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ANSWER ALL QUESTIONS

Question 1
(21 marks)

a. Electromagnetic radiation can be considered as seven categories. Name them.  (7 marks)

Radio (1 mark)
Microwave (1 mark)
Infra-red (1 mark)
Visible (1 mark)
Ultra-violet (1 mark)
X-Ray (1 mark)
Gamma (1 mark)
  
b. Describe the defining characteristics of each type of electromagnetic radiation. (7 marks)

Radio frequencies are able to induce a current in a conductor. (1 mark)
Microwave frequencies are able to induce a current in a conductor and can induce heat in non-conductors (dielectrics). (1 mark)
Infra-red frequencies are not able to induce a current in conductors but can induce heat in conductors and non-conductors. (1 mark) 
Visible frequencies can be seen by the human eye. (1 mark)
Ultra-violet frequencies cannot be seen by the human eye and are biologically harmful. (1 mark)
X-ray frequencies are generated by electrons and induce ionisation. (1 mark)
Gamma frequencies are generated by nuclei and induce ionisation. (1 mark)

c. Define refraction. (1 mark)

Refraction is the change in direction of a wave passing from one medium to another or from a gradual change in the medium. (1 mark)

d. Define diffraction (1 mark)

Diffraction is the bending of waves around the corners of an obstacle or through an aperture. (1 mark)

e. Define dispersion (1 mark)

Dispersion is the separation of frequencies within a wave. (1 mark)

f. Define specular reflection. (1 mark)

Specular reflection is the change in direction of a wavefront at an interface between two different media so that the wavefront returns at the incident angle into the medium from which it originated. (1 mark)

g. Define diffuse reflection. (1 mark)

Diffuse reflection is the change in direction at an interface between two different media so that the ray incident on the surface is scattered at many angles into the medium from which it originated.
 
h. Define transmission.  (1 mark)

Transmission is the passage of a wave through a medium without absorption. (1 mark)

i. Define absorption (1 mark)

Absorption is the transfer of the energy of a wave to medium as the wave passes through it. (1 mark)

Question 2
(24 marks) 

1. State the frequency range and wavelength range of the High Frequency (HF) radio band. (2 marks)
 
Frequencies between 3 MHz to 30 MHz, wavelengths between 100 m and 10 m
 
1. Give five examples of common uses for the HF radio band (5 marks)

(1 mark for any of the following up to 5 marks)
Military and governmental communication systems
Aviation air-to-ground communications
Amateur radio
Citizen's Band Radio
Shortwave international and regional broadcasting
Maritime sea-to-shore and ship-to-ship services
Global Maritime Distress and Safety System (GMDSS) communication
Over-the-horizon radar systems
 
1. Name the three main radio propagation modes - for all radios frequencies not just HF. (3 marks)
 
Direct or line of sight; (1 mark)
Ground wave; (1 mark)
Skywave. (1 mark)
 
1. For practical purposes, state which of these modes applies (or apply) to the HF band. (1 mark)
 
All three. (1 mark)
 
1. What factors affect the propagation of HF radio transmission? (4 marks)
 
Diurnal cycle with respect to sunlight along the path of transmission (1 mark)
Season (1 mark)
Solar activity (1 mark)
Man-made radio noise e.g., broadband internet signals sent along power lines. (1 mark)
 
A covert forward observation team is considering an alternative to satellite communications in order to transmit target data back to a ship 240 km away.  The team anticipates being able to establish communications using HF radio on a frequency of 4.78 MHz.
 
1. Calculate the length of a horizontal dipole naturally tuned for this frequency. (2 marks)
 
Wavelength of 4.78 Mhz is 62 m.  (1 mark) The half-wavelength for a half-wave dipole is 31 m. (1 mark)
 
1. What does ‘polarisation’ describe for a radio wave? (1 mark)
 
Polarisation of a radio wave describes the orientation of the electric and magnetic fields.  (1 mark)
 
1. How can the polarisation of a radio wave be altered during transmission? (1 mark)
 
Fields of electrically charged particles in the ionosphere can rotate the polarisation of a radio wave. 
 
1. What action will likely be required by the forward observation team to counter changes in polarisation? (1 mark)
 
The forward observation team will likely have the keep changing the orientation of the antenna.  
 
1. What is the maximum data rate that could be achieved at 4.78 MHz? (3 marks)
 
As a rule of thumb, data can be sent no faster than the frequency of the carrier - and typically no more than one quarter.  In this case the data-rate could be no more than 4.78 Mbits-1, i.e., about 500 kBs-1, and is mostly likely no more than about 100 kBs-1.  
 
1. What are the implications for how information is communicated? (1 mark)
 
Communication will be limited to text and speech, not video.

Question 3
(22 marks)
 
a.  What is a black-body radiator? (2 marks)

A blackbody radiator is defined as an object that absorbs all electromagnetic radiation that falls on it at all frequencies over all angles of incidence. (2 marks)

b. Sketch the curves of radiated power on a scale of 1 - 10 (X-axis) against wavelength from 0 - 20 µm (Y-axis) for black body radiators at the temperature of the sun's surface (~6000 K), and at room temperature (293 K).  Annotate the wavelength of the greatest power for both curves. (5 marks)

Curve shapes (4 mark).  Peak at about 500 nm for 6000 K (1 mark). Peaks at 10 µm for 293 K (1 mark)

c. Sketch the absorption of the atmosphere (Y axis) against wavelength from 0 - 20 µm (X-axis).  Annotate the two regions which transmit IR wavelengths.  State the reason for absorption of infra-red electromagnetic energy. (5 marks)

Curve shape (1 Mark) 3-5 µm window (1 mark) 8 - 14 µm window (1 mark).  Excitation of molecular bonds of gases and vapours in the atmosphere absorbs energy. (2 marks)

d. Define emissivity.  What is the approximate emissivity of polished silver and black paint? (4 marks)
 
Emissivity is defined as the ratio of the energy radiated from a material's surface to that radiated from a perfect emitter, i.e., a black body radiator. (2 mark) Emissivity of polished silver ~0.02 (1 mark). Emissivity of black paint ~0.98. (1 mark)

e. Sketch the curve of emissivity (Y axis) against wavelength (X-axis) for metal oxide pigments such as aluminium oxide or titanium oxide. (2 marks)

Curve shape showing emissivity increasing with longer wavelength. (1 mark.) Step change at about 5 µm. (1 mark)

f. Ammunition is to be stored in shipping containers in a hot desert environment.  Explain why ammunition stored in shipping containers painted white may be cooler than ammunition stored in shipping containers painted in dark olive green.  (4 marks)

White paint reflects the sun's peak wavelength but radiates its own wavelength. (4 marks)

Question 4
(22 marks)
a. State possible advantages of using optical fibre over copper wire for communications.  (8 marks)

Higher bandwidth (1 mark)
Longer distances supported. (1 mark)
Lower cost. (1 mark)
Light weight and small diameter. (1 mark)
Electromagnetic immunity. (1 mark)
Security. (1 mark)
Reliability. (1 mark)
Duplex operation (1 mark)

b. Describe how light is transmitted by step-index multi-mode optical fibre, graded-index multi-mode optical fibre and mono-mode optical fibre.  State the advantages and disadvantages of each.  (9 marks)

In step-index multi-mode optical fibre, light is refracted at the interface between the core and the cladding.  Multiple paths cause dispersion of the signal.  This fibre is suited to use over about 1 km at data rates of 1Mb-1.  It is inexpensive and robust.  (3 marks) In graded-index optical fibre, the refractive index decreases from the core to the edge.  Some light rays pass down the centre of the fibre, some take longer paths by reflecting of the surface.  Those that reflect from the surface take a longer path, but at high velocity, thus reducing dispersion.  This fibre is suitable for up to about 10 km at 100Mbs-1.  (3 marks) In mono-mode fibre, light is carried by a very narrow core, effectively confining the light to a single ray.  The fibre is expensive and high precision but provides the highest performance of optical fibres, suitable for carrying signals over distances of about 100 km at data rates of 1Gbs-1.  (3 marks)

c. The Spearfish torpedo is being upgraded with a fibre optic cable to replace the existing copper wire.  State factors which you would consider for selection of fibre type in order of priority and make a recommendation as to which fibre should be used. (5 marks)

Bandwidth (1 mark)
Distance (1 mark)
Robustness (1 mark)
Reliability (1 mark)
Cost (1 mark)
 
All optical fibres provide range and bandwidth.  Cost is probably not a factor for such an expensive application produced in small numbers.  Step-index optical fibre is the most robust and probably the best choice. 

Question 5
(26 marks)
 
a. Give examples of how X-rays and gamma radiation are useful in the field of OME. (4 marks)

Inspection of internal assemblies for quality control.  (1 mark)
Detection for security purposes.  (1 mark)
Crystallography to determine material properties.  (1 mark)
Flash X-ray to measure fast events.  (1 mark)

b. Sketch and label apparatus to generate X-rays by an electron beam.  (4 marks)

High voltage generator (1 mark)
Vacuum tube (1 mark)
Cathode (1 mark)
Target anode (1 mark)

c. Describe the interaction between the electron and target material (4 marks)

When a high energy electron collides with an inner shell electron both are ejected from the tungsten atom leaving a 'hole' in the inner layer.  This is filled by an outer shell electron with a loss of energy emitted as an X-ray photon. (4 marks)

d. Describe the Compton effect (2 marks)

The Compton effect is the scattering of a photon after an interaction with a charged particle, usually an electron, which results in a decrease in energy of the photon. (2 marks)

e. State the factors which determine the absorption of X-rays through a medium. (5 marks)

Thickness (1 mark)
Density (1 mark)
X-ray energy (1 mark)
Atomic number (1 mark)
Atomic mass (1 mark)
  
f. State the relationship of these factors in an equation.  (4 marks)

µ ~ ρZ4/AE3

where:
µ = absorption coefficient
ρ = density
Z = atomic number
A = atomic mass
E = X-ray energy
 
g. Explain why a nuclear explosion generates an electromagnetic pulse.  (3 marks)
 
Gamma radiation produced by nuclear fission interacts with the atmosphere such that the Compton effect creates charged particles.  These charged particles separate to create an electric field.  The time-varying currents create an electromagnetic pulse.  (3 marks.) 

Question 6
(20 marks)

a. State four inferences which can be drawn from Biot-Savart’s law (a.k.a. Laplace’s law) about the magnitude of magnetic induction at a point due to a small element of current carrying conductor.  (10 marks)

Directly proportional to the current. (2 marks)
 
Directly proportional to the length of the conductor (2 marks)
 
Directly proportional to the sine of the angle between the element and the line joining the centre of the element to the point.  (3 marks)
 
Inversely proportional to the square of the distance of the point from the centre of the element.
(3 marks)
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	Figure 1.



b. Referring to Figure 1, if the wire in the field is one metre long, one Ampere flows through the wire, and the magnetic field strength is 1 Tesla, what is the force acting on the wire? (5 marks)

One Newton (5 marks)

c. The inductance of a coil is given by the equation below:
 
[image: Text, letter

Description automatically generated]

d. An inductor 2 cm in diameter and 10 cm in length is to be made from copper wire with an air.  The value of the inductor is required to be 40 µH.   If the permeability of air is 4π x 10-7 Hm-1, how many turns will be required? (5 marks)

100 turns (5 marks)
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Where:
L = Inductance in henries (H)
u = permeability (Wb/A -m)
N = number of turns in coil

A = area encircled by coil (m?)
1 = lenth of coil (m)
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