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Syllabus Content

Principle of superposition

Stationary waves

Diffraction

Two-source interference

Single-slit and multiple-slit diffraction

Leaming Outcomes ) oy plain 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.

(9) show an understanding of experiments which demonstrate two-source
interference using water, light 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 using light.

() * recall and use the equation sin &= /b to locate the position of the first
. , minima for single slit diffraction.
new in H2 syllabus

(k) * recall and use the Rayleigh criterion 8 ~ A/b for the resolving power of a
single aperture.

() *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.)

* = not in H1 syllabus
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12.1 ‘Introduction

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 answer to this question is provided by
the principle of superposition.

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.

|

This is illustrated below:

Fig. 1. When two waves arrive at a point at the same time, the resultant
displacement is the vector sum of the displacements due to each wave.
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12.2 iStationary:Waves'i

S e e Py S

What is a A stationary wave results from the superposition of two progressive waves of
Stationary Wave?  |the same frequency, amplitude and speed, travelling along the same line but in
opposite directions.

Definition -
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Fig. 2 e e
The superposition of the two waves is observed along the line of propagation.
The principle of superposition applies at each point and at a particular instant
of time we may get a resultant waveform as shown in Fig. 3:
At a particular instant of time: Resultant
1 Y .
Wave froving g L s Wave moving

. 750

Az

ATa0?

2ed

Fig. 3. Superposition of two waves displaced by %A apart. A mathematical
treatment can be found in Appendix A.



RAFFLES INSTITUTION
YEAR 5-6 PHYSICS DEPARTMENT

~ The resultant waveform has the following features:

Propertiesofa
Stationary Wave
1. The wave profile does not propagate. As such, the resultant wave is

fen il datyn V1t
known as a stationary wave or standing wave.

2. Every particle of the wave merely oscillates (except at the nodes) about
their respective equilibrium positions with the Same frequéncy, but
different amplitudes. The frequency is the same as that of the two
component waves.

M 3. An antinodd is a point in a standing wave where the amplitidalis the
o ‘maximum. Particles at the antinodes vibrate with the greatest
N amplitude. These are labelled ‘A’ on Fig. 3. The amplitude of oscillation
LW ; at the antinodes is double that of the component waves.

4. ATWBAEis a point in a standing wave where the amplitiide is zerd! They
. are labelled ‘N’ on Fig. 3.

\_ﬁ____,/ 5. Within two consecutive nodes, every particle oscillates 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.

Distance between two adjacent nodes (or antinodes) is ¥21.

Particles in neighbouring segments vibrate 180° (or = rad) out of phase
with each other.
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Fig. 4a: The waveform of a stationary wave at equal Fig. 4b: A graphical representation of a stationa_ry
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 of a
Stationary Waves stationary wave.
and Progressive x
Waves
Property Progressive Wave Stationary Wave
Important \ Waveform Propagates with the Does not propagate
Note 5}5}? 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 n 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 wave that gives rise
to it.

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

(JOO/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?

Via el
= (300)(15)(1)
(10“[]\4.“

3
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" Stationary Waves in

Stretched Strings
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Stationary Waves in'Strings and Pipes ™

Stationary waves of various frequencies can be set up in a stretched string by
plucking it at different points along the wire. Several modes of vibration of the
string are possible.

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

The stationary wave with the lowest frequency is said to be vibrating with the
fundamental frequency. Higher modes of vibration are known as the
overtones.

The following steps can be used to determine the frequency of the different
modes of vibration of a stationary wave in general.

Step1  Select the mode of vibration of the stationary wave
Step2 Draw the graphical representation of the stationary wave
Step 3  Derive the wavelength 1 of the stationary wave in terms of length L of the string
Step4 Using f=v/A where v is the speed of the progressive waves in the string or
medium, obtain the frequency f of the stationary wave in terms of v and L.
Stationary Waves on a String
Modes of . Graphical Also known
Vibration Representation Wavglength Erequency 7 as...
Fundamental - - - L= 1(£) v
undamenta l 2 f=— 1% harmonic
mode/frequency T e 2L
e pra ﬂ'l = 2L
p)
,12) fee s x2
------- . L= 2(— v "
st A o Y 2 e | nd ;
1% overtone R 2 2( > L) 2" harmonic
=4, =L
o B .
. : 2L 2L
h . b= n(%) v
(n—1) LN . f=n|— n™ harmonic
overtone % 21 . 2L
" n
Fig. 5
Note:

« Atthe fixed ends, there must be nodes (since the string cannot vibrate).

e In reality, multiple harmonics give the timbre or characteristics of an
instrument.
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PExample2| (N95/P3/3(b))
Lol In order to investigate stationary waves on a stretched string, a
student sets up the apparatus shown below.

rade frduug Lja

el u-"..l "
W | brale il
A I I ' 1 . ‘ T

L}
ra

\ S
mechanical oscillator

pulley

~ weights

(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.

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

() Since the tension of the string is constant, the velocity of
the wave on the string is fixed. 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' Yyral
resonance occurs). Hence, it is necessary to adjust the
length of the string to fit multiples of half-wavelength, or
adjust the frequency (and thus wavelength) to fit the length
of the string.

(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 which is attached to the oscillator is
also considered as a node because its amplitude of

$ 1 ﬁ’ww\er\%“‘ oscillations is considered small compared to that of the
antinode.

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

(J83/P2/12)

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?

{Example 3

((,}C) 10 3 N f10n

AT pr,f'.'.:"-:ﬁ
~Solution’
R EARG

Fundamental: 2.0

nd e A .. {0
2" harmonic: | 0 'L(—d A=\ ‘

: 20, (3
3™ harmonic:  (.(6 3(%} SR RRANSAN
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Stationary Waves in It is also possible 1o 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
74 M L e hia 4 i aaudddsdssdsdaanraad
e— ‘Pfurd

el wlinads
Feepad hogu T e

eloiy grj: ra lo

I be faped foge

t Y o ardy qul"l'
(incomipn »8¥t $lays conull Fig. 6a closed pipe m.‘. N :r" ol

T IEVTY L — Yo Cogpn a HJI) Y Wape al g&," el IHI.”‘- 1 alpatphere Prediun

Closed Pipes When a sound wave is sent info 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

Fig. 6b open pipe

\\\'ll'nur\-ic i(\’mm«l of end:
turnd
amtala) Graphical representation of a stationary
ortctory 3 abore Hhe wave in closed pipe — it shows the
furdamend ol » x amplitude of vibration of the air .
molecules, but it does not mean that
sound wave is a transverse wave!
% :
g Arrows indicate the amplitude of
5 vibration of air molecules of the
. - stationary wave.
Stationary Waves in Closed Tubes (no even harmonics)
Modes of Graphical Also known
Vibration Representation Wavetangth eIy as...
n[um-duf\\ Fundamental - : - LS 1(%} £f= st
=— 1% harmonic
frequenc — !
auensy b s ] 4 ,
—. @
L ] 3(%} " ‘ul‘f‘fﬂ\’
1% overtone = 3(——) 3™ harmonic
4L 4L L
= ﬂ.‘, = ?
= e i - e e S i o ‘n!"'}l‘hl.ix
L=5(%) y l}\aul\ifk
2" overtone f, =5 — 5 harmonic
aL 4L
"~ 5

_qyt —_ 1t
(n 1) 2 - { f2n_‘=(2n'1) L (2n 1).
overtone 41 4l harmonic
= j'2’11-1 =
(2n-1)
L placimind | Fig. 8
Uthane Tr'“fl
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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. 9. 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.

rivranu tondily, .

Stationary Waves in Open Tubes

Modes of Graphical Also known
Vibration Representation Wavelength FigHaRCY as...
. . T [ﬁj
i S . Uy ek ]
= =2L Jetrsuter
Cf I .-J.“;'[ sy
A, J hould
L=2|—= TS
1! overtone [ 2 f, = 2[%} 2™ harmonic Ve
=>4 =L
A
2" overtone 5 f = 3(2) 3™ harmonic
)
, A
(n-1r A= "(?"J v
n — .n -‘ .
\ f =nl 2 th
overtone /\ /-\ e b . n(zL] - hannenie
" n
Fig. 10

End Correction 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.

e s (i)
v L)
Proda £y damend o
bl erdt open |
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{ Example 4 (N76/P2/3)
bt cizely An organ 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).

(a) Fundamental

- ( JRRRY SIS U U TN -2 0
r‘ LLs N T .
11y fo e 205 . Ak
. 0.11 1. %1 eIy
AT
S 150 W,
1* overtone:
fuoa
C3soM ) .

(b) f=750-250=500 Hz

v 330
=—=——=066m
f 500
1
L=—21=033m
2

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. Find

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

@ 5¢ .y , =
1”] 4 Yy 140 4 (0.3010.03)

AR, HNE] ve 330mg”,
#l 3 ’
Chregeke) L H(046%C) Aod3ede (D
N
Ao a6ic) =Xﬁ-%0*() 3(9_) e — ©
0.9¢~0.90 ° e “
e 0.03m S‘o‘-»‘\'r-)) n\;\ Eiy
ye f B LRRKLEA

2 330my”

(b) From (1), ¢ =%-0.30= 0.03m

10
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Diffraction

" What is Diffraction?

Definition _—
g >

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

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 hear someone along the
corridor through the open door of your room, even if you cannot see them.,

Why?

- O e
— 0

g B l<<a s W A~a

wide aperture narrow aperture
Fig. 11

The degree of diffraction dépends 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.
(D:ffractlon of waves is explained by Huygen'’s principle in Sect 12.9 in pg 22).

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.

Fig. 12. Ripple tank images of water waves emerging from an opening. As the
wavelength is increased from (a) to (c), the effect of diffraction becomes more
pronounced.

1
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Coherence Waves or sources are smd lo be coharant |f they have a/constantiphase)

difference)
R
7

This implies that coherent waves or sources must have the same frequency,
but the reverse is not true. Velocities of the waves are assumed to be identical.

Examples of coherent sources: These are not coherent sources:
| Fa « diffracted laser beams through  two red lasers (same frequency, but
\k two slits incident by a single not coherent)
laser beam hon Candley
o two speakers fed by same * two filament lamps (not
source monochromatic)
? \\\n 1 \ Lol o’ \___k_ ‘\____(“! l Q ” \ *) . o
Interference Interference is the superposition of two or more coherent waves to glve a

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

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

Al_l.._..-]\ /'\ /\ /\ >t
\VAAVARV,

Constructive Constructive interference occurs when
.Interference two waves arrive at the same point with
- a phase difference of zero, ie. a A4

maximum is obtained. (Amplitude is /\ /\ /\ /\ >t
V \V V

fixed, but displacement is varying.)

A common misconception: A Aee

Constructive Interference occurs when

wave crests meet wave crests or wave

troughs meet wave troughs. \/ \/ \/ \/

Fig. 13a
A B

Destructive Destructive interference occurs when /\ /\ /\ /\ >t
Interference two waves arrive at the same point with \JV  V V

a phase difference of n rad, ie. a

minimum is obtained. (Amplitude is zero

only if both waves have the same ATZ\ /\ /\ /\ > ¢
amplitude.) l \/  V V V

A common misconception: A
Destructive interference occurs when
wave crests meet wave troughs.

X

A 4
Lo

Fig. 13b
12
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Two-source'Interference

" Conditions for
Observable
Interference

Important
Note

{ D

1. The waves or sources must be GOhEreént (i.e. they have the same

frequency and a constant phase difference).
2. The waves must have approximately the'same amplitiid@ (for a better? tanald
contrast).
3. The waves mustioverlap and be of the'same typ@ (to produce regions of
constructive and destructive interference).
For transverse waves, they must be dnpolarised or polarisediin theg same
plane.

"The Ripple Tank
Experiment

~ Two ball-ended dippers Sy and S,, attached to a mechanical oscillator (and

hence are coherent sources), send out two sets of circular wavefronts (let's say
crests). These waves interfere when they overlap as shown in Fig. 14,

By the principle of superposition, constructive interference takes place along
the anti-nodal lines (dark lines) when the two waves are in phase.

In between anti-nodal lines are the nodal lines (dotted lines) along which the
waves arrive exactly n rad out of phase. Destructive interference occurs.

nodal line (destructive)

\ 3"-order max
Nﬁ\%ﬁ\ ________________
ﬁhﬁgﬁ»&i K[~
RN
ey it

N
5
N

|
7
5/X
G
~

A3
AN,
(/

s

N
75
%

AV,

N

anti-nodal line (constructive)

2" arder
min

Y [
""z"’f‘l

Fig. 14

" Fon Jrdupet dorgedhig:
A tryche

_L.f’\lj JDQPI\"’ l“JN}"’lﬂ
beghd [ da ey 5ot 7 Hredgad)

‘Myt M}W‘j’mwﬁ
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Path Difference Path difference is the difference in the distances that each wave travels from its
source to the point where the two waves meet.
- We can look at path difference to analyse whether two waves meet in phase or
== out of phase, and hence whether constructive or destructive interference
results.

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

S$82IN0S 8ABM

s1addip woy
S20IN0S 2ABM
siaddip woy

Fig. 15a Fig. 15b

Conditen: TV Soures muy
iy fioze At point P, the two waves meet in phase (i.e. constructive interference),

Path difference, Ax=S,P-S,P =0

At point Q, the two waves also meet in phase (i.e. constructive interference),
Path difference, Ax=S,Q-S:Q=21

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

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

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

where the path difference is nA.

14



Path Difference
Summary
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Now, consider points R & T where the two waves meet:

/

/ (

= s
g8 g &
b %35
%8 @ P

t p—
5 _

Fig. 16a Fig. 16b

At point R, the two waves meet = out of phase (i.e. destructive interference),
Path difference, Ax=S;R-SR=% 1

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

Path difference, Ax =S,Q~-S,Q=1% 1
Hence, when two sources arelin'phase] for destructive interference to occur,
Path difference JAX={n*%2) A(wheren=0,1, 2, ...)
odd nunmpec o U orelangths

Question: What happens at P, Q, R and T if the two sources are out of phase
by 7 rad?

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 table can be used to determine whether constructive
or destructive interference occurs at a certain point where the two waves meet.

1. Determine whether the two sources are in phase or n rad out of phase.
2. Determine the path difference in terms of A.
3. Use the table to check whether constructive or destructive interference

occurs.
2 sources in phase | 2 sources & rad o’u't"df phase
Consfr'ubtiye -int'er'ferenlce B 1 Ax=(n+%) A
(maxima)
Destructive interference -
A g Ax=(n+%)A Ax=nA
- {minima)
¥ dhegk: dnyg A
F]hL Poretia, | 3w W

15 L,
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“Example 6. (J8O/P2/10; N88/P1/8)

Lonlitiiis Two wave generators S, 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 awave at 5,0 —————=—== ©0S,
P which has amplitude A. |-J /

\ | d
When the generators are LR :
operating together and in : i gil
phase, what is the resultant P‘/’

amplitude at P?

S S

Cofy ‘I“k\]“ 4

f(\ﬂ- \‘ - r,l \‘l‘.

's'Double-Slit Experiment
Y OI\J-\f h_P8 1o Lo F‘:\

Experimental An experimental set-up for viéwing two-source interference pattern with light is
Set-Up the Young’s double-slit experiment shown below.

&5 'Young

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 interference (minima), dark fringes are observed.

_ , /-~ double slit 4
Slng!e Sl|t acts /— construcuve
as a point WA ; interference
source of light ) NN S
A : 7
o] ko) B2 ":;' 5‘/‘ ;
monochromatic ) ) ) ) Velyz 7~ central
light source bright fringe
p
diffracted light acts as a ion of ,,\—— destructive
coherent light source for the ~fegieno P interference
double slits interference \
kffagy  intensity distribution for F—

interference fringes
Fig. 17

16
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From AOBP (Fig. 18b),

adbwsl pgeuifel |

X
tang =2
"D

When a >> A, using small angle approximation (6, < 6°),
" sing, ~tand,

H

ni X,
a D

= Rdan ot degere Y

Hence, constructive interference takes place at these positions,

Therefore, s

nAD
X, = ——
a

wheren=0,1, 2, ...

ing between successive-bright fringes,

n-1

¥ =% X

nAD _(n-1iD _AD |
a a " a \

Tend owd 0F pheve * b rpeqente \oq}m@c‘*‘

7 \'L' i lr\a}\} f“ir,a,, 1\”":}? &,vwk

Cwimm&immlw‘dw
C"N’rm\i)

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

(

|

J

x=1D/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
th H
——— n"—order maximum
7 g \"\~ ~o \ -P-——f
/ S
/ _[—-Sl /\ o ~~ - : >
A \p\r/ 8:1 \ "--._\S -_‘{\/. ) . J
1 i
a | p [ — of-
\ ,Dj//’ = Vo padh dy fierenge - central maximum “seiird | Totpall
\ Sz \* / //’ Ny g l,’.!,:
\ A ,” f'[' 1 { f
\ - ' 8 B ) ek
~_]1_XZ path difference D Tdaid 2
AX -2 Uy
Fig. 18a Fig. 18b Uyl 1
Consider position P.where the n™ order bright fringe (maximum) lies. If a << D,
the rays from S, and S, to P are almost parallel and ZA ~ 90°.
y .. path difference Ax =S,P-SP =S,A ~asing, (Fig. 18a)
é‘ ——'f’%ff/ et rdenfereny )
d_,:; —2= Since the waves passing through slits S, and S, are in phase, for constructive
" interference,
' Savre o HilFaghun ]Y“J'W Canbndar ¢
do e slit o
Lor ) need \UWOW wheren=0,1, 2, ... mulkige slit d
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Fringe Separation AD

¥ =7

What are the assumptions for the equation to be valid?

Intensity central maxima

Distribution of d=0
Interference P 1 maximum_ 4 .
Fringes 1% maximurm 2™ maximum
2" maximum pd=21
higher higher
order order

2" minimum
pd=1.52 .

. ~ Fig. 19
~30 { :
—-n———~;g we tan © }-D_ it @ irel Sarall

Take Note

AD . . .
e The formula x=? is applicable only if asvally sahdinYourg’s

> Y@=2D (assumed that rays are parallel) } Doutle DU}, ro 4itfratin,,
» @ >>7(so that #<6° and sin & ~tan 6) ] rf’Lh"\"r
e The fringe separation x is only approximately constant for @ < 6°. For larger
6, fringe separation actually increases.

I « For interference of light, the typical values for slit width w ~0.2 mm, slit

separation a~0.5 mm, slit-screen distance D ~1m, wavelength of light

bl A ~500nm.

e The sources must be more than one wavelength apart (or the path
difference is more than one wavelength) to produce an observable
interference pattern.

« The single slit acts as a well-defined source of light to ensure that waves .
incident on the double slits are coherent.

e |f the two coherent sources have a phase difference of n rad, the conditions
for constructive and destructive interference would be interchanged.

e Light is emitted from sources as a series of pulses or packets of energy.
These pulses last for very short durations of nanoseconds. Between each
pulse, there is an abrupt change in the phase of the waves. Separate light
sources, even of the same frequency, produce incoherent waves. Waves
from two separate 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.

Important
Note lﬁ?“

flaortsee ot ‘(\Jﬁ/ ‘lrj)\i L\JL: Mol evieetnd.
P peall bl et o difhock

4\:0 (ot-&}*"‘;t !

p <{ . dpobeyeend 1
adc D
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In a Young’s double-slit experiment, the separation between
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.

y - D (ks o dUan

—_—

- (gwMa)o 19

L5t ,\.u. Or S‘HHJJ\
o "k Prips U §xt
3 \

3 -9 s q

SN GETDT RE NS LR
(o405 ¥ ho- Orgle v §Y g,
e ’5) e - r”"‘_"%&u\\ v ‘ "‘\[i'l‘a
(N99/P2/3) ap T
A student sets up the apparatus shown below to observe two-- |, 2oy
source interference fringes. s ki

[

200629
['l‘h?){!‘l"f

' (v11y

—_— Jurhe Lwale b
—_— '1_,‘;:{{},_\: L 1l

. are o [:L e j-
m TR i
Ia‘ght—_> || I)F Y it fJ.j'.‘::k
e A x - A
—_ -
e

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 the red light incident on the

double-slit.
(b) increasing the distance between the double-slit and the
screen.
(c) reducing the intensity of light incident on one of the
- double-slit.
{Soluﬁtlon (a) Fringe separation remains the same based on x=iD/a.
GRS However, ‘contrast increases because intensity of bright

fringes increases.

(b) Fringe separation incieases based on x=AD/a. However, (.
gontrast decreases because intensity of bright fringes 1)
decreases due to increased distance of screen.

(c) Fringe separation remains the same based on x=AD/a."r""Q

However, contrast decreases because the minima are now ¥ it

not completely dark and the maxima are not as bright as ncllahio

before.
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Diffraction: Grating @iy

" Diffraction Grating

~ A diffraction grating consists of a large number of parallel, equally spaced 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 8, as shown
in Fig. 20b.

diffraction grating ~———] 2™.order max

position of
maxima
_ n=1
| =1 1*.order max
! A intensity
[|l ——r <+ central maximum
éi ]
v, P 1%.order max
B narrow beam of
» monochromatic light
--._’ o nd..
~~~L—-""d = grating spacing SRl —\ pSg | 2 -ordermax
Fig. 20b

Fig. 20a

Derivation of
dsinf=nAi

Take Note

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. 20a) is

A =BX =dsing, where d = slit separation =% in metre.

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

interference, (what is the assumption?) \
r\w"\\ kg‘\“\&l W

EmﬁmC,M\fy\here n=012,...

V)mhﬂ‘

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 (n = 1) is quite big. Hence, x=i1D/a may not be'
‘applicable to diffraction gratings, unless it has a small N or large d.

dsing, =ni

2. Since 0, < 90° ‘
sing, <1 d: =
na 05 e )
d R
n<—
A

Hence, we can determine the maximum order of the bright fringes.
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Light of wavelength 656 nm is incident normally on a diffraction
grating which has 400 lines per mm. Determine the angular
positions of the first, second and third-order maxima.

Slit ;e:p_araiion:- Corlire Sposi r-ﬁ 7

J UL B NI
% oo
For n=1:
-9
sing, =i=@ﬁo—_€=0.2624
d 250x10
b= {51
For n=2:
-9
gn@:%%=3§§§3%%—=05mm
A X
02 = %1-'}°
For n=23:
-9
sin83=%=3;—gg%=0.7872
. X
932 g\.ﬂﬂ

Note that A@is not constant between the orders:  ( juoreages with orduvy)
Abp=6-6=152-0= [51
AGy=6-6,=317-152= LT

Abp=6-6=519-317= W.1

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

d

N 3
10 wil
bIX
S T -(i [y
! _(l'ﬁ’éxm m
04 B
e 4%

Sinte nomupt e W YO g, te }\ia}qﬁ orday Lﬂ‘j\J f’r\'reag
UL‘?IVO\LFQ V) '2 ra OHLQT

“h’\mj “{ numbtr of b(\3H ﬂf,?] ir h Cnirm) lmrj}d
ffl'r}s' ard 1on atle, slide
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Py,

1. Describe, with the aid of a labelled diagram, the appearance of
% 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.

‘Exampl

Wl Lot ek S

P T AT iy i )
[ Solutiong  Slit separation: {x|0~

L0 e
s d° Soo ¢ LoX0 "y

For violet light: ;. o D desxiyet

—_— 0.0

10X [y=>
%, ¢ Wo
\ : n AenxiIn-T
Forredlight: 7'Qap + — ¢ ———— . 4
% Loxp-t 031
@‘p\r: L%-D‘

Note that the longer wavelength deviates the most from the .
central fringe. The central fringe remains white as all colours

fall on it.
grating ;
rd berds g g} 555 o }15‘ order spectrum
erum steA v ; violet
Moy overlap . 11.0°

white :
Central £ rw%g, § Uhileoy

violet b Clown Pald ooal

red

i X IR IR ' Single-Slit Diffraction

I e e s

Huygen’s Dutch physicist Christian Huygen, a contemporary of Newton, proposed that at

Principle any instant, all points on a wavefront could be regarded as secondary sources
of wavelets. The envelope of the wavefronts produced by these secondary
sources gives the new position of the original wavefront.

Oy wary sieony =

Wl pogsica Yrovai

on uu‘,a,r\u;& " ’ /\‘ ‘: : ‘ ]

.

@ "‘h‘a B J‘I‘EQ.I ! o [ b >

\"“‘J\\LQ - f;\!ufughu, 4 . & & - @ L

baj\!_lr\.

Fig. 21

‘.~

If a plane wavefront is restricted by an obstacle as shown in Fig. 21, 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 diffraction effect becomes pronounced and the transmitted
wavefront looks circular. (See Fig.11 on pg 11.)
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~ Singe-Slit ~ We have observed and studied two-slit and multiple-slit interference pattern.
Interference But how can a single-slit produce the interference pattern shown Fig. 22? The
Pattern explanation that follows is based on Huygen's principle (it was explained in

greater detail by French scientist Augustin Fresnel two centuries later).

" .
Ter—— |‘wm-n<.- —‘WHW« - hqa-w.'ﬁwi R
I.I H
Hi il il

w=50y d=150u 3 slits 4 slits 5 slits 7 slits

1 8iit

2 slits

3 slits

4 slits

6 slits

7 slits

Fig. 22: slits of same width and slit separation

Single-Slit Minima Fig. 23 shows plane wavefronts incident on a single-slit of width b. At the slit,
we can divide the wavefront into two halves, and consider a secondary 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.

y =2D6

i = A
path difference = odd A

D

Fig. 23
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Take Note

Important

Note ‘

To determine the positions of the dark fringes or minima, the path difference
between waves from the two secondary sources is an odd number of half-

wavelengths. This argument is applied to any point in the top-half of the slit and
one a distance b/2 below it in the lower half of the slit:

Path difference, gsine =(2n —1)-';1, where n is a positive integer

bsin@ =(2n-1)A - equation (1)
=14,32,51...0dd number of wavelengths

If we divide the wavefront into four quarters and apply the same argument to
determine the positions of destructive interference, we now get:

b . ; Gz
Zsmt? ={(2n —1)%, where n is a positive integer

bsiné=2(2n-1A : — equation (2)
=24,44,61...even number of wavelengths

Combining equations (1) and (2), for single-slit interference pattern, the minima
or destructive interference occurs at angle @ according to:

bsinéd = nA, where n is a positive integer.

Hence, the angle 6 of the first minima from the straight-through position for light
of wavelength A incident on a single slit of width b is

sing = % — equation (3)

For 6 < 6°, the width y of the central bright fringe on a screen a distance D
away is therefore

2DA A
& A —, h & —,
y ~D(20) - where 6 L

 Equation (3} is only valid when the distance D of the screen from the single-
slit is much larger than the width b of the single-slit as the rays used in the
derivation are assumed to be parallel.

» To determine the positions of the minima, the wavefront along the slit can
only be divided into even parts such as 2, 4, 6, 8, etc . This is to allow an
even number of wavelets to interfere destructively to produce a minimum. If
there were an odd number of sections in the wavefront, complete
destructive interference is not possible.

e Huygen's principle cannot be used to determine positions of constructive
interference because a set of wavelets which arrive at a point in phase, may
not be in phase with another set of wavelets (which are in phase among
themselves).

dan Ll WA worttg q)

ool fa A e R S e v g s ik
.

AV, Aot ertng, .
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e A e e e ST
Linking Single-
Slit Diffraction Single-slit pattern
Pattern to that of
Double-Slit and
Diffraction
Grating

s e L b TS 1Tt o b a2

Overlapping of 2 single-slit
patterns to produce the
double-slit pattern below

Double-slit pattern

~sER0RANERDO

/ﬁ l;ingle slit envelope
Double slit

Fig. 24

Sources:

o hitp://hyperphysics.phy-astr.qsu.edu/hbase/phyopt/sindoub. html#ci
http:/fhyperphysics.phy-astr.gsu.edufhbase/phyopt/sinslitd.html

hitp:/Mabman.phys.utk edu/phys250/modules/module%201/diffraction_and_interference htm
http://en.wikipedia.org/wiki/File:Double-slit_diffraction pattern.png

https://iwww khanacademy.org/science/physics/light-waves/interference-of-light-

mpladz] (a) Why are the higher-order maxima dimmer in the Young's
iix double-slit and diffraction grating interference pattern?

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

' Egv&?ggf’; (a) This is because the intensity of the double-slit and
RS PR diffraction grating interference pattern is restricted by that of
the single-slit diffraction pattern.

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

In your notes, Fig. 14, 17, 18b, 19 and 20b ignored these
facts!
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Resolving Power
of A Single-Slit

When the images of objects through a lens system is distinguishable, we say
that the images are well resolved. However, when the objects are too close
together or too far away from the lens system, the images may overlap and
become indistinguishable.

Rayleigh criterion Unresolved

(b) ©
Fig. 25

Lord Rayleigh arbitrarily set the criterion that two image's are just resolved
through a slit of width b when their angular separation @ satisfies

A
0~—,
b

where 1 is the wavelength of the light radiating or reflected from the two
objects. This happens when the peak intensity of one image lies on the

first minimum of the other image. (For a circular aperturita ~ 1.223 )

e et

If the smallest resolvable separation between images is to be reduced (i.e.
increasing the resolving power), shorter wavelength light might be used. For
example, using UV light, rather than visible light, allows finer details to be seen.

Q‘\ S d Q §
3 d L’Gf\
=g
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‘Stationary:Waves —A'Mathematical Approach(Optional)

Appendix A

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
. 27x . {2rx
y, =asin T—wt and y, =asin T+cgt

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

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

Yy=y:+¥,

. [ 2mx . (27X
= asm(———wt} + asm(— + a)t]
A A

=2asin ZETxcos ot

= (23 sin 2ix) cos wf
A
= Acos wt

where A=2a sin—z—Z—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

g££<=0Jn2n““

A

Es

At the antinodes, the amplitude is maximum and equals 2a. This occurs when
2zx _m 3m Sz

x=0—=,4,...

4 2e'g’
A 31 54
X = —
4'4' 4"

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

Note: sinP +sinQ =2sin P;Qcosp ;_ Q
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Appendix B :Measuring

peed of Sound in‘Airfi i i

The speed of sound in air can be measured either using a cathode-ray oscilloscope
or a resonance tube.

Using Cathode-Ray Oscilloscope

reflecting
board

microphone
at position A

loudspeaker B

signal
generator

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 ¥24 and the frequency f can be determined from the CRO,
the speed of the sound can be calculated using

v=Ffl=2fL
Using Resonance Tube ¢ ;
1. A tuning fork of frequency fis struck and held over the top of a
tube filled with water. L i

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 column is said to be resonating with the frequency
of the tuning fork: Li+tc=%aA--(a)

3. Repeat the above steps while lowering the water level further
until a second weaker resonance is heard in (b). Note the new

length L,: Lo+c=%A--(b)
4. As shown in the diagram, equations (b) - (a):
Y=L - ;
5. Since the frequency f of the tuning fork is known, speéd of gt Mu_:
sound in air can be calculated using (@) (0)
v=Ffi=2f(L,-L)
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Appendix C

‘Visualizing a Longitudinal Stationary Wave (Useful) /& 0

The following’ diagram shows the actual position of the particles in a longitudinal
stationary wave. Dark regions represent areas of maximum compression (highest
pressure) while light regions represents areas of maximum rarefaction (lowest
pressure).

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

t=Tig § %E %E % i *
t=T/4 @ 9 Q ......... . ..........

e, oot e L_— i% ol
= Y 1 '
(25T & i® B gy e g

TR e S S A e e e aes e S Sy

t=7T/8 = i@ é

displacement 4

» position

excess pressure Ap (wrt atmospheric)
A

» position

- ——————————————————— i —— i (—————— —

Complete the above graphs fortime t=T/2and t=T.
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Appendix D

‘How:Do' Microphones!Work? S8l sisiaa i i

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.

M
Audio Signal

Wires carrying
electrical
audio signal

3

Magnet

Sound' = -
Waves =+ =
f g
g B

Caoil

Diaphragm

When the diaphragm vibrates, it causes other components in the microphone to
vibrate. These vibrations are converted into an emf which becomes amplified and
converted to audio signal.
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Appendix E
angular scale
collimator
single slit
telescope at
monochromatic j@ : = angular
lightsource — O S PP NKO7)T position &
/' telescope at
paraliel beam " ~._ T~  angular
of light spectrometer,, " ™ position &
turntable
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 8, is noted. It is then positioned on

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

The angular position of the n™ order bright fringe is
1
on = 5(02 = 01)

Hence,

lets to Aid Visualisation of Interference i

| VNI Simulation Ap

b2

Single slit pattern:
http://mwww _lon-capa.org/~mmp/kap27/Gary-Diffraction/app.htm
http://labman_ phys.utk. edu/phys136/modules/m9/diff.htm

Double slit pattern:

http://www lon-capa.org/~mmp/kap27/Gary-TwoSlit/app.htm
http://vsg.quasihome.com/interfer.htm

http://zonalandeducation com/mstm/physics/waves/interference/twoSource/TwoSour
celnterference1.html

Standing wave in a violin:
http’//zonalandeducation.com/mstm/physics/waves/standingWaves/standingWaves1/
StandingWaves1.html
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