
The Scholarship Physics examination does not include any assessment of practical investigation skills. The 
material in this section is included as candidates may be expected to analyse supplied experimental data 
and comment on aspects such as experimental method, uncertainty analysis, etc.

Examples of such questions have been included in subsequent sections of this Workbook. The various 
comments relating to the treatment of uncertainties are presented as a guide only. There are several other 
equally valid methods of dealing with uncertainties.

Experimental physics
In physics, experimental data are often used to construct a graph from which the mathematical relationship 
between two physical quantities can be found. This is how some of the laws of physics were originally 
discovered. Experimental mathematical relationships can also be used to find the value of a physical 
quantity.

Once the aim of the experiment has been decided, the experimental process will involve:

• gathering and recording data

• drawing graphs

• processing data from the graph

• giving a conclusion

• discussing the experiment.

Uncertainties in the data
The uncertainty in a measurement can be expressed as an absolute uncertainty or a percentage uncertainty.

Absolute uncertainties are always given as one-significant-figure numbers.

A measurement is always the difference between two readings. In most measuring instruments, one of 
the readings is arranged to be zero (the zero reading) and so the other reading (the end reading) is the 
measurement. A reading usually has an uncertainty of ± half the scale interval of the measuring instrument. 
Because there is uncertainty in both the zero and the end reading, the uncertainty in a measurement is ± 
the whole scale interval. This is the least uncertainty a measurement can have.

If a measurement is the average of a set of repeated values, the uncertainty in the measurement is 1
2
 the 

range over which the repeated measurements are spread.

If a multiple measurement (e.g. timing 10 periods) is taken, the single measurement (the period) is the 
multiple measurement divided by the number of multiples (10), retaining the same number of significant 
figures as was in the multiple measurement. The uncertainty in the single measurement is the uncertainty in 
the multiple measurement divided by the number of multiples.
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Drawing graphs
A mathematical relationship can be found from a straight-line graph. The mathematical relationship that 
describes a straight-line graph is:

y-axis variable = gradient × x-axis variable + intercept on the y-axis

If an experiment is to lead to a mathematical relationship, it must be possible to process the gathered data 
in a way that allows a straight-line graph to be drawn. How this is done depends on the type of relationship 
that exists between the two variables for which data has been gathered. This type of relationship will be 
indicated by the initial graph drawn.

Getting a straight-line graph
An initial graph of the dependent variable against the independent variable may produce one of the 
following shapes, depending on the type of relationship between the variables:

Initial graph Second or third graphs Relationship

Square relationship
d

t

A graph of d against t2 will give 
a straight line

d

t2

d = gradient × t2

Square-root relationship
T

L  

A graph of T against L  will 
give a straight line

L

T T = gradient × L

Inverse relationship
I

R

A graph of y-variable against 
1

x-variable  may give a straight 

line

             or

it may give a square 
relationship curve:
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F = gradient × 1
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             or 

it may give a square-root 
relationship curve:

T = gradient × 1
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Interference
Interference happens when two waves, 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.

Crests
Troughs

Nodal lines Antinodal lines

n = 2 

n = 2 

n = 2 

n = 2 
n = 1n = 1n = 1n = 1 n = 0

S1 S2 

Along the antinodal lines, crests from one wave source meet crests from the other, forming a line of  
high-amplitude waves.

Along the nodal lines, crests from one wave source meet troughs from the other, forming a line of  
zero-amplitude waves (i.e. no wave).

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 and at any position on an antinodal line 
there will be brightness; for sound waves, nodal lines are experienced as silence and antinodal lines as 
loudness.

The pattern can be sharpened by using multiple sources instead of just two. If the source separation is less 
than the two slot separation, the pattern is also more spread. Spreading is caused by decreasing d (source 
separation).

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.
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Questions: Interference

Question One: Interference
a. State the conditions for stationary interference fringes to be produced by two sources of light a 

distance d apart.

b. Two narrow slits separated by a distance, d, are illuminated by light at an incident angle ϕ, as shown 
below. Light from the two slits produces an interference pattern on a screen a distance, L, away. 
Assume that L is much greater than d.

L

P
screen

d

ϕ Diagram is 
NOT to scale

 If d = 1.00 × 10–4 m, and the wavelength is 633 nm, calculate the smallest angle ϕ that will give an 
intensity of zero at the point P on the screen as shown in the diagram.
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Example

A satellite of mass 95 kg orbits the Earth at a height, h, of 3.8 × 106 m. The mass, M, of Earth is 
5.98 × 1024 kg, the radius of Earth, rE, is 6.37 × 106 m and G is the universal gravitational constant 
which has the value 
6.672 × 10−11 N m2 kg−2

a. Calculate the gravitational force on the satellite at this height.

b. Calculate the speed at which the satellite is moving.

c. Calculate the time it takes the satellite to orbit the Earth.

Answers
a. Fg = GMm

r 2

  = 
6.672  10   5.98  10   95

(6.4  10   3.8  10 )

–11 24

6 6 2

× × × ×
× + ×

 r = rE + h

 gravitational force = 360 N  rounding 364.318 to 2 sig. fig. 

b. Fg = mv
r

2

 ⇒  v = 
Fgr

m   rearranging the formula 

  = 
364 318 10 2 10

95

6. .    × ×
  substituting unrounded values 

 speed = 6 300 m s−1  rounding 6 254.30 to 2 sig. fig. 

c. v = 
2πr
T

  speed = distance around the orbit ÷ time around the orbit 

 ⇒  T = 
2πr
v   rearranging the formula 

  = 2 10.2 10
6 254.30

6π × ×   substituting unrounded values 

 time = 2.8 hours  10 247.11 s changed to hours and rounded to 2 sig. fig. 
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Questions: Translational and circular motion

Question One: Collisions

M2

Diagram is
NOT to scale

AfterDuringBefore

M1

M1

M2

The diagram above represents the motion of a pair of discs sliding (with only linear motion prior to the 
collision) on a frictionless surface, shown before they collide, at the point of collision and shortly after the 
collision. The discs have the same radii but are made of materials of different densities.

M1 has a mass of 3.0 kg and an original velocity vector [using coordinates (x,y)] of (2.0,0.0) m s–1. After 
the collision, M1 has a velocity vector of (0.50,1.0) m s–1. M2 has a mass of 5.0 kg and an original velocity 
vector of (–0.50,0.50) m s–1.

a. Show that the velocity vector of M2 immediately after the collision is (0.40,–0.10) m s–1.

b. Show that the collision is inelastic and explain how the collision does not violate the principle of 
conservation of energy.
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Atoms and photons

Energy levels of the hydrogen atom
According to the Bohr model, the energy, E, of the single orbital electron in the hydrogen atom is restricted 
to certain values:

En = − hcR
n2

where:  h is a constant, called Planck’s constant, and has the value 6.63 × 10−34 J s 
c is the speed of light and has the value 3.00 × 108 m s−1 
R is a constant, called the Rydberg constant, and has the value 1.097 × 107 m−1 
n is a whole number (n = 1, 2, 3…)

Each different value of n relates to a particular energy level (energy state, quantum state). The first energy 
level, E1, is also called the ground state – this is the most stable state for the electron. The highest energy 
level is the level at which the electron is no longer bound to the nucleus, it is free; ionisation has occurred. 
At this level, the electron has the least energy that a free electron can have.

The least energy a free electron can have is zero. An 
orbiting electron has less energy than a free electron, 
so orbiting electrons must have energies that have 
negative values.

The electron can jump from one energy level to 
another. To jump to a higher energy level it must take 
in energy. When it jumps to a lower level it gives out 
energy in the form of electromagnetic radiation.

The electromagnetic energy absorbed or emitted is 
called a photon.

free state

ground state

photon

photon
–hcR

9

–hcR
4

n = ∞, E = 0

n = 3, E =

n = 2, E =

n = 1, E = –hcR

A photon of energy, E, is the difference between the energy values of the two levels involved in the energy 
jump and is related to the frequency of the electromagnetic radiation by:

E = hf

The wavelength of the electromagnetic radiation involved in an energy jump between levels S and L is:

1
λ
 = R 1

 – 
1

2 2S L






The wavelength of the electromagnetic radiation is related to the frequency by:

v = f  λ

where v is the speed of light, 3.00 × 108 m s−1
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Questions: Atoms and photons

Question One: Wave-like and particle-like behaviours of light
Explain, using examples of physical phenomena, how light demonstrates both wave-like and particle-like 
behaviours.

Question Two: Hydrogen energy levels
Explain in detail the key underlying physics of the emission spectra of the hydrogen atom.
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DC circuits and capacitance

Capacitance
d

area, A

A parallel plate capacitor is constructed from two parallel metal plates; 
its purpose is to ‘store’ charge. Negative charge on one plate is separated 
from positive charge on the other plate by insulating material.

The ability of a capacitor to ‘store’ charge depends on its capacitance, C, measured in farads, F. 
Capacitance depends on the construction of the capacitor, and so is a constant for a particular capacitor.

C = εr εo 
A
d

where  εr is the dielectric constant for the insulating material between the plates and is dimensionless 
εo is the absolute permittivity of free space and has a constant value εo = 8.854 × 10−12 F m−1 
A is the area of overlap of the plates in m2 
d is the distance between the plates

When connected in a circuit, the amount of charge, Q, a capacitor will 
store depends on its capacitance and the voltage, V, across its plates.

Q = VC

The electric field, E, between the oppositely charged plates is related to 
the voltage across them and the distance between them by:

V = Ed

The time constant, τ, of a capacitor circuit gives a measure of how long it takes for an uncharged capacitor 
to become charged (or how long a charged capacitor takes to discharge). The time constant depends on 
the capacitance of the capacitor and how much resistance, R, there is in the circuit.

τ = RC

Charging and discharging a capacitor
During the charge and discharge processes, the voltage across the capacitor and the current in the circuit 
both have an exponential relationship with time.

The time constant for the charge/discharge process is the time it takes for the voltage or current to change 
by about 63% of its maximum value.

V

+ Q –Q
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Questions: Capacitance

Question One: Capacitors and dielectrics
a. Describe the electrical properties required for a material to act as a dielectric.

Dielectric

b. A capacitor containing a dielectric is initially charged and then disconnected from a battery. 
The capacitor then has its dielectric removed, as in the diagram above.

 i. Show that the minimum work required to remove the dielectric is 1
2
CFVF

2 εr – 1
εr

   where CF is the capacitance of the capacitor with the dielectric removed, VF is the final potential 
difference, and εr is the dielectric constant.

 ii. Explain why work has to be done to remove the dielectric.

c. If the capacitor is still connected to the battery when the dielectric is removed, as in the diagram below, 
the energy stored in the capacitor will decrease.

 Year 2018  
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Chapter 2:  Achievement Standard 91523 
(Physics 3.3): Demonstrate 
understanding of wave systems

3.3 Interference

Question One: Interference
a.  The sources should have: (1) the same wavelength, (2) a 

fixed phase difference, (3) a separation, d, greater than the 
wavelength, and (4) same amplitudes.

b. If the wave direction was rotated by ϕ, this will produce the 
standard interference pattern.

 So, a zero of intensity will be when λ
2

 = d sin ϕ

 Substituting gives 0.181°

c.  At this point there is no path difference (since the gap is 
effectively zero), so the only factor is the phase change due to 
reflection; and, since this is 180 degrees, the two waves will 
cancel.

d. θ = tx

 n = 2t
λ

Using the definition of the radian and the fact 
that wave 2 must travel a path difference of 
1 wavelength (equal to 2t) and this will result in 
cancellation since there is a phase change for this 
wave only.

 n
x
 = 2θ

λ
 Substituting this into the equation gives 1 270 lines per m.

e.  By looking at the above relationship, as theta gets larger nx  
gets larger so the lines become so close together that they 
are unresolvable.

Question Two: Sound from a loudspeaker
a. At a maximum, both waves arrive in phase. As the frequency 

is increased, the wavelength will decrease (since we can 
assume constant velocity) and therefore, as the path 
difference is constant (1.2 m), at some frequency the waves 
will be completely out of phase (minima).

b. The lowest frequency to generate a maximum = 200 Hz

Can be seen by considering the factors of 1 000 and 
1 200 Hz

  The longest wavelength possible for a maximum is 1.2 m (the 
path difference).

 Speed of sound = fλ = 240 m s–1

Question Three: Interference
a. The fringes will be brighter since there are more slits present.

  The fringes will be sharper because the destructive 
interference between the bright fringes will be greater.

  The fringes will have the same separation in both cases, as 
they both have the same slit separation.

p. 7

b. The wavelength of the light will reduce.

The velocity has decreased while the frequency has 
remained constant.

  With reduced wavelength the separation of the fringes will 
become smaller, since nλ = dsinθ.

With reduced wavelength the angle will be reduced.
c. The light through the top slit is slowed down and so is now 

out of phase with the bottom slit light. The position on the 
screen where the two rays will be in phase must have the 
bottom slit light move through more phases to realign the 
phases.

This happens at some position up the screen.

d. The ray from the uncovered slit travels an extra 5 
wavelengths to compensate for the extra phase difference 
introduced by the thin film.

That extra phase difference is equal to the number of 
wavelengths travelled through the material minus the 
number of wavelengths travelled through the same distance 
in air.

 
m

t
λ

 – 
a

t
λ

 = 5

 λm = a

n
λ

 1.6t – t = 5λa

 t = 
.
5

0 6
 × 500 × 10–9 = 4.17 × 10–6 m

  t is the distance travelled; therefore the thickness of the slice 
will be ≤ t

The ‘less than or equal to’ sign relates to the fact that the 
light is travelling through the material at an angle.

e. With white light there will be a white central maximum 
flanked by overlapping coloured fringes.

Question Four: Wave/particle duality
a. By stating the kinetic energy equation and using the 

equation for momentum:

 EK = ½mv2

 ⇒ EK = p
m2
2

 p = 2mE

 λ = hp

 ∴ λ = h
mE2

b. i. The intensity maxima and minima occur when the 
path difference from the two slits is an integral, or half 
integral, number of wavelengths, respectively.

  For intensity maxima:

  ∴ d sin θ = nλ = nh
p  = nh

mE2
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 ii. For intensity minima:

  ∴ d sin θ = (n – ½)λ = 
n 1

2 h

p  = 
n 1

2 h

2mE
c. The fringes of intensity maxima are poorly defined because 

their positions depend on the wavelength. Since there is 
a spread of energies, this implies a spread of wavelengths, 
which therefore implies a spread of positions.

d. For first order, the outer angle, ø1, is given by:

 sin ø1 = h

d 2m E E( )
For second order, the inner angle, ø2 , is given by:

 sin ø2 = 2h

d 2m E + E( )
At overlap, sin ø1 = sin ø2

 h

d 2m E E( )
 = 2h

d 2m E + E( )

 2m(E + E) = 2 2m(E E)

 2m(E + ΔE) = 8m(E – ΔE)

 E + ΔE = 4E – 4ΔE

 5ΔE = 3E

 ΔE = 3E
5

 Thus, ΔE ≤ 3E
5

Question Five: Spectroscope
d sin θ = n λ

 d = 587.563 10 9

sin 20.6426°

 d = 1.66 × 10–6 m

Number of lines per cm = 6 000 Since n = 1
d

Question Six: Diffraction
a.  Diffraction: A slit about the same size as the wavelength is 

needed to get maximum diffraction.

  Interference: If the slits are close enough for the diffracted 
waves to overlap, then they will interfere.

 d should be more than the wavelength.

  The waves should have the same frequency, amplitude and 
phase difference (coherence).

b.  nλ = dx
L

 is based on the assumption that tan θ is of the order

 of sin θ which is true only for small angles.

  nλ = d sin θ is valid for angles up to 90 degrees. Both these 
are derived on the basis that L >> d.

c. x << L therefore (2 – 0.5)λ = dx
L

  Remember that this is a case of destructive interference. 

 d = 2 × 10–5 m

 L = 1.20 m

 λ = 632 × 10–9 m    rearranging for x and solving, we find

 x = 5.69 cm

d. nλ = d sin θ = 1 380 nm from data given.
 Therefore n and λ are (for red) n = 2 and λ = 690 nm
 For blue/violet n = 3 and λ = 460 nm
  For realistic values, nλ must be less than 

d (maximum angle = 90 °) = 3 333 nm.
  The only other pair of integers which are in the ratio

 3m : 2m with m less than 3 333
1380

 (= 2.4) is 6 : 4.

  Therefore there is only one more pattern in the range 0° to 
90° given by

 sin θ = 6 × 460
3 333

 θ = 55.9 °

 Yes. Only one at 55.9 °.

3.3 Standing waves in strings and pipes

Question One: All things waves
a.  The wave generated by the vibrator meets the wave reflected 

from the pulley (they will have different phase). If the wave 
speed and frequency are such that the two waves interfere 
constructively and destructively at fixed positions, then a 
standing wave is formed.

b. i. v 2 = Tμ
  and since v = f λ

   v 2 = f 2 λ2

  T = μf 2 λ2

 ii. T = ma has units of kg m s–2

  μf 2 λ2 has units of kg m–1 s–2 m2 = kg m s–2

c. With fixed length the relationship between the wavelengths 
for the two harmonics is:

 λ2 = 1.5 λ3

 The tension with the third harmonic is:

 T3 = mg = μf 2 λ3
2

 The tension with the second harmonic is:

 T2 = μf 2 λ2
2 = μf 2(1.5 λ3)2 = 2.25 mg

  The frequency is unchanged in both cases. 

Question Two: Vibrating wires
a. f = s–1 r = m vw = m s–1

 St = fr
vw

 = s
–1 m

m s–1 = 1 (dimensionless)

  By considering the units of each quantity in the relationship. 

b.  By considering Newton’s second law. 

  If the tension increases, then the wire will experience 
a greater acceleration, leading to a greater velocity. If the 
mass/length is lower, then the acceleration experienced will 
also be greater, leading to a greater velocity.

c. The tension in one wire will be half the total weight.

The radius of the wire can be found by the given relationship 
and by considering a cylindrical wire the mass/unit length 
can be found.

 

 T = 175 × 9.81
2

 = 858

 St = fr
vw

 ⇒ r = 10–2 m

 μ = π × (10–2)2 × 8 × 103 = 2.51 kg m–1

 v = 858
2.51

 = 18.48 = 18 m s–1

d. i.   The two tensions must add to give the overall weight force. 

  T1 + T2 = 175 × g = 1 716.75 N

  Taking torques about cable 2 (this is the cable furthest 
from the person) gives:

  4 × T1 = 2 × 100 × g + 3 × 75 × g

  Solving and using the given relationship and v = f λ, we 
can find both wavelengths.

  T1 = 4 169.25
4

 = 1 042 N

  T2 = 674.4375 N

  v1 = 
T1
μ  = 20.365 m s–1

  v2 = 
T2
μ  = 16.381 m s–1

  Wavelength 1 = 
v1

200 = 10.18 cm

  Wavelength 2 = 
v2

200 = 8.19 cm

p. 15
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