TAP 313 - 1: Polarisation of waves

How does polarisation work?

Many kinds of polariser filter out waves, leaving only those with a polarisation along the direction allowed by the polariser. Any kind of transverse waves can be plane polarised.

You will need

· three polarising slots (hardboard, see below)
· a 3 or 4 m length of rubber pressure tubing that can be threaded through the slots

· a G clamp, retort stand, boss and clamp to secure one end of the rubber tubing

· three polarisers, optical, 50mm  50mm, to place on an overhead projector

· plastic moulded transparent ruler with notch

· microwave transmitter

· microwave receiver

· polarising grille, microwave

· audio amplifier

· loudspeaker 

· 1GHz UHF oscillator (30 cm kit) with dipole transmitter / receiver and rod to rotate plane of polarisation

· microvoltmeter as detector for rectified 1GHz waves

Seeing polarisation

You can see polarisation in:

· waves on a rope

· light waves

· 3cm microwaves

· 1GHz UHF radio waves

Waves on a rope

You need three hardboard sheets about 0.5 m  0.5 m, with a centrally cut slot about 300 mm long and 15 mm wide, marked with arrows showing the permitted direction of vibration.

Visibly polarised waves on a rope can be passed or blocked by a mechanical 'polarising filter', consisting just of a board with a slot cut in it.

If the slot lies along the direction of vibration, the wave gets through. If the slot lies across the direction of vibration, the wave is stopped (or reflected). If the slot lies at some in-between angle, some of the wave gets through, but not all.

If the slot is at an angle  to the direction of vibration of the incoming wave then only a component A cos  of the original wave amplitude A is transmitted. The component A sin  perpendicular to the slot is blocked. The emerging wave is polarised parallel to the slot: the direction of polarisation has effectively been rotated, and the amplitude of the wave has been reduced.

When the permitted direction of vibration or polarisation of the filter is parallel to the direction of the polarisation of the wave, it is transmitted by the filter.
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Polarising light

Light from a hot filament lamp is unpolarised (or rather, is emitted in randomly changing directions of polarisation). A polarising filter made of polaroid polarises the light. The filter passes components vibrating parallel to a special direction, and removes components vibrating perpendicular to this direction, so roughly halving the intensity of the light. A second filter with its special direction at right angles to that of the first will cut out almost all the light.

If you look through a polarising filter at light reflected from glass surfaces, you will often find that it is at least partly polarised. Just rotate the filter to see if there is a reduction in brightness. Try the same with the blue sky on a sunny day.

A third polariser put between two 'crossed' filters can let some light through. The middle filter rotates the direction of polarisation of light from the first filter so that some of it now gets through the second one. This is put to use in visualising stress patterns in materials.
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A piece of acetate with a notch cut in it and bent to stress the material at the notch will show stress patterns if placed between crossed polarising filters.
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Polarised 3 cm microwaves

You can easily show that these microwaves are polarised when they are emitted. This can be done just by putting a receiver in front of the transmitter, and then rotating either around the direction between them. When they are 'crossed' (at right angles) the signal reception drops to zero.

A polarising filter can be made of a grille of metal wires. Held with its wires parallel to the direction of polarisation (the direction of oscillation of the electric field) it does not pass any signal. Held with the grille at right angles to the direction of polarisation, the microwaves get through.

Safety

It is important to check that the power supplies are electrically safe. Those transmitters using a Klystron oscillator require about 300 V at a hazardous current. Ensure that all high voltage connectors are a safety pattern.
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This seems to be contradictory behaviour compared to the ‘mechanical filter’.  When the grill is parallel to the direction of polarisation, the free electrons in the metal are accelerated by the electric field in the em wave. The electrons produce an electromagnetic wave that is re-radiated in all directions (the metal acts like an aerial), so the wave travelling in the onward direction as if it had passed through the grill is very weak.

Plane polarised waves meeting a grill with wire at right angles to the direction of vibration do not accelerate the free electrons in the metal to the same extent.  They can only be moved for a short distance, so the wave is mostly unaffected.
Polarised 1 GHz UHF radio waves

Radio waves are transmitted by a dipole aerial, much like that used in rooftop television aerials. The direction of polarisation is parallel to the dipole rods. A receiving dipole picks up the waves when it is parallel to the transmitter, but not if it is held 'crossed'.

A metal rod about 15 cm long will act as a polarising filter and can be used to rotate the angle of polarisation.
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You have now:

1.
Seen polarisation in several different cases.

2.
Understood that transverse waves show polarisation.

3.
Practised thinking three-dimensionally about examples of polarisation.

4.
Seen that polarising filters select a preferred direction of polarisation.

5.
Seen that the direction of polarisation can be rotated by a polarising filter.

6.
Noted the use of polarisation in observing stress patterns.

Practical advice

This series of demonstrations could readily be adapted to student presentations. They are easy to perform and students will learn a lot by having to explain them to others. The whole could be completed in about an hour. It really helps students grasp the geometrical aspects if all the polarising filters for each type of wave are labelled clearly with large arrows showing the directions of permitted vibration.

Waves on rope

This should be first because it is the most visually obvious indication of what is meant by polarisation. Refer to slots rather than 'slits' in the mechanical model or students may become confused with diffraction phenomena.

Tie a long rubber tube to a tap or clamp at about bench height. The free end can be tensed gently to produce a relatively slow and easily observed transverse wave.  If the free end of the rubber is waggled vertically, a vertically polarised wave is produced, which continues propagating with vertical oscillations. It can be seen to easily pass through a vertically oriented slot in the hardboard sheet; if, however, the slot in the polarising filter is rotated into the horizontal direction, the incident wave is blocked (it may be absorbed or reflected). You should show what happens for other orientations of the direction of vibration of the rubber and for the polarising filter.

Optical

1.
Place a piece of polarising filter on the overhead projector and show the reduction in Intensity of transmitted light. Now place a second polaroid over the first with the direction of permitted vibration parallel to the first, showing little extra reduction in intensity.

2.
Now slowly rotate the upper polariser until its direction of vibration is perpendicular to the lower one, to show the absorption of light by crossed polaroids. If there are sufficient pieces of polaroid let students observe light reflected from surfaces in the lab through the filters. By rotating the filter they should be able to see that reflected light is partly polarised (vertically from a vertical surface and horizontally from a horizontal surface).

3.
By placing a third polaroid filter between the other two at an angle of 45°, rotation of the direction of polarisation is observed, and some component of the light is now transmitted through the crossed polar filters.

4.
If the third filter is replaced by an injection moulded plastic ruler, coloured contours of light are observed, showing the stress patterns in the plastic (different colours having their directions of vibration rotated by different amounts according to internal stress in the sample). Acetate strips can have a notch cut in them and be stressed effectively between crossed polaroids, illustrating photoelastic stress analysis.

The permitted direction of electric oscillations for polaroid filters can be labelled by remembering that light reflected from a vertical surface is partly polarised in the vertical direction. Rotate the polaroid until maximum intensity is observed in the reflected light, and then draw a vertical two-headed arrow on the filter in a permanent marker.

Microwaves

1.
Face the transmitter towards the receiver a few metres away on the bench. Turn on the transmitter and if possible modulate the amplitude of the signal at an audio frequency (usually 100 Hz or 1 kHz). The receiver can be connected to an audio amplifier and loudspeaker so that the microwave modulation signal can be 'heard'. Inspection of the horns of the devices should suggest that the electric oscillation is vertical (see especially the vertical diode in the receiver). If either the transmitter or receiver is rotated through 90° about the direction of propagation, the received signal drops to zero.

2.
A polarising filter for microwaves is a grille of metal wires. You can show the class that the grille does not transmit (absorbs or reflects) if the wires are parallel to the electric vector. At intermediate angles the polarising filter passes the component of the electric vector that is parallel to its direction of permitted vibration.

3.
The rotation of the direction of vibration of the electric vector can be shown by crossing the transmitter and receiver until no signal is detected. Then place the polarising filter at say 45°. Polarising filters effectively rotate the direction of polarisation of the incident wave, by transmitting a component of the oscillation parallel to the permitted direction.

Remember that the 3 cm wave polarising grille permits electric vector vibration (conventional direction of polarisation) perpendicular to the wires. The electric vector oscillations parallel to the wires produce sympathetic motion of the free electrons in the metal wires.

Note that infrared has been polarised by a metal grid, this was reported by Bird and Parish; the wire spacing must be smaller than the wavelength.  [Diffraction gratings have gaps a few wavelengths in size at least.]

(G. R. Bird and M. Parrish, Jr., “The wire grid as a near infrared polarizer,” J. Opt. Soc. Am.50, 886 (1960))

1GHz waves

You can easily show that 1 GHz radio waves have a unique direction perpendicular to their direction of propagation, i.e. that they are polarised. The UHF transmitter emits waves polarised parallel to the dipole direction (there is an oscillating electric field across the gap between the dipoles).

Face the transmitter towards the receiver a few metres away on the bench and turn on the transmitter. The receiver, which is a diode rectifier, can be connected to a sensitive light beam galvanometer as detector. Again if either the transmitter or receiver is rotated through 90° about the direction of propagation, the received signal drops to zero. At intermediate angles a component of the electrical oscillation is detected.

A polariser for UHF radio waves is simply a metal rod (about 15cm long or 1/2 wavelength). It needs to be held in a non-conducting wooden clamp. You can show the class that the rod rotates the direction of electric oscillation by placing it at 45° between crossed transmitter and receiver.

Alternative approaches

The greater the variety of equivalent polarisation demonstrations that can be performed in the lesson the better.

Social and human context

The technological importance of the polarisation of electromagnetic waves in their transmission and reception, and in aerial design. Polaroid glasses reduce glare and enable the user to see through reflections from water or glass. Photoelasticity and the optical stress analysis of model structures can be more economical than building prototypes. The blue light, scattered by gas molecules and density fluctuations in the air, is partly polarised, and is used by some insects including bees to aid their navigation.

External reference

This activity is taken from Advancing Physics chapter 3, 120P

