
Episode 321: Interference patterns

When two or more waves meet, we may observe interference effects. It is likely that your students will have already met the basic ideas of constructive and destructive interference.


Summary

Demonstrations: Simple interference phenomena. (20 minutes)

Demonstration: Two sound sources. (15 minutes)

Demonstration: Young’s two-slit experiment. (15 minutes)

Discussion: Deriving and using the formula. (20 minutes)

Student experiments: Double slit analogues. (30 minutes)

Student questions: Using the Young’s slits formula. (40 minutes)

Demonstrations: For students to explain. (20 minutes)

Demonstrations:

Simple interference phenomena

Try these to introduce this section; don’t feel that you have to give detailed explanations at this stage.

Laser speckle pattern: Shine a laser onto a screen. Move your head side to side and observe the dark and light speckles, due to the different path lengths to the eye from different positions on the spot of laser light (If the beam is too small to show the speckles, try expanding it by passing it through a low-power lens, either converging or diverging.)
Observe the colours in soap bubbles or oil films. Light is partly reflected by the upper surface of the film, partly by the lower surface. Depending on the thickness of the film, these two light rays will superpose constructively or destructively, depending on the wavelength. Thus two paths giving constructive superposition at one wavelength will not give constructive superposition for other wavelengths – hence only the colour with the ‘correct’ wavelength is seen.

Tuning forks: hold the vibrating fork with its prongs vertical and close to the ear. Twist the fingers so the fork slowly rotates about a vertical axis. The loudness of the sound will rise and fall, four times per complete rotation. (Each prong acts as a source of sound waves; twisting the fork alters the distance between each prong and the eardrum.)

Emphasise that, in each case, there are two or more ‘sources’ of light or sound reaching the eye or ear. You are going to look at an experiment designed to have two sets of light waves meeting in a very controlled way, i.e. Young’s two-slit experiment.
Safety

In any work with lasers, it is worth pointing out to the class the label in the laser. It should say ‘Class 2: do not stare down the beam’. With such a laser, a momentary reflection of the beam into someone’s eye will not cause an injury.
Demonstration:

Two sound sources

Because the wavelength of light is very small, it is worth setting up an equivalent experiment with sound waves. Use two loudspeakers connected to a single signal generator. At this stage, it is not necessary to make detailed measurements.

TAP 321-1: Hearing superposition
Demonstration:

Young’s two-slit experiment

Young’s two-slit experiment is perhaps one of the most famous experimental arrangements in physics. It was inspired by Young’s discovery of interference that he related in May 1801: “Given a pond with a canal connected to it. At two places in the pond waves are excited. In the canal two waves superpose forming a resultant wave. The amplitude of the resultant wave is determined by the phase difference with which the two waves arrive at the canal.”

Shine laser light through a double slit on to a screen. You should see a series of evenly-spaced bright spots (‘fringes’ or maxima). Ask students to relate this to the sound experiment. (The bright fringes are the equivalent of the loud points in the sound field.)

Point to the central bright fringe. Emphasise that two light rays reach this point, one from each slit. They have travelled the same distance, so there is no path difference between them. They started off in step (in phase) with each other, and now they arrive at the screen in phase with each other. Hence their displacements add up to give a brighter ray.

The next bright fringes (on either side of the central one) represent points where one ray has travelled  further than the other, so they are back in phase. Why is there a dark fringe in between? (One ray has travelled /2 further than the other, so they are out of phase and interfere destructively.)

If we could measure these distances approximately we could determine.

Show the effects of:

Using two slits with a smaller separation (the fringes are further apart).

Moving the screen closer to the slits (the fringes are closer together).

It is clear that we might use this experiment to determine the wavelength of light, but how?

A modern version of the Young’s Two Slit experiment was voted the ‘most beautiful experiment in physics’ in a Physics World readers’ poll in 2002. It still forms the basis of ongoing research into the fundamental quantum nature of matter.

If you have already covered the photon model for light, you may want to refer back to this. As early as 1909, it was established that fringes were found even if the source was so faint that only one photon at a time was in the apparatus. Fringes can also be seen using de Broglie (or matter) waves. The most massive particles used to generate fringes to date (March 2005) are fluorinated buckyballs C60F48 (i.e. 1632 mass units).

Discussion:

Deriving and using the formula

Now derive or quote the formula (depending upon your specification). A good way to start is to ask your students to identify the important variables (they are all lengths), and to give their approximate sizes:  

 = wavelength of the light (~500 nm)

d = separation of the two slits (~1 mm)

s = separation of the fringes (bright to bright or dark to dark) (~1 mm)

L = distance between slits and screen (~1 m)

How can we make a balanced equation from four quantities that are so different in magnitude? The simplest solution is that the product of the biggest and smallest is equal to the product of the two in-between quantities. Hence:

L = s / d, or / d = s / L


TAP 321-2: Calculating wavelength in two-slit interference
TAP 321-3: Two-slit interference
Student experiments:

Double slit analogues

Set up a circus of Young’s two-slit arrangements (depending upon the available equipment to hand) using light, microwaves, 3GHz radio waves, ultra-sound (less noisy than audible sound!) and a ripple tank, and get students to determine the wavelength of the waves being used in each case.

You may prefer to set some up as demonstrations.

TAP 321-4: Interference patterns in a ripple tank
TAP 321-5: Measuring the wavelength of laser light
Student questions:

Using the Young’s slits formula

The first set of questions covers the principles of Young’s experiment.

The second set is questions for practice in using the equation.

TAP 321-6: Questions on the two-slit experiment
TAP 321-7: Two-source interference: some calculations
Demonstrations:

For students to explain

Here are two fun demonstrations to round off this episode. Demonstrate them, and ask your students to provide explanations.

First: A nice demo using audible sound is to fix two loudspeakers at each end of a longish piece of wood. Mount the wood on a suitable pivot (large nail) mid-way between the two speakers. Drive both in parallel from signal generator. Slowly scan the class. As the interference fringes sweep across the audience, they hear the regular change in volume.

Second: Make a ‘sound trombone’. Mount a small loudspeaker in the wide end of a small plastic funnel. Tubing from the other end divides into two tubes: one takes a direct route, the other a route whose length can be varied by a U-shaped glass tube sliding ‘trombone’ section. The two routes combine and are fed into another funnel that acts as an earpiece.

The loudness of the sound depends upon the position of the trombone slider. It is obvious that there are two paths by which the sounds reach the ear. There may be a path difference between them. If the path lengths differ by an exact number of wavelengths, constructive interference increases the volume; integral half wavelength path differences mute the sound due to destructive interference.

Do not confuse this with beats; here, only one frequency is involved, whereas ‘beating’ is an effect due to two close frequencies (see below).

TAP 321- 1: Hearing superposition

Sounds from two sources can cancel

You can hear the effects of wave superposition if you move about in the 'sound field' created by two loudspeakers. There are two short experiments here: one to get a feel for the phenomenon, the second to do some measurements.
You will need

· signal generator

· two loudspeakers

· leads

· microphone

· oscilloscope

A first look
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1.
Set the signal generator at 1500 Hz.

2.
Separate the speakers by 1 m.

3.
Stand 1 m away from the speakers with your head at speaker height.

4.
Walk from side to side in front of the speakers with your hand covering the ear that faces 
away from the speakers.

What you are looking for

1.
You should hear a variation of sound level from loud to soft, back to loud and so on as 
you move in front of the speakers.

2.
It is possible to measure the wavelength of sound in this way, but you have to be very careful to avoid excessive reflections from walls and floor. (Dropping curtains over furniture may help or using a highly directional microphone).
Making measurements
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1.
Set the signal generator at 1000 Hz.

2.
Separate the speakers by 0.5 m and place the microphone 0.5 m away.

3.
Use a metre rule to move the microphone (the long, narrow type is best) along the 0.5 m line until the oscilloscope detects a minimum.

4.
What happens to the trace when the speaker furthest away from the microphone is 
switched off? How can you explain this?

5.
Measure the path difference at this point.

6.
With both speakers on, find the next minimum along the 0.5 m line and use your results 
to calculate the wavelength.

7.
Use c = f  and a value of c = 340 m s–1 to calculate the expected wavelength. How 
precise was this experiment? How could it be improved?

What you should observe

1.
A pattern of minima and maxima that suggests a value for the wavelength of around 0.3 
to 0.4 m.

Practical advice

Here we have two quick but memorable experiments. 1500 Hz is a rather painful frequency to listen to, but allows a clear difference between maxima and minima to be heard. It may be useful to discuss why this experiment is best performed in the open air to get students to begin thinking about further interference due to reflections.

You may decide to postpone the quantitative part until work on superposition is well under way.

Alternative approaches

Photographs of students standing along lines where the sound from two sources is loudest can provide an interesting basis for a question to explore the same ground.

Social and human context

A similar arrangement using two or more radar sources has been used to provide a grid for navigation at sea.

External reference

This activity is taken from Advancing Physics chapter 6, 30E

TAP 321-2: Calculating the wavelength in two-slit interference

This question takes you through the steps leading to the result λ / d = x / L which allows you to calculate the wavelength λ in a Young's two-slit experiment.

The experiment

The two-slit experiment looks like this:
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It ought to be drawn much wider, of course. The light from one slit is very nearly parallel to the light from the other: an angle amounting to less than 1 mm in more than 1 m. Try drawing such an angle if you aren't persuaded.

Making fringes
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1.
Use this diagram to explain why there is a bright fringe at the centre of the pattern on the 
screen.
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2.
Explain why the path difference is half a wavelength.

3.
Explain why the path difference is d sin
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4.
Explain why the path difference is now equal to one wavelength.

5.
Show that / d = sin 

[image: image7.wmf]f

r

o

m

s

o

u

r

c

e

d

q

q

l

i

g

h

t

 

c

o

m

b

i

n

e

s

a

t

 

d

i

s

t

a

n

t

 

s

c

r

e

e

n

s

l

i

t

-

s

c

r

e

e

n

 

d

i

s

t

a

n

c

e

 

L

f

r

i

n

g

e

s

p

a

c

i

n

g

 

x

G

e

o

m

e

t

r

y

 

o

f

 

t

w

o

-

s

l

i

t

 

e

x

p

e

r

i

m

e

n

t

x

/

L

 

=

 

s

i

n

 

q

 

a

p

p

r

o

x

i

m

a

t

e

l

y


6.
Use the diagram to explain why, approximately, sin  = x / L.

7. Show that d = x / L.

Another way of looking at the fact that the slit to screen distance is very nearly the same as the sloping light path is that:
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The angle  is very small, less than 1O. For these small angles, sin  is almost the same as tan .

8.
If you have not met small angle approximations before, use a calculator to 
complete the table. Use a level of precision that shows the difference in each case – your 
answers will need to become steadily more precise.

	Angle,  / degrees
	sin 
	tan 
	sin  / tan 

	10
	
	
	

	5
	
	
	

	2
	
	
	

	1
	
	
	


Practical advice

This question is intended as an activity to support slower students, to take them carefully through the argument.

Answers and worked solutions

1.
There is a bright fringe at the centre of the pattern because the waves travel exactly the 
same distance to the screen and there is no path difference, no phase difference and 
their amplitudes add.

2.
The path difference is half a wavelength, because if the waves first interfere destructively 
here, they must be out of phase and the smallest path difference which will do that is half 
a wavelength.

3.
Sin  is the ratio path difference / d of two sides of the right-angled triangle, where the 
path difference is the length of the opposite side and d is the length of the hypotenuse.

4.
The path difference is now one wavelength because this is the first place away from the 
centre where the waves combine constructively, though having a path difference. The 
smallest path difference which will do that is one wavelength.

5.
sin  is the ratio / d of two sides of the right-angled triangle, where  is the length of the 
opposite side and d is the length of the hypotenuse.

6.
The length of the sloping light path is almost the same as the perpendicular slit-screen 
distance L, to better than 1 in 1000. Thus x / L is approximately equal to the sine of the 
angle of tilt between the light and the direction of the screen.

7.
If sin  = x / L and sin  = / d then x / L = / d. The two ratios are equal.

8.


	Angle,  degrees
	sin 
	tan 
	sin / tan 

	10
	0.1736
	0.1763
	0.9847

	5
	0.08716
	0.08749
	0.9962

	2
	0.03490
	0.03492
	0.9994

	1
	0.017452
	0.017455
	0.9998


External reference

This activity is taken from Advancing Physics chapter 6, 30E

TAP 321- 3: Two-slit interference

Two-slit interference

Young used two slits to show that light is a wave motion and thus had a wavelength.
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Practical advice

This diagram is provided here for use in the classroom

External reference

This activity is taken from Advancing Physics chapter 6, 55O

TAP 321- 4: Interference patterns in a ripple tank

A visual example of interference patterns

You have met a number of examples of interference effects arising from the superposition of waves. This experiment allows you to see the effects of superposition when an interference pattern is produced in ripples on the surface of water.

You will need

· ripple tank kit

· hand held stroboscope

What to do

[image: image12.wmf]
1.
Set up the ripple tank.

2.
Attach two dippers, about 3 cm apart, to the hanging bar so that each just touches the 
surface of the water.

3.
Tap the bar with your finger. You should see two circular waves spread out and pass 
through one another.

4.
Tap the bar a number of times, you will see waves crossing one another but a stable 
pattern will not be set up because the frequency of your taps is unlikely to be constant.

5.
Now set the motor which vibrates the bar running at medium speed. Using the hand-held 
stroboscope you will be able to 'freeze' the motion and see a clear pattern. You will notice 
regions where the water appears to be undisturbed. These are areas of minimum 
amplitude.

6.
Draw a scale diagram of the pattern you observe using a pair of compasses to draw the 
circular waves moving outwards from the dippers. How are you going to measure the 
wavelength? The compass lines cross on areas of constructive superposition – these can 
be drawn in as lines as shown below. In between these areas there will be lines of 
minima.

[image: image13.wmf]S

1

S

2


7.
What happens to the interference pattern if you increase the speed of the motor? Why 
does this happen?

8.
What happens to the interference pattern if you move the dippers (a) closer together or 
(b) further apart? Why does this happen?

You may have seen

1.
Two vibrating dippers create a stable interference pattern.

2.
Increasing the frequency of the waves decreases the wavelength and causes the pattern 
to close up.

3.
Decreasing the separation of the dippers causes the pattern to spread out.

Practical advice

The experiment can be performed as a demonstration, as a class experiment or as part of a circus.

If the students have not used a ripple tank before this experiment it is worth spending a little time on. Students should appreciate that there are lines of maxima and minima at particular angles. Young's interpretation of the interference of light draws heavily on the picture developed here.

This observation can be linked to the superposition of sound waves from two loudspeakers, although the longitudinal nature of sound waves needs to be pointed out. A simulation of what is going on may help weaker candidates and can be used to discuss with the class what they have seen. Some students will find it easier to 'see' the interference effects having used the simulation because they have a better idea of what they are looking for.

Alternative approaches

If you have a demonstration (projecting) ripple tank it is possible that the effect will be seen more clearly than with a student tank.

External reference

This activity is taken from Advancing Physics chapter 6, 90E

TAP 321- 5: Measuring the wavelength of laser light

An experiment using the relationship n  = d sin 

The demonstration shows how a grating produces a series of maxima of intensity. The angles at which the maxima are found let you measure the wavelength of the laser light.

You will need

· laser (class 2 is safest)
· lens, –20 D

· lens, +4 D

· metre rule

· lens holders

· support for slits

· set of coarse gratings

· projector screen or light-coloured wall

What to do
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The idea is to shine the laser light through a grating – an array of many slits, not just two. To get the laser beam to go through many slits it has to be broadened. That is what the lenses in the diagram are for.

1.
Shine the diverged laser light through one of the gratings and use the converging lens to 
focus the pattern on the screen.

2.
Change the grating for one with smaller slit spacing. What do you observe?

3.
Change the grating for one with greater slit spacing. What do you observe?

4.
Choose a grating which gives several bright patches on the screen. Choose one patch 
and find n by counting out from the centre (the centre counts as zero). Measure how far 
the bright patch is from the centre, and how far the screen is from the grating. Calculate 
the angle .

5.
Use the formula n  = d sin  to find the wavelength of the laser light.

You have

1.
Seen the fringes separate as the slits are brought closer together.

2.
Practised using the grating formula.
Safety

If the laser to be used is labelled ‘Class 3A’ (output power between 1 and 5 mW), it is necessary to ensure that no one can look down the beam or its reflections. Class 3B and Class 4 are unsuitable for use in schools.
Practical advice

This is a simple, effective demonstration. It should focus on the effect of grating spacing, not on the number of slits. It is worth drawing attention to the fact that grating spectra are bright and sharp, compared with a two-slit interference pattern.

Social and human context

Joseph Fraunhofer (1787–1826) was the first to use a grating to produce a spectrum from white light. The Fraunhofer dark lines in the spectrum of the Sun, which reveal chemical elements present in the Sun, are named after him. He was a poor boy with little education who found a job in an optical works housed in a disused abbey near Munich. It made high-quality glass, and by his twenties Fraunhofer was put in charge of the optical department. It was in the pursuit of careful measurement of optical properties of glass that he used gratings, to obtain monochromatic light. 

External references

Park D 1997 The fire within the eye (Princeton University Press)

This activity is taken from Advancing Physics chapter 6, 230E

TAP 321- 6: Questions on the two-slit experiment

What to do

These questions will give you practice in handling data about the two-slit experiment. You will need a pen, paper and a calculator.

Finding the wavelength of sodium light

In a two-slit apparatus the slits are 0.3 mm apart. Fringes in sodium are observed at a distance of 1.2 m from the slits. The separation of the fringes is 2.4 mm.

1.
What is the wavelength of sodium light?

2.
The same light gives a fringe separation of 3.6 mm with a different pair of slits. What is 
the slit separation if the distance between the slits and the fringes is the same? 

Red light of wavelength 7.0 x 10–7 m is shone at right angles through two slits of separation 0.3 mm. Fringes are formed at a distance of 1.3 m from the slits.

3.
What is the fringe spacing? 

4.
The same light gives a fringe spacing of 2 mm when passed through a different pair of 
slits. What is the slit separation if the distance between the slits and the fringes is the 
same? 

In a two-slit apparatus the slits are 0.3 mm apart. White light passes through the slits and fringes are observed at a distance of 2 m from the slits. Red light has a wavelength of 700 nm and blue light has a wavelength of 400 nm.

5.
Calculate the fringe spacing for each colour. 

6.
Use your answers to explain the coloured fringes seen on the screen. 

Practical advice

Intended as a simple practice question on the values involved in two-slit interference. Gives practice in using units and standard form.

Alternative approaches

This can be given as class work if there is time, or set as a homework exercise.

Answers and worked solutions

1.
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2.
By simple ratio:
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3.
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4.
By simple ratio:
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5.
Red light:
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Blue light:
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External reference

This activity is taken from Advancing Physics chapter 6, 150S

TAP 321- 7: Two-source interference: some calculations

These questions pose simple exercises to give you some confidence in handling calculations about two-slit interference.

Two slits

1.
Light of wavelength 450 nm falls on to two slits separated by 1.0 mm. 10 m away is a 
screen. What is the fringe spacing on the screen?

Two loudspeakers

2.
Two loudspeakers are placed 4 m apart for an open-air concert. They are playing back a 
flute sounding a note of 680 Hz. Members of the audience sit in a row, 20 m from the 
loudspeakers, parallel to the line between the loudspeakers. 


Take the speed of sound as 340 m s–1.


Describe, as precisely as possible, what different people in the row will hear. 

Two slits

3.
Light from a colour filter is used to produce Young's double-slit fringes. The slit spacing is 
0.4 mm. The distance between the slits and the screen on which the fringes are formed is 
1.4 m and the distance between successive dark spaces (or bright fringes) is 1.7 mm. 
Find the average wavelength of the light used. Why must the answer be only an 
average? 

Practical advice

These questions require knowledge of two-slit interference and (in question 2) the relationship between wave speed, frequency and wavelength. In question 3, students need to recognise the broad pass band of most coloured filters. The sample books of filters (gels) used for theatrical lighting often give graphs of transmittance against wavelength.

Answers and worked solutions

1.
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2.
The wavelength of the sound is 340 ms–1/ 680 s–1 = 0.5 m. 


So the sound fringe spacing should be 
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Members of the audience should hear the rise and fall of the volume of the sound every 
2.5 m along the row. Note that each loudspeaker does not radiate equally in all directions 
– so the equal intensities part of the answer is an approximation only.

3.
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The filter will probably allow a quite wide range of frequencies through. The eye 
may not be able to see distinct fringe patterns for different colours in that range, and we 
identify the point at which the pattern is at its overall darkest or brightest.

External reference

This activity is taken from Advancing Physics chapter 6, 180S

(resourcefulphysics.org)
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