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SUPERPOSITION .sceons

Principle of superposition

Stationary waves

Diffraction

Two-source interference

Single-slit and multiple-slit diffraction

(a) explain and use the principle of superposition in simple applications.

(b) show an understanding of the terms interference, coherence, phase
difference and path difference.

(c) show an understanding of experiments which demonstrate stationary
waves using microwaves, stretched strings and air columns.

(d) explain the formation of a stationary wave using a graphical method, and
identify nodes and antinodes.

(e) explain the meaning of the term diffraction.

(f) show an understanding of experiments which demonstrate diffraction
including the diffraction of water waves in a ripple tank with both a wide gap
and a narrow gap.

(g9) show an understanding of experiments which demonstrate two-source
interference using water waves, sound waves, light waves and microwaves.

(h) show an understanding of the conditions required for two-source
interference fringes to be observed.

(i) recall and solve problems using the equation A = ax/D for double-slit
interference.

(j) recall and use the equation sin 8= A/b to locate the position of the first
minima for single slit diffraction.

(k) recall and use the Rayleigh criterion 6 ~ /b for the resolving power of a
single aperture.

(I) recall and use the equation d sin 8 = nA to locate the positions of the
principal maxima produced by a diffraction grating.

(m)describe the use of a diffraction grating to determine the wavelength of light
(the structure and use of the spectrometer are not required).
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.
The Principle of A wave is a disturbance that travels through a medium or vacuum. For
Superposition mechanical waves, like sound and water waves, the disturbance refers to the

displacement of the particles of the media from their equilibrium position. For
electromagnetic waves, the disturbance refers to the varying electric and
magnetic field.

What happens when two waves of the same kind (e.g. sound waves from two
sources) meet at a point in space?

The principle of superposition states that when two or more waves of

. - the same kind meet at a point in space, the resultant displacement at that

point is equal to the vector sum of the displacements of the individual
waves at that point.

The diagrams below illustrate two waves meeting at an instant of time:

yA

Fig. 1 Displacement of the resultant wave at any position is the vector sum of the
displacements due to the two waves.
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Whatis a
Stationary Wave?

A stationary wave is the result of the superposition of two progressive waves of
the same type, frequency, amplitude and speed, travelling along the same line
but in opposite directions.

V A stationary wave is also known as a standing wave.

Fig. 2 - -

The superposition of the two waves is observed along the line of propagation,
giving rise to a resultant waveform.

The set of graphs in Fig. 3 represents two progressive waves of equal
amplitude and frequency travelling in opposite directions.

At t = 0 s, superposition of the waves gives rise to a resultant wave which has
twice the amplitude of either progressive wave.

At t = % T, the waves have each moved a quarter wavelength in opposite
directions. The resultant displacement is zero everywhere.

At t = %2 T, the resultant wave has twice the amplitude of either progressive
wave once again.

This continues to t = % T, and resultant displacement is zero everywhere.
Finally, at exactly one period, when t = T, the resultant wave has twice the
amplitude of either progressive wave once again.

- | maximum.

An antinode is a point in a stationary wave where the amplitude is the

The component waves always arrive in phase at the antinodes. Their positions
are marked by A in Fig. 3.

A node is a point in a stationary wave where the amplitude is zero.

The component waves always arrive anti-phase at the nodes. Their positions
are marked by N in Fig. 3.
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Fig. 3. Formation of stationary wave by superposition of two progressive waves
travelling in opposite directions.
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Properties of a The resultant wave has the following features:
Stationary Wave
1. The wave profile does not propagate. As such, the resultant wave is
known as a stationary wave or standing wave.

2. The particles of the wave oscillate (except those at the nodes) about
their respective equilibrium positions with the same frequency, but
different amplitudes. The frequency is the same as that of the two
component waves.

3. An antinode is a point in a stationary wave where the amplitude is the
maximum. The component waves always arrive in phase at the
antinodes. These are labelled ‘A’ on Fig. 4.

4. A node is a point in a stationary wave where the amplitude is zero. The
component waves always arrive anti-phase at the nodes. They are
labelled ‘N’ on Fig. 4.

5. Between two adjacent nodes, all particles oscillate in phase, i.e., they
reach their respective maxima, minima and equilibrium positions at the
same instant. Note that these particles do not have the same amplitude.

6. Distance between two adjacent nodes (or antinodes) is %24.

7. Particles in neighbouring segments vibrate 180° (or = rad) out of phase
with each other.

A envelopes

o A u AL

Fig. 4a: The waveform of a stationary wave at equal  Fig. 4b: A graphical representation of a stationary
time interval of T/16 (on displacement- wave (where the maximum displacement is
distance axes). drawn on displacement-distance axes)

Note: An envelope of a rapidly varying signal is a curve outlining its amplitudes.
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Comparing The table below compares the properties of a progressive wave with those ofa
Stationary Waves  stationary wave.
and Progressive
Waves
Property Progressive Wave Stationary Wave
Important \ Waveform | Propagates with the Does not propagate.
Note /.0 velocity of the wave.
Energy Transports energy. Does not transport energy.
Amplitude Every point oscillates Amplitude varies from 0 at the
with the same nodes to the maximum at the
amplitude. antinodes.
Phase All particles within one | All particles between two
wavelength have adjacent nodes have the same
different phases. phase. Particles in adjacent

segments have a phase
difference of = rad.

Frequency | All points vibrate in Except for the nodes which are at
s.h.m. with the rest, all points vibrate in s.h.m.
frequency of the wave. | with the same frequency as the
progressive waves that give rise
toit.

Wavelength | Equals to the distance | Equals to twice the distance
between adjacent points | between a pair of adjacent nodes
which have the same or antinodes.

phase.

(J90/P1/13)

Progressive waves of frequency 300 Hz are superposed to
produce a system of stationary waves in which adjacent nodes
are 1.5 m apart. What is the speed of the progressive waves?

A=15x2=3.0m
v=f21=300x3.0=900 m s
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L Stationary Waves in Strings and Pipes

S —"
Stationary Waves in  If a stretched string is plucked and allowed to vibrate freely, standing waves of
Stretched Strings  various frequencies are set up. At these frequencies, the amplitude of vibration
is large, and the string is said to be undergoing resonance.

T12358

The frequency of sound produced is equal to the frequency of the stationary
wave set up in the string, or a combination of various harmonics.

Consider a string that is stretched and fixed at the two ends (Fig. 5). The fixed
ends ensure that nodes will always be produced at these points.

Fixed ends so there will be no
vibration at these points

Fig. 5

7

When one end of the string of length L is fixed to a mechanical oscillator driven
by a signal generator, different standing wave patterns are formed as the
frequency of the signal generator is changed.

L
The simplest way which the string can vibrate is shown in Fig. 6, where the

- > wave pattern is a single loop. This is called the fundamental mode of
------------- vibration and the frequency at which the standing wave is vibrating at is
Fig. 6 known as the fundamental frequency.

.

The frequency of the signal generator is gradually increased. At a particular

/-\\_/ frequency, the string exhibits its second mode of vibration, whereby the
""" wave pattern has two loops (Fig. 7). This is also known as the 1% overtone or
Fig. 7 2" harmonic.

As the frequency of the signal generator continues to increase, the string will
continue to exhibit higher modes of vibration.

Fig. 8 shows a summary of the first few modes of vibration of a stretched string
as well as expressions to deduce the corresponding frequencies of the
stationary wave on a string.
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Modes of Graphical Also known
Vibration Representation Wavelength, . Frequency, f as.
T A
L=1—=
Fundamental bl ( 2 ) f, = v 1%t harmonic
mode L .- 2L
--------- =>A4=2L
/—\ ......... » L= 2( A ] ,
1% overtone e N 2 f, = Z(Z) 2" harmonic
=>4 =L
o4
2" overtone f, 3(—\/—) 3™ harmonic
2
3
(n-1) H "(%) v
- (v - .
S nilions ) i = n( 2 L) n™ harmonic
"=
Fig. 8 Stationary Waves on Strings
Take Note o Recall that f =v/4, where v is the speed of the progressive waves in the

string or medium.
At the fixed ends, there must be nodes (since the string cannot vibrate).

In reality, multiple harmonics give the timbre or characteristics of an
instrument.
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EExample 2 1 (N95/P3/3(b)) .
SSEEEE In order to investigate stationary waves on a stretched string, a

student sets up the apparatus shown below.

!

pulley

~

weights

mechanical oscillator

(i) Explain why it is necessary to adjust "either the length of the
string or the frequency of the oscillator in order to obtain
observable stationary waves on the string.

(ii) What is meant by a node? Explain why a node must exist
at the pulley.

Since the tension of the string is constant, the speed of the
wave on the string is constant. Stationary waves will only
be formed if the length of the string is equal to certain
multiples of half-wavelength of the wave (i.e. when
resonance occurs).

L=nxii= nx;‘ n=123..

We can achieve this condition for a fixed frequency f by
adjusting the length L, or for a fixed length L by adjusting
the frequency f.

(i) A node is a point on the stationary wave where the particle
is always at rest. A node must exist at the pulley because
the pulley, and hence the string, is fixed in position.

Note:

e The end of the string that is attached to the oscillator is
also considered as a node because its amplitude of
osciiiations is small compared to that of the antinode.

o The speed v of a wave in a string is given byv =/T/u,
where T = tension, ¢ = mass per unit length.

- (J83/P2/12) e e
A taut wire is clamped at two points 1.0 m apart. It is plucked
near one end. Which are the three longest wavelengths present
on the vibrating wire?

B0 20
29 jom

3 harmonic  [EIES —(1 ) =0.67 m
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S —
Stationary Waves in |t is also possible to set up stationary sound waves in air columns or pipes. A

Air Columns or pipe is termed closed if one end of the pipe is closed while the other is open,
Pipes and termed opened if both ends of the pipe are open.
Z////////////////////////////////////////, [7777777777777777777277777777 2277727227227 ]
7777777717777 7 7171117111111 711117177, W
Fig. 9a closed pipe Fig. 9b open pipe
Closed Pipes When a sound wave is sent into a closed pipe, the wave propagates to the end

of the pipe and is reflected. The reflected wave superposes with the incident
wave and a stationary wave is formed. A displacement node is formed at the
closed end of the pipe, while a displacement antinode is formed at the open
end:

Graphical representation of a stationary
wave in closed pipe - it shows the
amplitude of vibration of the air
molecules, but it does not mean that
sound wave is a transverse wave!

Arrows indicate the amplitude of
vibration of air molecules of the

LSS ’//////I/I///z//////. ’//////f///I// Stati o n a ry wave e
Fig. 10
Modes of Graphical Also known
Vibration Representation Wavelength Frequency as...
Fundamental - - - L= 1(51—) v
4 L t
oS /‘ f, m 1%t harmonic
................... = ,l‘ = 4L
A
1%t overtone "l f,= 3(2-1:) 3 harmonic
pug /73 = —3—
Ay
2n overtone xi fy = 5(4—L) 5" harmonic
= /15 = ?

(n=1)" r\, /\ £ —(2n-1 L @n-1)"
overtone =, = 4L o =(20-1) 4L harmonic

Fig. 11 Stationary Waves in Closed Tubes (no even harmonics)

10
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Open Pipes When a sound wave is sent into an open pipe, a stationary wave is formed as
shown in Fig. 12. As the air molecules are able to move freely at both ends,
displacement antinodes are formed at both ends.
Note:
As a sound wave travels down an open pipe and reaches the other end, part of
the wave is reflected. The reflected and incident waves superpose to produce a
pressure node at the open end so that the pressure there is atmospheric.
Hence, a displacement antinode occurs at the open end.
|
\,/< > X
Fig. 12
Modes of Graphical Also known
Vibration Representation Wavelength Frequency as...
A
L=1—
Fundamental [ 2 f = v e
frequency 2L
1%t overtone f,= 2(&) 2" harmonic
2" overtone f, = 3(-2‘%) 3 harmonic
(n-1" : (L) " -
overtone » = 2L A anrOniE

End Correction

Fig. 13 Stationary Waves in Open Tubes

The displacement antinode at the open ends of the pipes are actually located
slightly outside the pipe as shown below. This results in a small

end correction ¢ to be included in the calculation of the wavelength.
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“Examplo4 | (N76/P2/3)

(3ol Anorgan pipe, 0.33 m long, is open at one end and closed at the
other. The speed of sound in air is 330 m s-!. Assuming that end
corrections are negligible, calculate

(a) the frequencies of the fundamental and the first overtone,

(b) the length of a pipe which is open at both ends and which
has a fundamental frequency equal to the difference of
those calculated in (a).

y)
L-%=4-4(033)-132m
v 330
f=—="""_250H
"2 132 ‘
f, = 3f, =750 Hz
f=f, —f =750-250 =500 Hz
v 330
A==—=22-0.
f =500 %M
L-22-1(066)-0.33
5 —2 . = V. m

A source of sound of frequency 250 Hz is used with a resonance
tube, closed at one end, to measure the speed of sound in air.
_ Strong resonance is first obtained at tube lengths of 0.30 m and

then 0.96 m. Calculate

(a) the speed of sound in air, and
(b) the end correction of the tube.

C
=0.30+¢ (1) <

O
NI PN

w
\
|

22=0.96+c —(2)

N
I
[
\

Solving 2)-(1): %/1:0_96

A=132m
v=f1=250%x1.32=330 ms™'

%z =0.96+¢ —(2)

From (1):c= % -0.30=0.03m

12
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124 : * Using Stationary Waves to Determine Wavelength and Speed of Sound
* Leaming Outcome (k) of Chap 11.
e —————
Using Cathode-Ray
reflecting
Oscilloscope St
microphone
loudspeaker ) at position A
{}
signal _” L JL—-—-/P ooo
generator | o< S a e AT

1. A small microphone, connected to a CRO, is positioned between a
reflecting board and a loudspeaker connected to a signal generator.

2. Sound wave of constant frequency travels from the loudspeaker towards
the reflecting board. Interference between the incident and reflected sound

waves produces a stationary wave.
3. As the microphone is moved slowly towards the loudspeaker, the amplitude

of the waveform on the CRO increases to a maximum (pressure antinode)
at position A and then the next maximum at position B.

4. Since the distance L between two successive pressure antinodes (or
displacement nodes) is L = %24 and the frequency f can be determined from
the CRO, the speed of the sound can be calculated using

v=FfA=2fL

Using Resonance 1. A tuning fork of frequency fis struck and held over
Tube the top of a tube filled with water.

2. The water level is gradually lowered or drained
until the note is at its loudest as shown in (a). Note

the length of the air column L. The air columnis L, ;
said to be resonating with the frequency of the
tuning fork: Li+c=%1--(a)

3. Repeat the above steps while lowering the water
level further until a second weaker resonance is

heard, as shown in (b}. Note the new length L,:
La+c=%A--(b)

4. As shown in the diagram, equations (b) - (a):
%=L, -1,

5. Since the frequency f of the tuning fork is known,
speed of sound in air can be calculated using

v=ra=2f(t, L)

13
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12550 Diffraction

L
What is Diffraction? |Diffraction is the bending of waves after passing through an aperture or round

an obstacle.
V Due to the effects of diffraction, waves bend from a straight path and enter a
region that would otherwise be shadowed.

For example, when you are in a room, you can hgar someone along the
corridor through the open door of your room, even if you cannot see them.

Why?

v
v

b b
f

4

|4 A<<b -4 A~b
wide aperture narrow aperture

Fig. 15

The degree of diffraction depends on the relative size of the wavelength and
the aperture.

Generally, diffraction is pronounced when the wavelength of the wave is
of the same order of magnitude as the width of the aperture or obstacle.
(Diffraction is explained using Huygen'’s principle in Sect 12.10 on pg27.)

This is the reason why under normal circumstances, we do not observe any
diffraction of light because the holes and apertures that we come across
everyday are much larger than the wavelengths of light.

~

B ]
e LR AR
TP
A
e

I AT AL D
IR R R IR S
R I AL
SRR AT Y T2
TSN A

(a) (b)

Fig. 16 Ripple tank images of water waves emerging from an opening of fixed
width. As the wavelength is increased from (a) to (c), the effect of diffraction
becomes more pronounced.

14
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Coherence Waves are coherent when they have a constant phase difference.

337}’ Waves exhibit coherence when they have a constant phase difference.

This implies that coherent waves must have the same frequency, but the

reverse is not true. Velocities, and hence wavelengths, of the waves are
assumed to be identical.

The terms coherent and coherence can also be applied to sources that have a
constant phase difference between them.

Examples of coherent sources: These are not coherent sources:

o diffracted laser beams through | ® two filament lamps
two slits incident by a single
laser beam

e two speakers fed by the same
source

L[ [N\ [
- \Jf\\//\\//\\//-\\./ Ly
two coherent

— N\ /N /N N N N
A VA WA U A U A AN

Fig. 17a Coherent wave trains: Both waves maintain a constant
phase relationship.

'/\\//\\//\\/[\\./ WAV

two incoherent
wave sources

/\
_/\vf\ /\V/\ /\v/\vf\u —/

abrupt change
in phase

Fig. 17b Incoherent wave trains: Light is emitted in pulses. In
between each pulse there is an abrupt change in phase. Waves
from two sources may be in phase at one instant, but out of phase
the next. The human eye cannot cope with the rapid changes, so
the pattern is not observable.

15
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e ________F¥ .
Interference Interference is the superposition of two or more waves to give a resultant

wave whose resultant amplitude is given by the principle of superposition.
: |

When two coherent waves interfere, they can give rise to constructive
interference and destructive interference.

Constructive Constructive interference occurs when two coherent waves arrive at the same
Interference point with a phase difference of zero to produce a maximum.

m Amplitude at that point is fixed, but displacement is varying.
— >

\VAAVARV/

S WAWAWANANY
\VAAVARV,

\V

TAANAN.,
VVVY

Fig. 18a
Destructive Destructive interference occurs when two coherent waves arrive at the same
Interference point with a phase difference of n rad to produce a minimum.

) Amplitude at that point is zero, only if both waves have the same amplitude.

A4
AAA,-

AN AN
|\/\/\/\/

A A

Fig. 18b

16
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Conditions for
Observable
Interference
Patterm

Important

Experiment

'S
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Two-source Interference

1 The waves or sources must be coherent (i.e. they hav

frequency and a constant phase difference).

2. The waves must have similar amplitude (for a bette
3. The waves must overlap and be of the same type

constructive and destructive interference).
4. For electromagnetic waves, they must be unpolarised or

same plane.

r contrast).
(to produce regions of

e the same

polarised in the

By the principle of superposi
the anti-nodal lines (solid lines) when the two wav

I
The Ripple Tank Two ball-ended dippers S1 and S,

hence are coherent sources), send out

attached to a mechanical oscillator (and

two sets of circular wavefronts (let's say
crests). These waves interfere when they overlap as shown in Fig. 19.

tion, constructive interference takes place along
es arrive in phase.

In between the anti-nodal lines, destructive interference takes place along
the nodal lines (dotted lines) when the two waves arrive n rad out of phase.

nodal line (destructive)

Tuguyuy

siaddip woyy

anti-nodal line (constructive)

Fig. 19

3".order max

3“.order
min

2™_order max

2" order
min

1%-order max

1%order
min

0™-order max

1% order
min

1% _order max

2™ order
min

2"™.order max

3"-order

min

\ 3"-order max
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Note
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The path difference between two waves is the difference in the distance that
each wave travels from its source to the point where they meet.

We make use of path difference to analyse whether two waves meet in phqse
or out of phase, and hence determine whether constructive or destructive
interference results.

Consider sources S; and S,, and points P & Q where two waves meet:

siaddip woy

S80JN0S SABM
siaddip woy

S80JN0S SABM

Fig. 20a Fig. 20b

At point P, the two waves meet in phase (i.e. constructive interference),
Path difference = S;P -SiP =0

At point Q, the two waves also meet in phase (i.e. constructive interference),
Path difference = S,Q-S:Q= 41

Hence, when two sources are in phase, for constructive interference to

occur,
Path difference = nA (wheren=0,1, 2, ...)

The n* order maximum (e.g. bright ringe or loud sound) occurs at positions

éﬁ@ where the path difference is ni.

18
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Note /.
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Now, consider points R & T where the two waves meet:

LY 0

b3 = £
g2 g3
ag e
B c 3E
o
a8 a8

L P

Fig. 21a Fig. 21b

At point R, the two waves meet n rad out of phase (i.e. destructive
interference),

Path difference =S;R-SiIR=% 1

At point T, the two waves also meet n rad out of phase (i.e. destructive
interference),

Path difference = SoT-SiT=1% A4
Hence, when two sources are in phase, for destructive interference to occur,
Path difference = (n +¥2) A (wheren=0, 1, 2, ...)

Question: What happens at P, Q, R and T if the two sources are out of phase
by zrad?

Answer:
Waves arrive at P & Q = rad out of phase = destructive interference at P & Q.

Waves arrive at R & T in phase > constructive interference at R & T.

In summary, the following tabie can be used to determine whether constructive
or destructive interference cccurs at a certain point where two waves meet.

1. Determine whether the two sources are in phase or = rad out of phase.
2. Determine the path difference in terms of A.

You do not need to rely the table once you are familiar with the concept.

Path difference A 2 sources in phase | 2 sources = rad out of phase

Constructive interference

= = 1
(rhaxing) A=ni A=(n+%)A

Destructive interference

= V3 =
(minima) A=(n+%)A A=ni

19
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- Example 6

et
AL S

 Solution:

AT SV
i e B T

S,P =

(J80/P2/10; N88/P1/8)

Two wave-generators Sy and S

produce water waves of

wavelength 1 m. They are placed 4 m apart in a water tank
and a detector P is placed on the water surface 3 m from S as

shown in the diagram.

When operated alone, each
generator produces a wave at
P which has amplitude A.

When the generators are
operating together and in
phase, what is the resultant
amplitude at P?

324+4°=5m

path difference=S,P-SP=5-3=2m

Since path difference = 2 m = 24 (an integral number of
wavelengths), constructive interference occurs at P as sources are
in phase.

Resultant amplitude = A + A = 2A

TV 8 DX PN

Young’s Double-Slit Experiment

R —

Experimental

Set-Up

An experimental set-up for viewing two-source interference pattern with light is
the Young's double-slit experiment shown below.

A monochromatic light source is placed behind a single slit to create a small,
well-defined source of light. Light from this source is diffracted at the single slit,
producing two light sources at the double slits. Because light from the two slits
originate from the same single slit, they are coherent and create a sustained
and observable interference pattern.

At points of constructive interference (maxima), bright fringes are observed. At
points of destructive inierference (minima), dark fringes are observed.

) . double slit g
single slit ac?ts /_ _— constructive
as a point ’ interference
source of light )
monochromatic et ) ) ) ) -— central
light source bright fringe
diffracted light acts as a ' s deatructive
coherent light source for the region of T
double slits interference \
intensity distribution for
: : screen
interference fringes
Fig. 22

20
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Derivation of
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Let us now derive an equation for the fringe separation, i.e. the spacing

x=AD/a between two successive bright (or dark) fringes.
Notations: x» = distance of n bright fringe from central fringe
a = slit separation, D = distance between slits and screen
- —— n"—order maximum
il NS
' T
/ S
d —l[j / \ T < >
/ \v 6, \ \81>
| " | B ;
\ \ 6 S
\ Ly / e central maximum :
\ S2 / o - .
\ A, -~
Mo I R e path difference D <
Fig. 23a Fig. 23b

Consider position P where the n™ order bright fringe (maximum) lies. If a << D,
the rays from Sy and S; to P are almost parallel and ZA = 90°.

. path difference =S,P-S,P =S,A ~ asing, (Fig. 23a)

Since the waves passing through slits S, and S, are in phase, for constructive
interference,

asing, =ni
. ni wheren=0,1,2, ...
sing, S

From AOBP (Fig. 18b),

tang, = %

When a >> 4, angle @ is sma!l, using small angle approximation (i.e. §< 6°),

tang, = sing,
LT ]
D a
Hence, constructive interference takes place at these positions,
x,,=n—22 wheren=0,1,2, ...

Therefore, spacing between successive bright fringes,

niD (n-10AD AD
X=X, =X, 4= R

21
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Fringe Separation AD
X=—
a

&>

Intensity
Distribution of
Interference
Fringes

Take Note

Important

central maxima

A= 0 1!! 2 m
> S maximum_ ond maximum
2" maximum SIS A=2A
higher higher
order order
2" minimum 1* minimum 2™ minimum
A=0.51 A=154

Fig. 24

e The formula x = % is applicable only if

> the rays are almost parallel (so that a sin § ~n4, or a << D)

> the angle 8 of the fringes from the normal is small (so that sin § ~tan 6,
a>>4)

e The fringe separation x is only approximately constant for small angle &.
For larger 6, fringe separation actually increases.

e For interference of light, the typical values for slit width w ~0.2 mm ,
slit separation a ~ 0.5 mm , slit-screen distance D ~ 1 m , wavelength of light
A~500 nm.

e The sources must be more than one wavelength apart to produce an
observable interference pattern.

o The single slit acts as a point source of light to ensure that waves incident
on and exiting the double siits are coherent.

¢ |f the two coherent sources have a phase difference of = rad, the positions
of constructive and destructive interference would be interchanged.

o The intensity of the fringes is often illustrated to be constant. In reality, the
intensity is limited by the single slit diffraction envelope and will decrease
with successive order. (Refer to Sect 12.10 on pg 29.)
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| Exam

p|.j£ In a Young's double-slit experiment, the separation between
S0 the first and the fifth bright fringe is 2.5 mm when the
wavelength used is 620 nm. If the distance from the slit to the
screen is 0.80 m, calculate the separation of the two slits.

T

a

X = 24—5 =0.625 mm
AD
=
a
620x10°°)(0.80
0.625x10°® :( - )( )

a
a=7.94x10"* m

o3 (N99/P2/3)
S A student sets up the apparatus shown below to observe two-
source interference fringes.

double-slit screen

State and explain what change, if any, occurs in the separation
of the fringes and in the contrast between bright and dark
fringes observed on the screen, when each of the following
changes is made separately:

(a) increasing the intensity of light incident on the double-slit.

(b) increasing the distance between the double-slit and the

screen.
(¢) reducing ithe intensity of light incident on one of the
dounie-sii

(a)_ Fﬁngé“sepération remains the same based on x=AiD/a.
However, contrast increases because intensity of bright
fringes increases.

(b) Fringe separation increases based on x=AD/a. However,
contrast decreases because intensity of bright fringes
decreases due to increased distance of screen.

(c) Fringe separation remains the same based on x=4iD/a.
However, contrast decreases because the minima are now
not completely dark and the maxima are not as bright as
before.
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Diffraction Grating

Derivation of
dsin 8=nA

Take Note

RAFFLES INSTITUTION
YEAR 5-6 PHYSICS DEPARTMENT

Diffraction Gratin

A diffraction grating consists of a large number of parallel, equally spach lines
(or slits) of equal width. A diffraction grating typically consists of 100 lines to

1000 lines per mm.

When a narrow beam of monochromatic light is incident on a diffraction
grating, sharp maxima are obtained at various angular positions 6, as shown

in Fig. 25b.
P diffraction grating N%2_ 0 oeder max
,/’ position of
/ > maxima -
! n -1= 1*.order max
& i
A 6 intensity
> central maximum
n=0
\ ° >
st
\\ ‘ g ” a =<1 1%-order max
*N B L, narrow beam of
N monochromatic light
Soe—> e / nd
S~~~k --""4= grating spacing o e ] e b
Fig. 25a Fig. 25b

Consider a narrow beam of monochromatic light incident on a diffraction
grating of N lines per metre. At angular position ,, n" order bright fringe
(maxima) is obtained. The path difference between adjacent rays (Fig. 25a) is

path difference = BX =dsiné,, whered = slit separation = % in metre.

Since the waves passing through all the slits are in phase, for constructive
interference,

dsing, =ni wheren=0,1,2, ...

1. Since N is typically 100 to 1000 lines per mm, d is of the order of 10 m.
Since d is very small, in fact only a few times more than the wavelength of
visible light (about 0.4 x 10°° to 0.7 x 10° m), the angle of diffraction of
even the first order (7 = 1) is quite big. Hence, (=4D/a may not be
applicable to diffraction gratings, unless it has a small N or large d.

2. Since 6> < 90°
sing, <1
ni

—<1
d

n<—

A

Hence, we can determine the maximum order of the bright fringes.
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3. Animportant use of the diffraction grating is in a spectrometer, which 'is an
apparatus for investigating spectra. By measuring the angle at w[uch a
diffracted image appears, the wavelength of the light producing that image
maybe determined. Refer to Appendix D for more details.

Examplea]  Light of wavelength 656 nm is incident normally on a diffraction
(LA grating which has 400 lines per mm. Detenmpe the angular
positions of the first, second and third-order maxima.
E,s“‘bi&?&i'}
RG-SR 1x10°
Slit separation (or line spacing), d = 200 =2.50x10"° m
-9
Forn=1, sin@:E:M:0.2624
d 250x10
6, =15.2°
-9
Forn=2,  sing, =22 =28%0>x107_4 5r48
d 2.50x10
=
-9
Forn=3,  sing, = o= 3X0%0x107 _4 7475
d 2.50x10"
g, =51.9°

How many bright fringes can we observe using a diffraction
grating of 600 lines per mm illuminated normally with light of
wavelength 633 nm?

(1 x107 ]

600

sing, <1 = ﬂ<1 = n<g=—_9=2.63

d 7 633x10
Since n must be an integer, the highest order bright fringe
observable is the 2" order.

Therefore, the total number of bright fringes is 5 (the central bright
fringe, plus 2 on either side).
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When white light is incident on a diffraction grating, each wavelength is
diffracted by a different amount, according to the equation d sin 6= nA .Hence,
white light is split into its component colours to produce a continuous spectrum
from the first order maximum onwards.

Fig. 26

The central (or zeroth-order) maximum is white because all component colours
converge with zero path difference at this point.

Within the same-order spectrum, the longest wavelength deviates the most
from the central axis.

There may be some overlapping of different orders, depending on the grating
spacing. For example, the red component of the 2".order spectrum may
overlap with the blue component of the 34.order spectrum.

E’E“x‘*’gﬁj‘ggf‘; Describe, with the aid of a labelled diagram, the appearance of
m:%c ~..  the 1% order spectra when white light having wavelengths from
380 nm (violet) to 780 nm (red) is incident normally on a
diffraction grating of 500 lines per mm.
P - B
[ Solutlon® gt separation, d = 1”% =2.0x10® m
For violet light,
y A 380x107°
sing, =—=———=0.19
Y d 20x10°
6, =11.0°
For red light,
: A 780x10°
sinf, =—=————=0.39
" d 20x10°
0, =23.0°
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The longest wavelength deviates the most from the central
fringe. The central fringe remains white as all colours fall on it.

grating
red st
}1 order spectrum
230° violet
L white
violet
red

B Single-Slit Diffraction

If a single drop of water falls into a pond, it will create a circular wavefront that
spreads outwards. Dutch physicist Christian Huygens, a contemporary of
Newton, put forward a wave theory of light which was based on the way in
which circular wavefronts advance.

He proposed that at any instant, all points on a wavefront could be regarded as
secondary sources giving rise to their own outward spreading circular
wavelets. The envelope (or tangent curve) of the wavefronts produced by
these secondary sources gives the new position of the original wavefront.

New Old New

Oold ¢ wavefront wavefront wavefront

wavefront

N XK XN S

Fig. 27: Huygen's construction for a plane wave and spherical wave
propagating to the right.
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Fig. 28

If a plane (or straight) wavefront is restricted by an obstacle as shown in Fig.
28, some of the wavelets making up the wavefront are removed, causing the
edges of the wavefront to be curved. If the aperture is comparable to the
wavelength of the incident wave, the bending becomes pronounced and the
transmitted wavefront looks circular. (See Fig.15 on pg 14.) The wavelength of
diffracted waves is unchanged.

Single-Slit We have seen the interference patterns set up by waves passing through
Diffraction double slits and diffraction gratings.
Pattern
When monochromatic light is passed through a single slit, an interference
pattern is also observed. This is shown in the first interference pattern in
Fig. 29.
But how can a single-slit produce an interference pattern? The explanation that
follows is based on Huygen's principle. It was explained in greater detail by
French scientist Augustin Fresnel two centuries later.
|
w=50 d=150p 3 slits 4 slits 5 slits 7 slits
Fig. 29 Slits of same width and slit separation
e  ________ I
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eEee————————C———
Single-Slit Minima  Fig. 30 shows plane wavefronts incident on a single-slit of width b.

According to Huygen's principle, each point on the wavefront passing through
the slit acts as a secondary source of wavelets. All the waves that originate
from the slit are in phase.

To analyse the diffraction pattern, we can divide the slit into two halves, and
consider a source of waves at the top and another one at the mid-point a
distance b/2 below.

Waves from these 2 points behave like sources in a two-source interference
experiment. The wavelets spreading out from these points overlap and create
an interference pattern.

— sin 6 =24/b

p) ]F—_-sin 6 =Ab

bIZI _ y=2D6
- -ﬁ .......... Ee_n.tr.alg)gg_-- sin&=0
i =A
path difference A
| - -»]Y sin 4 =1/b
plane D
wavefronts
———sin & =24/b
Fig. 30

At the position of the 1% dark fringe or 15! minimum, the path difference
between the waves from the two secondary sources must be half a wavelength

(% ) in order for destructive interference to occur. This is true for any two
waves that originate at points separated by half the slit width.

Thus, at the 1% order minimum,

path differenceis gsin 6=

TS NS

sing, =

If we divide the wavefront iriz icur equal parts and apply the same argument to
determine the positions of destructive interference, we now find that the 2™
order minimum occurs where

%sims?2 ...

2
sing, i
b
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Dividing the wavefront into six equal parts, we can find the 3™ order occurs
minimum where

Bsinaa =i

6 2

siné, =§'i
b

Therefore, for single-slit diffraction pattern, the m™ dark fringe (or minimum or
destructive interference) occurs at angle #according to:

siné= mT'l where m is an integer.

Hence, the location of the first minimum for single slit diffraction can be
obtained using the following equation

sin6?=i
b

where @is the angle from the central axis, 4 is the wavelength of light and b is
the width of the single slit.

For @ < 6°, the width y of the central bright fringe on a screen a distance D
away is (approximating the width y using arc length formuld s = rg)

2DA A
~D(20)x —, here 8 ~—.
y = D(26) . where 6~

¢ The equation y = 2—lz-'iis only valid when the distance D of the screen from
the single-slit is much larger than the width b of the single-slit. This is
because the rays used in the derivation are assumed to be parallel.

o To determine the positions of the minima, the wavefront along the slit can
be divided into any number of parts. However, for ease of illustration, even
number of parts are used to demonstrate destructive interference.
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FE““\NNZJ Light of wavelength 580 nm is incident on a slit of width

0.300 mm. A screen is 2.00 m away from the slit. Determine
the positions of the first dark fringes from the central axis and
the width of the central bright fringe on the screen.

Py el

At the positions of the first dark fringes, sing = %

580x10°°
7 0.300x10°
=1.93x10°° rad
Since the angle is assumed to be small, y =D(26)
=2.00x2x1.93x10°
=7.72x10° m

1
Positions of the first dark fringes from the central axisis —y =3.86x10° m

Linking Single- Fig. 29 on pg 28 shows the different interference patterns for various numbers
Slit Pattern to of slits, where the slits have the same width and separation. Fig. 31 and Fig. 32
Double-Slit and provide further illustrations of the various interference patterns.

Diffraction
Grating Patterns

e ] : P —— P
1w » 0 5° 10*

Single-slit diffraction pattern

JUU' "Ws{'*
.

Double- sht pattorn Mhout con5|dering single slit diffraction

Double-slit pattern taking into account single slit diffraction
Fig. 31
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intensity single-slit
diffraction envelope
-------- o

2 slits

3slits

4 slits

5 slits

10 slits

Fig. 32

The following are some observations when comparing the interference patterns
of single-, double- and multiple-slit gratings.

Type Appearance Intensity

The intensity peaks in the
middle of the central bright
fringe, while tapering gradually

Broad central bright fringe towards the first minimum.
with narrow, dark fringes on
Single- either side. Successive bright fringes are
slit much dimmer and narrower
Beyond these is a further than the central one.
succession of bright and dark
fringes. The envelope of light intensity
of the central bright fringe will
set the limiting intensities for
multiple-slit arrangements.
Double- Wide fringes that are equally | Intensity of the fringes is limited
slit spaced (near the central by the envelope of the single
region). slit diffraction pattern.

Narrow fringes that are not
Multiple- | equally spaced (angular

slit separation increases with
order).

Intensity of the fringes is limited
by the envelope of the single
slit diffraction pattern.
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Example e higher-order maxima di in the Young's
| (a) Why are the higher-order maxima dimmer in
Egm?lo ?13’ double-slit and diffraction grating interference pattern?

(b) Why are some orders missing from the Young's double-slit
and diffraction grating interference pattern?

(c) In Fig. 31 on pg 31, the 6"-order bright fringe is missing
from the double-slit interference pattern. Determine the ratio
of the slit separation a to the slit width b.

(a) This is because the intensity of the apubie-slit and
diffraction grating interference pattern is restricted by that.of
the single-slit diffraction pattern, which decreases with
order.

(b) This is because the positions of the maxima of the _doubl_e-
slit and diffraction grating interference pattern coincide with
the minima of the single-slit diffraction pattern.

The 6t-order maximum of the double-slit pattern is missing because it falls at
(€) the same angle as the 1st-order minimum of single-slit pattern.

To locate the double-slit maxima: a siné=n A, where n =6
To locate the single-slit minima: b sin6d=m 2, where m =1

Since the angle 6and the wavelength 1 are the same in both equations, we
-have
siné _n_m

. &
y) a b b

12 AT

Resolving Power  The resolving power of a single slit is its ability to distinguish betwegn closely
of A Single-Slit spaced objects. This resolving power is limited by the wavelength of light.

Fig.33 shows two light sources S and S; situated in front of a narrow slit of
width b. Because of diffraction, what is observed on the screen is the sum of
the diffraction patterns of each source.

screen

Fig.33
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S ——
If the sources are well separated such that their images through a single-slit
are distinguishable, we say that the images are well resolved. However, when
the sources are too close to each other or too far from the single-slit, the
images are unresolved as they overlap and become indistinguishable.

\

I\

[
[ |
[
[ |
I |
\

'f‘ ,I\
resolved Rayleigh criterion unresolved

LB

®)
Fig. 34

Rayleigh Criterion |Rayleigh criterion states that two images are just resolved by an aperture when

the central maximum of the diffraction pattern of one image falls on the first
| minimum of the diffraction pattern of the other image.

From our study of the single-slit diffraction pattern, the angle & between the
central maximum and the first minimum is

sin6’=i
b

Hence, Rayleigh criterion is satisfied when the minimum angular separation
min (or the limiting angle of resolution) between the two image is

P
<5 L™ b

where A is the wavelength of the light radiating or reflected from the two objects
and b is the width of the rectangular slit.

Therefore, for two images to be well resolved, the angular separation of the
images, and hence the objects, must be greater than A/b.
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Take Note o The expression for the resolving power of a single slit is obtained by
applying the approximation sin @~ @ to determine the position of the first
minimum from the central maximum of the single-slit diffraction pattern.

e In reality, most optical systems use circular apertures rather than
A :
rectangular slits. For a circular aperture, G, =1.225. where D is the

diameter of the aperture.

¢ If the minimum angular separation between images is to be reduced to
allow finer details to be observed (i.e. increasing the resolving power), light
of shorter wavelength, such as UV light, can be used.

e Itis impossible to see an object as small as an atom using visible light with
an optical microscope. To ‘see’ an object, the wavelength of ‘light' used
must be comparable to the size of the object. Hence, electron microscopes,
capable of producing radiation of short wavelengths, are used to observe
very small structures.

Assume that the resolution of a human eye of pupil diameter
2.0 mm is only limited by diffraction. For a wavelength of
500 nm, calculate
(a) the limiting angle of resolution for the eye, and
(b) the minimum separation between two point sources of light

that the eye can distinguish, if the sources are a distance of
25 cm from the eye .

6. =122
D

(5oox1o-9)
(2.oox1o-3)
=3.05x10*rad or 0.0175°

=1.22

)7 « Since the angle 6., is small, we can approximate the separation y,, using
- Voin ~ L,y =(25x107%)(3.05x10#) =76 x10°° m,

where L is the distance of the sources to the eye.

 This is approximately the width of a strand of human hair.
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Appendix A Stationary Waves — A Mathematical Approach

An analytical treatment of the production of stationary waves from the superposition
of two progressive waves having the same frequency and amplitude is given below.

The two progressive waves may be represented by the equations
Y, = asin(z—’:i - a)t) and y, = asin(z—zi + ax]

where y, and y, are travelling toward the right and left respectively.

Using the principle of superposition of waves, the resultant wave can be represented
by the equation

y=y,ty,
=asin(2ix—mt)+asin(2ix+wt]
A A

=2asin-2%xcoswt

= (Za sin 2—2{] cos ot
=Acos ol

where A=2a sinz%x is the amplitude of the resultant stationary wave for a point at a

distance x from a reference point.

At the nodes, the amplitude is always zero and
@-=0, x,2r, ...
A

X=Qi,

2

At the antinodes, the amplitude is maximum and equals 2a. This occurs when
2zx 7 37 Sx

72722
1 34 54
4' 4 4

Rrons

Xi=

We find that the distance between two successive nodes or antinodes is always %

\

P+Q_ P-Q
cos——z»--

Note: sinP +sinQ =2sin
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Appendix B Visualizing a Longitudinal Stationary Wave

The following diagram shows the actual positions of the particles in a longitudinal
stationary wave. Dark regions represent areas of compression (high pressure),
while light regions represents areas of rarefaction (low pressure).

Notice that both the maximum compressions and maximum rarefactions occur at
the displacement nodes. Hence, displacement nodes are also pressure antinodes,
and vice versa.

t=Ti4 ® *
| I
I

@ i@+ @+ v

t=578 ¢

t=7T8 ® 9
t=T ‘. .

displacement 4

I

I

I
i L
t=374 ® 9

|

]

I

I

I

|

|

|

|

|

|
|
|
f t=72
|

position

right
bitive

I
I
I
excess pressurekAp (Matmqspheric)
| I
: t=17/2
I
I

» position
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N0 {cl How Do Microphones Work?

Microphones are a type of transducer - a device which converts energy from one
form to another. Microphones convert acoustical energy (sound waves) into electrical
energy (audio signal).

Different types of microphone have different ways of converting energy, but they all
share one thing in common: the diaphragm. This is a thin piece of material (such as
aluminium) which vibrates when it is struck by sound waves. In a typical hand-held
microphone like the one below, the diaphragm is located in the head of the

microphone.
Diaphragm
Sound =p oy |l
Waves * ¢ ,:’ s | 1 ﬁ
. “d Audio Signal
Cross-Section of Dynamic Microphone
Wires carrying
electrical
audio signal
4
Sound = Magnet
Waves =

Coil

Diaphragm

When the diaphragm vibrates, it causes other components in the microphone to
vibrate. These vibrations produce an induced emf which is amplified and sent to a
loudspeaker.
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Appendix D Determination of Wavelength of Light using Diffraction Grating

angular scale

collimator

single slit

monochromatic x
light source

telescope at
angular
position 6

g /— telescope at
-, angular

spectrometerW position &

turntable

parallel beam
of light

A parallel, narrow beam of monochromatic light, after emerging from the collimator, is
incident normally on the diffraction grating. As a result, bright fringes are produced at
various angular positions.

The telescope is first rotated such that the n' order bright fringe is at the centre of the
crosswire in the telescope and its angular position §is noted. It is then positioned on

the opposite side of the normal to the grating and the angular position 6, of the same
order bright fringe is noted.

The angular position & of the n™ order bright fringe from the normal is
1
,=5(6,-8).
d..
Hence, A =;sm0,,.
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Appendix E

Standing wave in a violin:
http:llzonalandeducation.comlmstmlphysiwwaveslstandingWaveslstandingWaves1I
StandingWaves1.html

Single slit pattern:
https://micro.magnet.fsu.edu/primerfjava/diffraction/basicdiffraction/index. html

Double slit pattern:

http:/ivsg.quasihome.com/interfer.htm
http://zonalandeducation.com/mstm/physics/waves/interference/twoSource/T woSour
celnterference1.html

Simulation

https://academo.org/physics/

http://physics.bu.edu/~duffy/HTMLS/
http://www.falstad.com/mathphysics.html
http://iwww.cabrillo.edu/~jmccullough/Physics/index.html
http://zonalandeducation.com/mstm/physics/physics.html
https://fnoschese.wordpress.com/physics-applets-animations/
https://www.walter-fendt.de/htmlI5/phen/standingwavereflection_en.htm
https://www.walter-fendt.de/html5/phen/standinglongitudinalwaves_en.htm

Quick Check ! Sketch the resultant wave.

il ettt

Resultant wave

» X

=24 Wave B
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Tutorial
(A SUPERPOSITION rzriscssies

Self - Check Questions

S§1  What is the principle of superposition?
S2 How is a stationary wave formed?
§3 Compare the properties of a stationary wave and a progressive wave.

S4  What is the longest possible wavelength of a stationary wave set up in a string fixed at
both ends? What about that of a stationary sound wave set up in a pipe with one end
closed and with both ends open?

S5 What is diffraction? Is the effect of diffraction more pronounced when the size of the
aperture is reduced or when it is enlarged?

S6  Why is diffraction of light not easily observed? (It was thought that light travels in a
straight line.)

S7 What do you understand by the terms interference, constructive and destructive
interference, phase difference, path difference and coherence?

S8 What are the necessary conditions for a two-source interference pattern to be
observable?

S9  Explain why light from two monochromatic sources do not produce an observable
interference pattern, but sound from two loudspeakers can.

S10 In a Young's double-slit experiment, what is the relation between the fringe separation
x, the wavelength 4, the slit separation a and the slit to screen distance D? Under what
conditions will the relationship be applicable for any two-source interference
experiment?

S11 What is the equation to determine the positions of the principal maxima of a diffraction
grating? Define the symbols used and state the assumption used in its derivation.

$12 How do you calculate the maximum number of orders that can be observed when a
beam of monochromatic light passes through a diffraction grating?

S13 State the equation to locate the first minima for single slit diffraction. How is the width
of the central bright fringe related to the width of the single slit aperture?

S14 State the Rayleigh criterion for the resolving power of a single aperture. Explain your
symbols clearly.

S15 Sketch the intensity patterns of single slit, double slit and multiple slit diffraction.
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Self - Practice Questions

SP1 A string of length L, fixed at both ends, is plucked at its miqpoint anq emitsf its;
fundamental note of frequency f;. When the string is plucked at a different point, the firs
overtone frequency f; is also produced.

(@)  Whatis the ratio f2/fy?
(b)  Whatis the speed of the transverse waves in the string in terms of f and L?
[V86/1/12]

SP2 An organ pipe of effective length 0.60 m is closed at one end. Given that the speed of
sound in air is 300 m s, determine the two lowest resonant frequencies.

SP3 A microwave transmitter emits waves which are reflected from a metal plate. The
reflected wave and the incident wave superpose to form a standing wave. When a
microwave detector is traversed along the standing wave, successive points at which
the detector detected zero intensity were located 1.5 cm apart. What is the frequency
of the waves?

SP4 A long horizontal tube, containing a fine powder, is closed at one end. A loudspeaker, connected
to a signal generator, is positioned at the other end.

loudspeaker /

signal / . =_
generator fine powder 20cm

At a particular frequency, a stationary wave s set up inside the tube and the powder forms heaps
at the nodes. The speed of sound Is 330ms™'.

What type of wave Is the stationary wave and what Is its frequency?

type of wave | frequency/kHz
A longitudinal 33
B transverse 33
c longitudinal 8.6
D | transverse 6.6 (2007 P1 Q21)




SP§

SP6

SP7

SP8

SP9
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mcmmmmmmmeﬂmm:m&mmm@hh
column.

L i

—y -

e At A A — = < 0D P =P = —
0@ G G G G G = OB P =P — D —
o<<-<—<——<—<-—<—4-<-o>->—>——>—"

node antinode node antinode

OB b e P e P e = P § e G G G
VP P e e s e e e P § A G G G
VP =P e e P e e e P § < G e G

The first diagram shows the displacement of some particles at one Instant and the second
diagram shows the displacement of some particies half a cycle later.

What is the length L of the column in terms of the wavelength 4, and at which position within the
column does the pressure change by the largest amount?

length L maximum pressure change at
A 34 node
B 22 antinode
Cc 32 node
D L antinode (2008 P1 Q22)

Sound waves of wavelength 0.42 m enter a tube where a semi-circular pipe of radius
ris linked to a straight pipe as shown below.

AN

source (J ] detector
«—

r
What is the smallest radius r such that a minimum will be heard at the detector?

Radio waves of wavelength 50 mm are emitted from two aerials and create a fringe
pattern 1.0 km from the aerials. Calculate the distance between the aerials if the fringe
spacing is 80 cm.

In a Young's double-slit experiment, the distance between slits is 0.50 mm and the slits
are 1.0 m from the screen. Two interference patterns can be seen on the screen when
lights of wavelengths 480 nm and 600 nm are incident perpendicularly to the slits. What
is the separation between the third-order interference fringes on the screen?

A diffraction grating has 400 lines per mm and is illuminated normally by monochromatic
light of wavelength 600 nm. Calculate

(a) the grating spacing,
(b) the angle to the normal at which the first order maximum is seen,
(c) the number of diffraction maxima observed.
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SP11

SP12
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When a cadmium light is viewed through a diffraction grating having 500 lines per mm.
the first order spectral lines were observed at the stated angles.

colour angle/°
red 18.78
green 14.74
light blue 13.89
dark blue 13.53

(a) Find the wavelengths of each of these lines.
(b) What is the maximum order of each colour?

In the spectrum of white light obtained by using a certain diffraction grating, the second
and third orders partially overlap. What wavelength in the third-order spectrum will

appear at the angle corresponding to a wavelength of 650 nm in the second-order
spectrum?

Two identical narrow slits Sy and S; are illuminated by light of wavelength A from a
point P.

S

I Q
l
S )

/4

If, as shown in the diagram above, the light is then allowed to fall on a screen, and if
m is a positive integer, the condition for destructive interference at Q is that

(lh-hL)=(2m+1) A2

(la - ls) = (2m +1) 12
(lh-1ls)=mA

(lh+ 1) - (la+ 1) =(2m +1) /2
(h+l)-(l+1l)=mA

mooOm>»

[N8O/I/9)]

A parallel beam of monochromatic light of
wavelength A is incident normally on a
diffraction grating G. The angle between
the directions of the two second-order
diffracted beams ﬂtpl anszis a,
as shown.

What is the spacing of the lines on
the grating?

2 24
A = C o@D
B A A &

D
: in(al2
— inal?) JSG/UI: NOS/U/1 |
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A parallel beam of white light (range of wavelengths 4.5 x 107 m to 7.5 x 107 m) is
incident normally on a diffraction grating. The most deviated wavelength in the second

order spectrum is diffracted through an angle of 60° from the direction of the incident

beam. How many lines per metre are there on the grating?
[V77N1/14]

Monochromatic light of wavelength 4 is incident normally on a single slit RS of width
a. The diffraction pattern is formed on a screen PQ. The first minimum of this pattern
makes an angle @ with the direction of the incident light as shown below.

Which of the following gives the correct expressions for the path difference SP-RP
and for sin 67

SP-RP sin @
A A2 A2a
B A2 Ala
c A2a
D Mla

With reference to SP15, when the width of the slit is reduced,

A the intensities of all the peaks decreased and the width of the pattern remained
unchanged.

B theintensities of all the peaks decreased and the width of the pattern decreased.

C the intensities of all the peaks remained unchanged and the width of the pattern
increased.

D the intensities of all the peaks decreased and the width of the pattern increased.

Calculate the angle between the centre of the diffraction pattern and the first minimum
when a sound wave of wavelength 1.0 m passes through a door 1.2 m wide.
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Discussion Questions

Stationary Waves

D1

D2

D3

One end of a horizontal string is attached to an oscillating plate. The string passes over a
pulley and the string is kept under tension by means of a weight as shown below.

string pulley
’ \\\.\/_4\—//.\\‘ ','

plate and o5
oscillator . weight

The frequency of oscillation of the plate is increased and at certain frequencies, stationary
waves are produced on the string.

(a) Draw the stationary wave on the string when the frequency is such that the
distance between the plate and the pulley corresponds to two wavelengths
of the wave on the string. (1]

(b)  On your diagram, label the positions of the nodes N on the string.

(1]
(c) Explain why a stationary wave is observed on the string only at particular
frequencies of vibration of the plate. [2]

[J99/P3/Q4(part)]

A 60.0 cm long, vertical hollow tube is initially submerged just below the surface of water.
As it is raised, the tube first resonates to a vibrating tuning-fork of frequency 512 Hz when
the air column above the water level is 14.8 cm. The next resonance is observed when the
length of air column is 48.0 cm. Determine

(a) the end-correction, and [2]
(b) the lowest frequency at which the tube will resonate when it is open at both [3]
ends.

A loudspeaker S, which is emitting sound of frequency 600 Hz, is placed in front of a
reflector R to produce a stationary wave. A sensitive microphone M is moved between R
and S, and the signal from M is monitored on a CRO.

CRO signals show that the first peak-signal is detected when M is located at the 130 mm
mark on a ruler placed between R and S. The third peak-signal is detected when M is at
the 698 mm mark.

Calculate
(a) the speed of sound in air, and 2]
(b) the positions of the two minima that lie between these two peak-signals. [2]



D4 (a)

(b)

Two-Source Interference
D5 A ship at X is equidistan
below. Both transmitters opera

amplitude.

(a)
(b)
(c)

(d)
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A sound wave passes into a pipe that is open at both ends, as shown in the figure

below. wall of pipe
/
incident
o N b
1 am el

creased from a low value. A loud

The frequency of the sound wave is gradually in
frequency of 250 Hz. The length

sound is heard in the pipe for the first time ata
of the pipe is 67 cm.

(i)  On the figure, mark all the positions of
1. the displacement antinodes (use the letter A),
2. the displacement nodes (use the letter N). [1]

(2]

(ii) Calculate a value for the speed of sound in the pipe.

An alternative, more reliable, method of measuring the speed of sound

shows that the value in (a)(ii) is an underestimate.

This underestimate cannot be attributed to the uncertainty in the
measurement of either the frequency or the length of the pipe.

State and explain what can be deduced about the positions of either the
nodes or the antinodes of the stationary wave in the pipe.

(2]
[N2010/P3/Q7(part)]

Y
Q

Pe—

Ve

<

30 km 30 km

-

X
In the figure, the ship at X detects nc signal. What information does this give
about the signals from P and Q7
The ship moves in a straight line from X to Y. Throughout the journey the
amplitude of the signal detected by the ship is zero. Explain this.

The ship moves in the direction YQ until the signal detected has amplitude
twice that from either transmitter alone. How far has the ship moved?

When the ship sails from Y to the harbor alongside transmitter Q, the
detected signal rises and falls in amplitude. Calculate how many dips in
intensity will be detected between Y and Q, inclusive.

t from two shore-based radio transmitters P and Q as shown
te on a wavelength of 300 m and radiate signals of equal

(1]
(2]
(1]

2]
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D6 The figure below illustrates the Young's double-slit experiment. A source of light S
illuminates a narrow siit A, which acts as a source for the narrow slits B and C, qnd
produces fringes on the screen. With light of wavelength 2, bright fringes of separation
s are formed on the screen.

R
| B
_\ ¥ l 1t o
S A | Wd
c
A : 3
(a) State the relation between 4, s, d, and D. (1]
(b) Suggest suitable values for d and D. (1]
(c) Describe and explain what happens to the fringes if
() both slits B and C are made narrower whilst keeping d constant, [2]

(i) the light emerging from slit B is reduced in intensity to half that from
slit C, (3]

(iii) a thin sheet of transparent plastic is inserted between slit B and
slit A, (3]

(iv) slits B and C are both covered with sheets of polaroid with their
polarising axis aligned, and that in front of B is slowly rotated. [2]

(d) When the wavelength of the source is 500 nm, the center of the 120" dark
fringe counting from O’ lies at R.

Upon replacement of the source by one of unknown wavelength, R is found

to be the location of the 90" bright fringe (take O' as the O™ order
maximum).

Find the wavelength of the unknown source. 2]

[J85/P3/Q8(modified)]
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Coherent light is incident normally on a double-slit, as shown in the figure below.

double 8creen
st /
— l
d
coherent L T —— o
T :
e L= ) A
—_—
‘ 28m

The separation of the slits in the double-slit arrangement is 0.75 mm.

A screen is placed parallel to and at a distance of 2.8 m from the double slit. P is a point
on the screen that is equidistant from the two slits.

The figure below shows the variation with distance from P of the intensity / of the light on
the screen.

HHH
intensity /
f A §
611 -5 -4 -3rH -2rH-1HHOAH T HH2HFH3HH4H é—::s
; distance/mm
R QHHP.
1l 11 1
(a) Calculate the wavelength, in nm, of the coherent light. [4)

(b) Points Qand R are points on the screen. Their positions are indicated in the
graph of intensity variation. Determine the phase angle between the waves from

the double slit when the wav&s meet at

(i) PointQ (1]

(ii) PointR [2]

(c) Suggest why the maxima on the figure are not all of the same intensity [2]
[N2006/P2/Q6]
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D8  Coherent light of wavelength 590 nm is incident normally on a double slit, as shown in the
figure below.
double screen
sit /

A

ﬁ S ae

k P
gt ———> 12mm

_ﬁ &

B

: 2.3m

The separation of the slits in the double-slit arrangement is 1.2 mm. Interference fringes
are observed on a screen placed parallel to the plane of the double slit and 2.3 m from it.
Assume that, for the fringes near point P on the screen, the light reaching the screen from

slit A alone has intensity / and that from slit B alone has intensity %— L

(a) Determine the separation of the bright fringes [3]
(b) Point P on the screen is equidistant from the two slits A and B. Determine
the intensity, in terms of /, of a dark fringe near P. [3]
[N2011/P3/Q3(part)]
D9 7 R

(a) Asource S of continuous waves a distance h from a plane reflector R produces
regions of high intensity such as C, C’ and C" as shown above. Account for this. [2]

(b) When the frequency of S is changed slowly, the regions C, C’' and C" move in the
direction y as shown.
(i)  Account for this, and [2]

(i) deduce whether the frequency has been increased or decreased.
Assume that no phase change occurs upon reflection with R. [2]

10
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In the Appleton’s experiment, S was a radio transmitter on the Earth's surface
and R was the Heaviside layer — a reflecting layer in the atmosphere 80 km
above the ground. When the transmitted wavelength is slowly changed from
200 m to 180 m, a receiver on the ground 120 km away from S observed

fluctuations in the received signal strength.

Calculate the number of signal maxima observed during this change of

frequency. [5]
[J79/P3/Q1)
Diffraction Grating
D10 (a) A beam of red light from a laser is shone normally on to a diffraction grating.
Bright light is seen emerging at certain angles as shown in Fig. 10(a).
Use the principle of superposition to suggest a qualitative explanation of this 2
effect.
d light fr 1’:'%rl'%%rrrﬁglel
red light from light from gas o
laser ?é?av
TS 1* order violet

(b)

1%t order red

diffraction diffraction
grating grating
Fig. 10(a) Fig. 10(b)

A diffraction grating with a grating spacing of 2.20 x 10-® m is used to examine the
light from a glowing gas. It is found that the first order violet light emerges at an
angle 11.8° and the first order red light at an angle 15.8° as shown in Fig. 10 (b)

(i)  Calculate the wavelengths of these two colours. [3]
(i)  Describe and explain what will be observed at an angle of 54.8°. (3]

(iii)  Without making any further calculations, draw a sketch similar to
Fig. 10(b) showing the whole pattern observed. [2]
[J93/P3/Q2(part)]

D11 A narrow beam of coherent light of wavelength 589 nm is incident normally on a diffraction
grating having 4.00 x 10° lines per metre.

(a)
(b)

Determine the number of orders of diffracted light that are visible on each

side of zero order. ‘f 3]
A student suspects that there are two wavelengths of light in the incident beam,

one at 589.0 nm and the other at 589.6 nm.
(i)  Statethe order of diffracted light at which the two wavelengths are most

likely to be distinguished.
(i)  The minimum angular separation of the diffracted light for which two

wavelengths may be distinguished is 0.10 °. Make calculations to
determine whether the student can observe the two wavelengths as

separate images. 4]
[N2003/P2/Q5(part)]

11
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D12 When a distant streetiight, which is behaving as a point source of monochromatic light of
wavelength 5.90 x 107 m, passes through a nylon net curtain, the pattem of light incident
on a screen is shown in the diagram below.

The main feature of this pattern is the two lines (AB and CD) of bright images.

(a) State which line of AB or CD is produced by the horizontal nylon threads. (1]

(b) Determine the number of threads per millimetre in the nylon net curtain if the
angle as viewed between the central image and the first adjacent image is
0.60 °? [4]

[N94/P3/Q2 & N2000/P2/Q4 (modified)]

Single-Slit Diffraction and Rayleigh Criterion

D13 Parallel light of wavelength 590 nm is incident on a rectangular slit of width 0.60 mm, as
shown in Fig. 13.1

sﬁlt /screen
|
light —— Lecoge- P
wavelength —>—— Io,somm L -
590 nm —_— -l 1x
—_—
- 2.4m
|

Fig. 13.1 (not to scale)

Light passing through the slit is incident on a screen that is 2.4 m from the plane of the
slit.

The centre of the interference pattern formed on the screen is at P.
(a) (i) Calculate the width of the central fringe, as observed on the screen.  [3]

(i) OnFig. 13.2, sketch a graph to show the variation with distance x from
point P of the intensity / of the light on the screen. (3]

12
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(b) Parallel light from a second source and of the same wavelength 590 nm is
also incident on the slit. The angle between the two beams of light is 6, as
shown in Fig. 13.3.

slit screen

= s
0;1:;’—‘;— .
0" "r-3~~-
i s T
0.-‘| .: -~

Fig. 13.3 (not to scale)

Each beam forms a separate interference pattern on the screen.
()  Explain what is meant by the Rayleigh criterion for the resolution of

the two patterns. [2]
(i)  Calculate the angle @, in rad, such that the two interference patterns
are just resolved. [2]
N2017/P3/Q5

13
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D14 Two closely spaced monochromatic point sources of light are viewed through a single
slit of width w.

(a) Sketch the appearance of the images observed for small and large values of
w. (2]

(b) Sketch a graph showing the intensity variations along a line through 'the
centres of the images for a critical value of w when the images are just 2]
resolvable.

(c) Suggest a way to improve the resolving power of an imaging sy§tem which
is used to observe small objects or small separation between objects. (]

D15 A beam of monochromatic light of wavelength 600 nm is incident on a single slit of width

0.0200 mm.

(a) Deduce the resolving power of the slit, [2]

(b) What is the minimum separation between two small objects placed 1.00 km
from the slit, in order to be resolved by the slit? 2]

(c) Suppose the single slit is now brought into a medium of refractive index
n = 1.33. What would be the answer for (b)? 3]

Challenging Questions

C1 In the figure below, S; and S are two coherent monochromatic light sources separated
by a distance of 0.50 mm. Position O is equidistant from S; and S, and the screen is
0.80 m from the slits.

s [ P

*r—

u
0.50 mm

S

When a thin parallel-sided piece of glass G of thickness 3.6 x 10 m is placed in front of
S, as shown, the centre of the fringe system moves from O to a point P.

Calculate OP, if the wavelength of the two sources is 6.0 x 107 m and the refractive
index of the glass is 1.5.

Ans: 2.88 x 10°m

C2 An oil film floating in water is illuminated by white light at normal incidence. The film is
280 nm thick and has a refractive index of 1.45. By considering interference of light rays
which are reflected at the air-oil and oil-water boundary, find the dominant colour in the
reflected light. Take the refractive indices of air and water to be 1.00 and 1.30,
respectively.

Note: When light enters a denser medium from a less-dense medium, it will undergo a
180° phase shift. No such phase shift occurs when light enters an optically less dense
medium from a denser one.

Ans: 541 nm (green)

14
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Answers
SP1 (a)2,(b)fiL SP2 125 Hz, 375 Hz SP3 1.0x 10" Hz
SP4 A sP5 A SP6  0.184m
SP7 625m SP8 7.2x10*m
SP9 (a)2.5x10°m, (b) 13.9°, (c) 9
SP10 644 nm, 509 nm, 480 nm, 468 nm SP11  433nm
Max order =3, 3,4, 4
SP12 D spi3 C SP14 577x10°m™
SP15 D SPi6 D SP17 56°
D2 (a)1.8cm, (b) 267 Hz D9 (c)44
D3 (a)341ms™, (b) 272 mm, 556 mm D10 (b)(i) 4.50 x 107" m, 5.99 x 107 m
D4 (a)(ii) 335ms™ D11 (a)4
D5 (c)75m, (d) 200 D12 (b) 17.7 lines per mm
D6 (d) 664 nm D13 (a)(i) 4.72 x 10~* m, (b)(ii) 9.83 x 10~ rad
D7 (a) 589 nm, (b)(i) = rad, (ii) 1.7 rad D15 (a) 3.00 x 10"%rad, (b) 30.0 m, (c) 226m
D8 (a)1.13x10°m,(b)0.179/

Self - Check Questions

$1 The principle of superposition states that when two or more waves of the same kind meet
at a point in space, the resultant displacement at that point is equal to the vector sum of
the displacements of the individual waves at that point.

S2 A stationary wave is the result of the superposition of two progressive waves of the same

type, frequency, amplitude and speed,

travelling along the same line but in the opposite

directions.
S3 | Property Progressive Wave Stationary Wave

Waveform Propagates with the velocity Does not propagate.
of the wave.

Energy Transports energy. Does not transport energy.

Amplitude Every point oscillates with the | Amplitude varies from 0 at the nodes to
same amplitude. the maximum at the antinodes.

Phase All particles within one All particles between two adjacent nodes
wavelength have different have the same phase. Particles in
phases. adjacent segments have a phase

difference of « rad.

Frequency All points vibrate in s.h.m. | Except for the nodes which are at rest, all
with the frequency of the . points vibrate in s.h.m. with the same
wave.  frequency as the progressive waves that

| give rise to it.

Wavelength Equals to the distance | Equals to twice the distance between a
between adjacent points | pair of adjacent nodes or antinodes.
which have the same phase. |

S4 Twice the length of the string, four times the length of the pipe, twice the length of the

pipe.

15
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Diffraction is the bending of waves after passing through an aperture or round an
obstacle.

Diffraction effects are only significant when the aperture size IS comparable “_’7 the
wavelength of the waves. The wavelengths of visible light aré very short (~107" m)
compared the size of ‘ordinary’ openings such as doors and windows. Hence, diffraction
of light is not easily observed

Interference is the superposition of two or more waves to give a resultant wave whose

resultant amplitude is given by the principle of superposition.

Constructive (Destructive) interference occurs when two coherent waves ar'n'ye at the
same point with a phase difference of zero (zrad) to produce a maximum (minimum).

Phase difference between two waves at a point is the fraction of a cycle which one wave
is ahead of the other.

Path difference between two waves is a measure of the fraction of a cycle which one is
ahead of the other.

Coherence refers to the condition in which two sources or waves have a constant phase
difference.

The waves must be coherent.

The waves must have similar amplitude.

The waves must overlap and be of the same type.

For electromagnetic waves, they must be unpolarised or polarised in the same
plane.

Separate light sources of the same frequency do not produce coherent waves because
light pulses from the sources have short durations and abrupt change in phase. Since
the human eye cannot cope with the rapid changes in phase, the pattern is not
observable.

On the other hand, two loudspeakers connected to the same signal generator produce
long continuous wave-trains which have a constant phase difference. Hence, the
interference pattern does not fluctuate.

AD
X=—
a
This relationship is only valid when the rays are almost parallel (ie, a << D) and the

angle of the fringes from the normal is small (ie, a >> 1)

d sind= nA, where d is the slit-separation, n is the order being observed, is the angle
of the nh-order maximum from the straight-through, A the wavelength of incident waves.
This equation assumes that the rays through the slits are parallel, ie d << D, where D is
the distance between the grating and the screen.

16
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From sin0=£di<1=~ n<%.

sinéd = % where b is the width of the slit

when the distance of the screen from the single-slit is much

The equation is only valid
single-slit as the derivation assumed parallel rays.

larger than the width of the

The width of the central bright fringe is directly related to @which is inversely related to

the width of the aperture b.

For small angles, the width y of the central bright fringe on a screen a distance D away
2DA

is y=-b—

Rayleigh criterion states that two images are just resolved by an aperture when the
central maximum of one image falls on the first minimum of the other image.

This condition is satisfied when the limiting angle of resolution &(or the minimum angular
separation of two objects) follows ¢ z% . where 4is the wavelength of the light radiating

or reflected from the two objects and b is the width of the rectangular slit.

intensity single-slit
diffraction envelope
-------- L

2 slits

3 slits

4 slits

5 slits
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Self - Practice Questions

SP1

SP2

SP3

SP4

SP5

SP6

SP7

(a)  Atthe fundamental frequency, A=2

At the first overtone, 4, =L
Since the speed of the wave propagating along the string is a constant,

f
v,=v2=>m,=f,x,=7’=-j‘;=2
1

(b) V=f2XAz=f2L.

Since this is a closed pipe, the two lowest frequencies will be the first (L=Xx 4) and the

third (L =%4,) harmonics.

The wavelengths are /1= 4L =2.4mand ,=4L/3=0.8m respectively.
Hence, the frequencies are:

First Harmonic: f; = v/A1= 300 + 2.4 = 125 Hz

Third Harmonic: f; = v/A3= 300 + 0.8 = 375 Hz

Successive nodes are 1.5 cm apart. Hence, 1=2 x 1.5=3.0 cm.

From v=fxA4,
= 3.0 x 10°=fx 0.030
f=1.0x 10" Hz

woe
Pd
-’ P kN
Y s\ ’ 7
-
\ - ‘~—':. 2

signal ; %
generstor fine powder -
heap
As shown in the figure, 20 cm corresponds to 2 wavelengths. Hence, 4 = 20/2=10cm
p=Y =330 3300 Hz=3.3 kHz

A 0.10
Sound waves are longitudinal waves.

Answer: A

The mode of vibration corresponds to the 1% overtone or 3 harmonic. Hence, L = %,1

Pressure change is maximum at the nodes.
* Note: Pressure antinodes occur at displacement nodes, and vice versa.

Answer: A

Minimum at detector corresponds to destructive interference
. Path difference =ar-2r="%Ax
S r=0184m

X=—
a

. (50x107*)(1000)

a
a=625m
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SP8 ) iD
Using x = —,
. 7
. . 48x107" x1
fringe separation for 480 nm = —SW
-96x10*m
6.0x107 x1
i ion for 600 nm =
fringe separation fo 50x107
=1.2x103 m
Hence, separation between third-order interference fringes = 3(1 2x107 -9.6x 10“)

=72x10*m

SP9 (a) N =400 lines per mm =400 000 lines per metre.
Grating spacing d = 1/N = 1+ 400 000 = 2.5 x 10%m

(b) dsinéd=ni
2.5x10° sing = 1x(600x10°*)
6=139
R sin0=-’E =>n_,1<1
d d
s
203207 417
A 6x107

Hence, n = 4. Adding the maxima of the other side and that at the straight-through
position, the total number of maxima is 4 + 4+1=9

SP10  d = 1/500 = 0.00200 mm = 2.00 x10° m

colour angle/° (a) A=dsiné/nm__| (b) Nmax<d/A
red 18.78 644 3.1~3
| green 14.74 509 39~3
light blue 13.89 480 42~4
dark blue 13.53 468 43~4

SP11  If two wavelengths A« and 4, are diffracted to the same angle, then
dsind=n A, =n,4,
=% 3x 4, =2x650
= A, =433 nm

SP12 As point source P is not equidistant from slits S1 and S, path difference Ax of the 2
rays must be determined from source P to point of observation Q:
Ax =l + l) = (l2+ La)
Since destructive interference takes place at point Q, the path difference Ax must be
an odd multiple of half-wavelength:
Ax=(2m+ 1) M2or(m+ %) A
Answer: D
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na 24
Hence, d = Gna ™ sin(a/2)

Answer: C

From d sin 8= n A, it can be seen that the longest wavelength deviates the most.
na  2(7.5x 107)

sind  sin60°
~N=1/d=577x10°m

=>d= =1.73x10®%m

For the first minimum to occur at P, the path difference between wavelets from R and
the mid-point to P is A/2. Similarly, the path difference between wavelets from the mid-
point and S to P is also A/2. Hence, the path difference between SP and RP is 4. Angle
@for the first minimum is such that sind = i/a.

Answer: D

When the width of the slit is reduced, less energy passes though the slit and hence
the intensity of all peaks decreases.

Since sin0=%, when b decreases, #increases and hence the width of the pattern

also increases.
Answer: D

1.0
f=sin'| — |=56°
! (1.2]
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