Superposition
A-Level Physics

Principle of superposition

When two or more waves J}f overlap at a point, the displacement {ii#% there is the
vector sum ZZE A of the displacements each wave would make on its own. This is
the principle of superposition ZJj|l.

The waves pass through each other and come out unchanged. Superposition is the
base of everything in this topic.

If two waves of amplitude ¢ A; and Ay meet:

+ in phase [f]fH (crest Jf{I& meets crest): the amplitude is A; + A, (constructive
interference £ T#).

« exactly out of phase (crest meets trough 45, phase difference {1/ 2= 7): the
amplitude is |A; — As| (destructive interference FHHT-#).
o any other phase difference ¢: the amplitude is somewhere between these two.
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constructive (in phase): amplitudes add - 2A

Two waves arriving in phase add to give double the amplitude (constructive)
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resultant = 0 everywhere

destructive (out of phase by A/2): cancel if equal A

Two waves arriving exactly out of phase cancel to zero (destructive)

For intensity 3%, I oc A%2. Two equal waves meeting in phase give intensity (24)? =
4A? — four times the intensity of one wave alone.
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Stationary (standing) waves

When two identical progressive waves 47 travel in opposite directions and
overlap, they make a stationary wave 4Fj7. Examples: a wave on a string reflected
JZ 5} from a fixed end overlapping the incoming wave; sound in an air column reflected
from a closed end; microwaves between an emitter and a metal sheet.
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stationary wave: nodes and antinodes from two opposite waves

A stationary wave forms where two opposite waves overlap (N marks a node, A an
antinode)
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Nodes and antinodes

In a stationary wave:

« node 77 — a point that is always at zero displacement (the two waves always
cancel). The distance between next-door nodes is \/2.

« antinode J{fIlf — a point of largest amplitude (the two waves always add). The
distance between next-door antinodes is A/2.

« anode and the next antinode are \/4 apart.

Particles between two nodes oscillate in phase with each other, but with different
amplitudes (largest at the antinode, zero at the nodes). Particles on opposite sides of
a node oscillate in antiphase [ZAH (phase difference ).

Fundamental mode on a stretched string — one loop, with L equal to half a
wavelength

Worked example. A string of length 0.80 m is fixed at both ends and vibrates in
its fundamental mode, where the wave speed is 240 m s™!. Find the fundamental
frequency.

One loop fits the string, so A = 2L = 1.60 m. Then

= @ = 150 Hz.

v
f_X_Lm

How a stationary wave differs from a progressive wave: it does not carry energy fg
& along its length, the pattern does not move along, and the nodes stay fixed; a
progressive wave has the same amplitude everywhere and carries energy.
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Measuring wavelength from node spacing

Drive a string with a vibrator at frequency f until a stationary pattern appears.
Measure the distance between two well-separated nodes and divide by the number of
half-wavelengths 7 K between them. Then ) is known, and v = f\ gives the wave
speed.

For a tube closed at one end and open at the other (a resonance tube F:Ng4) the
closed end is a displacement node and the open end is a displacement antinode. The
fundamental E/ji has L = \/4; the next resonance is at L = 3\/4; and so on. For
a tube open at both ends, both ends are antinodes; the fundamental is at L = \/2.

displacement antinode A (open end)

L=\/4

displacement node N (closed end)

Fundamental mode in a closed pipe — a node at the closed end, an antinode at the
open end

Diffraction
Diffraction fif¥f is the spreading of a wave after it passes through a gap or around
an obstacle [EfF4). All waves diffract — water, sound, light, microwaves.

The amount of spreading depends on the ratio of wavelength to gap width:

e gap much wider than A\: very little spreading; the wave goes nearly straight
through.

« gap about the size of \: a lot of spreading; the wave fans out.
« gap smaller than \: very strong spreading; the gap acts almost like a point source.

Show this with water waves in a ripple tank 7K ##: straight waves meet a barrier
with a gap, and the waves curve more as the gap is made narrower. The same idea is
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why you can hear someone around a corner (speech has A near 1 m, close to the gap
size) but cannot see them (visible light has A ~ 500 nm, far smaller than the gap).

(a) wide gap (b) narrow gap
gap > A: little spreading gap &~ \: strong spreading

Diffraction in a ripple tank — a wide gap (a) spreads the waves little, a narrow gap
(b) much more

Interference

The shifting colours on a soap bubble come from the interference of light.

Interference T is the superposition of two coherent f+ waves to give a steady
pattern of high-amplitude regions (constructive) and low-amplitude regions (destruc-
tive).
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Two coherent sources give lines of maxzimum displacement where crests meet crests

The same effect in a real ripple tank — two coherent sources give a steady
interference pattern
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Coherence

Two sources are coherent when they emit waves with a constant phase difference
(which also needs the same frequency). Two separate lamps are not coherent — their
phase changes randomly, so any pattern flickers too fast to see and you get only an
average.

To make coherent light from one source, pass it through two slits $%4% in a double-
slit X 4% setup. Both slits are lit by the same wavefront, so the two beams keep a
fixed phase relationship.

Conditions for a clear pattern
To see two-source fringes you need:

two coherent sources (constant phase difference).
roughly equal amplitudes (or the dark regions are not very dark).
the waves overlap where you look.

=W =

for light (a transverse wave), the same plane of polarisation f#.

Path difference

For two coherent sources, what happens at a point depends on the path difference
A2 Az between the two waves arriving there:

 constructive: Az = nA (for whole numbers n =0,1,2,...).
o destructive: Az = (n+ 3)A\.
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Double-slit (Young’s) experiment

For two slits a distance a apart, with a screen a distance D away (assume D > a),
light of wavelength A\ makes fringes on the screen.

screen

monochromatic

source I;p
[ ] a
bright fringe
(maximum)
single double
slit slit
<% D >

Young’s double-slit experiment — the single slit makes the two slits coherent sources

The fringe spacing £:4([A]# x (one fringe 54 to the next) is

Bright fringes (maximum #;K) are where the path difference is a whole number of
A; dark fringes (minimum #/]\) where it is (n+3)A. The fringes are equally spaced.

To make the fringe spacing smaller: increase a (slits further apart), reduce D (screen
closer), or use a shorter A (bluer light).

Worked example. In a double-slit experiment the slits are 0.50 mm apart and lit
by light of wavelength 600 nm. The screen is 2.0 m away. Find the fringe spacing.

L _AD _ (600 x 10-°)(2.0)

=24x%x10"% m = 2.4 mm.
a 0.50 x 103
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Diffraction grating

A diffraction grating {74 ¢l has many equally spaced slits — often hundreds or
thousands per millimetre. Each slit is a coherent source. A maximum is seen at angle
0 from the normal ¥%4k to the grating when

dsinf = n,

where d is the slit spacing 4£[A]f (centre to centre), n = 0,+1,42, ... is the order
IR, and \ is the wavelength.

Worked example. A diffraction grating has 500 lines per mm. Light of wavelength
600 nm is shone normally on it. Find the angle of the first-order (n = 1) maximum.

1
The slit spacing is d = =00 mm = 2.0 x 107% m, so

nA 600 x 107
1 0 = —— = . 8 ~ ]_ O'
sin 7 50 % 10-6 030 = 7

Compared with the double slit, a grating gives much sharper maxima, because more
slits add together — every other direction is cancelled by many slits.

n=2
— n=1
parallel beam of E
monochromatic light ]
. n=>0
] _
diffraction " "
grating S
D
]
n=-2

A diffraction grating splits monochromatic light into sharp maxima on a screen
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Slit spacing from “lines per mm”

If a grating has N lines per millimetre, then d = 1/N millimetres = 1073/ N metres.
For 450 lines per mm, d = 1/450 mm ~ 2.22 pm.

Highest order

For a given grating and wavelength, sinf = n\/d cannot be more than 1, so the
highest order seen is
d
Nmax = | 7| -
A

If d/X\ = 3.27, orders up to n = 3 exist; n = 4 would need sin > 1 and is not seen.

Finding )\ with a grating

Shine parallel light of unknown wavelength straight at the grating. Measure the angle
0, of the first-order maximum from the centre. Then A\ = dsin ;. Repeating for higher
orders and averaging reduces error.

Exam tips

o Two-source interference: constructive when path difference = n\, destructive
when = (n + 3)A; the sources must be coherent.

o Double slit: A = az/D; diffraction grating: dsinf = nA — know every symbol.

« On a stationary wave mark nodes and antinodes; adjacent nodes are \/2 apart;
it stores energy but does not transfer it.

« A stationary wave needs two waves of the same frequency travelling in oppo-
site directions.
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