the lamp is 7.90 .

 

 

c.  Show that the internal resistance of the battery is 0.336 .

 

 

d.  Describe and explain what would be observed if a battery with a higher internal resistance was used in 
the torch. (Assume that the resistance of the lamp remains constant.)

 

 

 

 

 

 

 

e.  Calculate the current that travels through the battery if a second identical lamp is connected in parallel 
with the first lamp.

 

 

 

 

 

 

 current = 

+ –Year 2008
Ans. p. 108



Achievement Standard 91523 (Physics 3.3): 
Demonstrate understanding of wave systems

3.3 Interference
Question One: Scratched window
a.  A series of bright orange lines, decreasing in brightest from 

the middle outwards. (A)

b.  n  = dsin , n = 1    d = 589 × 10–9

sin 1.04
 = 3.2451 × 10−5

  = 3.25 × 10−5 m (M)

c.  The fringes from a diffraction grating are sharper and brighter 
than the fringes from a double slit.

Sharper because between each position of constructive 
interference, the multiple waves arriving from all the 
slits have phase differences such that there is mostly 
destructive interference and hence less bright light.
Brighter because the constructive interference that takes 
place is from a larger number of waves arriving in phase. (E)

d.  Jenny will see white light at the centre of the patch of 
scratches and then a series of rainbows each side of the 
white centre. The central fringe will be white because all the 
colours arrive at the same position. Each of the colours will 
have its outer bright fringes in different positions because the 
spacing of the fringes depends on the wavelength. Shorter 
wavelength (higher frequency) light has a narrower spread, 
so the blue edge of each rainbow will be closer to the central 
position than the red edge. (E)

Question Two: Laser light through fabric
a.  The light has spread out because it diffracted as it went through 

each gap in the fabric. Because a gap is square it is equivalent 
to the light going through both a vertical slit and a horizontal 
slit, and so the light spreads vertically and horizontally. (M)

b.  The threads are acting like a diffraction grating, and so the stripes 
are due to interference between the point sources of light waves 
that are generated at each gap between adjacent threads. (M)

c. n  = 
dx
L

 This formula can be used 
because x is much less than L

  d = 
n L
x

 = 1 × 650 × 10–7 × 0.400
1.00 × 10–3

 = 2.6 × 10–4 m (A)

d. x = 
n L
d

 =    x  
d
1
    

x
x

new

old

 = 
d
d

old

new

   xnew = 
16

16.3
 × 1.0 × 10–3 = 9.82 × 10–4 m (E)

Question Three: Seed-shrimps
a. i.  A spectrum is produced because the amount of bending 

as the light goes through the grating depends on the 
wavelength of the light. n  = dsin   (A)

 ii.  Because red light has the longest wavelength, it is bent 
away from the straight-through direction the most, so 
each spectrum has its red side furthest from the centre. (M)

b.  n  = dsin  and so, for a particular wavelength, the slit 
separation, d, is directly related to . This means that, as d 
gets smaller, each order spectrum is bent more and so there 
will be fewer spectra produced. (M)

p. 3

p. 4

p. 5

Answers and explanations

c. i. d = 1s     s = 1
d
 = 1

6.6 × 10–7

  = 1515151 = 1.5 × 106 hairs per m = 1.5 × 103 hairs per mm
(A)

 ii. n  = dsin , n = 1,  = 25°

   = dsin 
n

 = 6.6 × 10–7 × sin 25
1

   = 2.7893 × 10−7 = 2.8 × 10−7 m (A)

 iii. n  = dsin ,  n = 1,   = c
f
 = 3.00 × 108

4.25 × 1014
 = 7.0588 × 10−7 m

  sin  = 1 × 7.0588 × 10−7 × 1
6.6 × 10–7 = 1.07

   This angle does not exist so light of this frequency does 
not go through the grating. (M)

d. i.  If the only waves that can be diffracted through the 
grating have wavelengths that are less than 5.2 × 10−7 m,  
the grating must not be able to diffract light that has 
wavelength greater than 5.2 × 10−7 m. For this to happen, 
the waves having wavelengths greater than 5.2 × 10−7 
must be diffracted through an angle greater than 90°. (E)

 ii. n  = dsin , n = 1, sin 90 = 1

   d =  = 5.2 × 10−7 m 

    = 5.2 × 10−4 mm

  slits per mm = 
1

d
 = 

1

5 2 10 4.
 = 1 923

   = 1 900 slits mm−1 (M)

Question Four: Sound waves from speakers
a.  The sound waves produced by the loudspeakers have the 

same loudness and frequency, and are in phase. Along the 
line down which the students walk there will be a regular 
pattern of positions where the sound is loud, because the two 
waves have arrived in phase and so reinforce each other; and 
positions where the sound is quiet, because the two waves 
have arrived with opposite phase and so cancel each other.

  In a classroom, the positions of quiet sound are filled with 
reflected sound and so are not detectable. (E)

b.  = 340
1300

 = 0.26154 m Using v = f

  (n – 1
2
)  = d sin  Because B is at a nodal position

  = sin–1 
0.26154
2 0.52

 = 15° (M) Putting n = 1 and rounding 
14.565 to 2 s.f.

3.3 Standing waves in strings and pipes
Question One: The police whistle
a. 

node antinode

                      (A)

b. 1
4
 of a wave fits into the pipe, so the wavelength

is 4 × the length of the pipe

 L = 1
4

 and v = f   L = 1
4
 × v

f

The longer chamber has a 
longer wavelength and so has 
the lower of the two frequencies

  L = 0.25 × 343
1 904

 = 0.045 m (M)

p. 7

p. 9



Question Two: Riding a bike
a.  The only forces acting to bring about the change in position 

are internal forces. (A)

b. 11.0 × x = 55.0 × (0.132  x) Using balanced torques

  x = 
55 0 0 132

66
. .

 = 
7 26
66
.

 = 0.11 m (A)

c. v = 3.50 m s−1  + 1.80 m s−1  = 3 50 1 802 2. .

  = 3.94 m s−1  (A) Rounding 3.9357 to 3 s.f.

d. F = ma = m v
t

 = 66 × 
( . )

.
3 9357 0

0 835
 = 311 N (M)

  Rounding 311.09 to 3 s.f.

e.  p = F t. Although the vertical speed is half the horizontal 
speed, and so the change in vertical momentum is half the 
change in horizontal momentum, the vertical stopping time 
is one-tenth the horizontal stopping time and so the upward 
force needed to stop the vertical motion will be five times 
greater than the horizontal friction force needed to stop the 
horizontal motion. (E)

f.  The severity of the injury depends on the size of the stopping 
force acting on the cyclist’s head. The crumpling increases the 
time it takes for the vertical motion to come to a halt, and, 
as the change in momentum of the cyclist’s head is the same 
whether or not a helmet is worn, there will be a decrease in 
the force required to stop the cyclist’s head. (M)

Question Three: Playing pool
a. 1.31 + 0 = (0.146 + 0.165) × vcom psystem = msystem × vcom

   vcom = 4.21 m s–1 (M) rounding 4.2122 to 3 s.f.

b.  Because there are no external forces acting on the system, the 
momentum of the system is constant. The mass of the system 
is constant and so the velocity of the centre of mass must also 
be constant. (M)

c. v  = 2.00  + –9.00  = 2.00 + 9.002 2  v = vf – vi

 v = 9.22 m s–1 (A) rounding 9.2195 to 3 s.f.
d.

v 1 

– v 1 i 

v 1 f 

 p1 = – p2    m1 v1  = m2 v2

  v2  = 
0.146 9.2195

0.165
  = 8.1579
 v2  = v2f – 0    v2f = 8.1579

   = tan–1 
2.00
9.00

 = 12.5289

   v2f = 8.16 m s–1 at 12.5° to the original direction of ball 1. (E)

3.4 Circular motion and gravity

Question One: Swinging balls

a. Fc = mv2

r
 = 0.250 × 4.002

1.20
 = 3.3333 = 3.33 N (A)

b.  If no work is done, energy is conserved. This means that as 
the ball drops, it is losing gravitational potential energy and 
so must gain kinetic energy. Gravitational potential energy 
is lowest at the bottom so kinetic energy, and hence speed, 
must be greatest at the bottom. (M)

p. 25

p. 26

p. 31

c. Diagram 1 Diagram 2

Top of the swing

gravitational force

Bottom of
the swing

gravitational force

Top of the swing

Bottom of
the swing

The centripetal force is the resultant force on the ball and 
so is the combination of gravity force and tension force.

Because the speed is greatest at the bottom, in 
Diagram 2 the centripetal force at the bottom must be 
greater than the centripetal force at the top.

In Diagram 1 at the top, both gravity 
force and tension force act downwards, 
so Fc = FT + Fg and so the tension force 
vector must have a length that is Fc – Fg

+ =

In Diagram 1 at the bottom, gravity acts 
against tension so Fc = FT – Fg

 

and so the 
tension force vector must have a length 
that is Fc + Fg

+ =

 (E)

d.  At the top of the circle, where the speed is least, the centripetal 
force is the sum of the gravity force and the tension force. The 
minimum centripetal force is therefore when the tension force 
is zero, and so the centripetal force is the gravity force.

 Fg = Fc    mg = mv2

r

   v = rg  = 1.20 × 9.81 = 3.4310 = 3.43 m s−1  (E)

e. At the position shown, the kinetic energy is found from:

 EK = 1
2
mv2 = 0.5 × 0.250 × 4.002 = 2.00 J

 At the top, the kinetic energy is found from:

 EK = 1
2
mv2 = 0.5 × 0.250 × 3.43102 = 1.4715 J

 Kinetic energy lost = kinetic energy gained

   mg h = 2.00 – 1.4715 = 0.5285 J

 h = 0.5285
0.250 × 9.81

 = 0.2155 m

 cos  = 1.20 – 0.2155
1.2

    = 34.873 = 34.9° (E)

Question Two: Orbiting satellite

a. Only one force vector should be drawn. Its direction 
should be from the satellite towards the centre of Earth, 
and it should be labelled ‘gravity force’.  (A)

b. Fg = GMm
r2  = 6.67 × 10–11 × 5.97 × 1024 × 1.08 × 103

((0.636 + 2.02) × 107)2  = 609.63

  = 610 N (M)

c. v = 2 r
T

    T = 2 r
v

 FC = mv2

r
    v = 609.63 × 2.656 × 107

1 080

  (or: v = GM
r

 = 6.67 × 10–11 × 5.97 × 1024

2.656 × 107 )

  = 3 872

   T = 2  × 2.656 × 107

3 872
 = 43 099.5 s

  = 43 099.5
60 × 60

  = 11.97 h which is approximately 12 hours. (E)

p. 33
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