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The Defining Equation of SHM

Simple harmonic motion (SHM) is a fundamental oscillation which appears naturally in
various phenomena, including:
o The swingofa pendulum
o Amassonaspring
Guitar strings
Vibrations of molecules

]

o

SHMis defined as:

Atype of oscillationin which the acceleration onabody is proportional toits
displacement, but acts inthe opposite direction

The conditions foran object to oscillatein SHM are thatit shows:
o Periodic oscillations
o Acceleration proportional toits displacement
o Accelerationin the opposite direction toits displacement

SHMisisochronous, meaning that the time period stays constant
o Therefore frequency mustalso be constant
The period of simple harmonic oscillations can be calculated using the equation:
21
T=—
0]
Where:
o T=thetime period of the oscillator(s)
o (u=angularfrequency(rads*)

The acceleration of an oscillator can be calculated using the defining equation of SHM:

a= —wx
Where:
o a=acceleration of the oscillator(ms=2)
o x=displacement of the oscillator fromits equilibrium position (m)

The equation shows that:
o The accelerationreaches its maximum value when the displacementis at a maximum
i.e.x=Xxo
o Theminus sign shows that when the objectis displacement to theright, the direction
of the accelerationis to the left

An objectin SHM willhave arestoring force acting onit toreturnit toits equilibrium position
This restoring force will be directly proportional, but in the opposite direction, to the
displacement of the object from the equilibrium position

o Note: therestoring force and acceleration actin the same direction
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The acceleration of an objectin SHMis directly proportional to the negative displacement

Calculating Displacement of an Oscillator

The graph of acceleration against displacementis a straight line through the origin sloping
downwards (similartoy = -x)
Key features of the graph:

o Thegradientis equalto -o?

o Themaximum and minimum displacement x values are the amplitudes -xp and +xg

Asolution to the SHM acceleration equation is the displacement equation:

X = XOSiIl (wt)
Where:
o x=displacement of the oscillator(m)
o Xo=maximum displacement oramplitude (m)
o t=time(s)

This equation can be usedto find the position of an objectin SHM with a particularangular
frequency and amplitude ata momentin time
o Note: This version of the equationis only relevant when an object begins oscillating
from the equilibrium position (x=0 att=0)

The displacement will be atits maximum when sin (wt) equals Tor -1, when x = xg
If an objectis oscillating from its amplitude position (x =xp orx=-xpatt=0) then the
displacement equation will be:

X = X,C08 (a)t)

This is because the cosine graph starts at a maximum, whilst the sine graph starts at O
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These two graphs represent the same SHM. The differenceis the starting position

Equations & Graphs for SHM

¢ Asummary of the equations and graphs of simple harmonic motion are shownin the table
+ Notethat the equations differ depending on the starting point of the oscillator
o Thederivation of these equations are found lower down the page

Summary table of equations and graphs for displacement, velocity and acceleration
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*> Worked Example

[ ]
Amassis suspended from a fixed point by means of a spring. The stationary mass is

pulled vertically downwards through a distance of 4.3cm andthenreleasedatt=0.
The mass is observedto perform simple harmonic motion with a period of 0.8 s.

Calculate the displacement, x,incm of themass attimet=0.3s.

Step 1: List the known quantities

o Maximumdisplacement,xp=4.3cm
o Periodof oscillation, T=0.8s
o Timeinterval, t=0.3s

Step 2: Write down the SHM displacement equation

o Sincethemassisreleasedatt=0 atits maximum displacement, the displacement
equation willinvolve the cosine function:

X = XOCOS (a)t)

Step 3: Write the equationlinking the angular frequency, o
_2m
@=r

Step 4: Combine the two equations and substitutein the values:
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o Note: thecalculatormustbeinradians mode

_ 2Tt —43x% 21 Xx0.3
X=Xxcos T )74 cos 03

x=-3.041=-3.0cm(2s.f)

o Thenegative value means the massis 3.0 cm on the opposite side of the equilibrium
positionto whereit startedi.e. 3.0 cmaboveit

Calculating Velocity of an Oscillator

e Thevelocity, v, of an oscillation can be found by differentiating the displacement with
respecttotime::

_ dx
V= dr

o Todifferentiate the sine and cosine functions:
dy

o Thederivative of y=sin x is Ix =CO0S X

d
o Thederivative of y =sin (ax) is Y = acos (ax)

dx
dy .
o Thederivativeof y=cos xis —— = —sin x
dx
dy .
o Thederivative of y = cos (ax)is E = —asin (ax)

¢ When the oscillation begins from the equilibrium position:

Xx= Xosin (ot)

d
Since the derivative of sin (a)t) is E(sin (cot)) = ®COoS (a)t):

d .
v= XOE(SIII (a)t)) = Xo(a)cos (a)t))
e Therefore, the velocity when the oscillation begins from the equilibrium positionis given
by:

V= @XC08 (a)t)

When the oscillation begins from the maximum displacement:

xX= XOCOS (a)t)

d
Since the derivative of cos (a)t) is E(cos (a)t)) = — @sin (a)t):
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0 dt

V=X (cos (wt)) = XO(—a)sin (wt))

e Therefore, the velocity when the oscillation begins from the maximum displacement is
given by:

v=— a)xosin (wt)

¢ Sincethe maximum value of sin (a)t) or cos (a)t) is 1, maximum speed is given by:

\4 = wX
max 0

e Thisis the maximum speed of the oscillation regardless of its starting point

Calculating Acceleration of an Oscillator

e Theacceleration, a, of an oscillator can be found by differentiating the displacement with
respecttotime twice:

_dx _dv
AT ae T ar

¢ When the oscillation begins from the equilibrium position:

Xx= Xosin (ot)

V= X, C0S (wt)

d
¢ Sincethederivative of cos (a)t) is E(cos (a)t)) = — @wsin (a)t):

a= wa%(cos (cot)) = a)XO(—a)sin (a)t))

e Therefore, the velocity when the oscillation begins from the equilibrium positionis given
by:

a=-— a)zxosin (wt)

¢ When the oscillation begins from the maximum displacement:

xX= XOCOS (a)t)

v=— a)XOsin (wt)

d
« Since the derivative of sin (wt) is E(sin (1)) = wcos (w1):

a=-— a)XO%(sin (a)t)) = - a)XO(cocos (a)t))
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e Therefore, the velocity when the oscillation begins from the maximumdisplacement is YOURNOTES
given by: l

a=-— a)zxocos (wt)

 Since the maximum value of sin (a)t) or cos (a)t) is 1, maximum accelerationis given by:

e Thisis the maximum acceleration of the oscillatorregardless of its starting point

Displacement-Velocity Relation for SHM

o Ausefulrelation between the displacement andvelocity of a simple harmonic oscillatorcan
be derived using the expressions from the equilibrium position:

x= XOSiIl (o)

V= WX c08 (a)t)
* Thekey to deriving this expressionis to use the trigonometric identity:
sin? (wt) + cos? (wt) = 1
e Togetstarted, square both expressions:
x2= x02 sin2 (wt)
V2= w2X02 cos? (wt)
« Accordingto the trigidentity, cos? (t) = 1 —sin? (wt) so:
V2= a)2X02 (1 =sin2 (1))
V2= 2x 2 = w?x 2 sin? (wt)
V2= w2X02 - a)z[xo2 sin? (a)t)]
2= a)2X02 — 02x2
V2= @2 (on _Xz)

e Squaring both sides of the equation leads to the displacement-velocity relation for SHM:

v= iw4lxo2—x2

¢ Note: The samerelation will be achieved if the expressions for the maximum displacement
areused:

X=X cos (a)t)

y= - a)XOsin (wt)
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(’) Exam Tip .

- The defining equation of SHM shows acceleration, as a positive value, and
displacement, -x as a negative one. This reminds us that acceleration and
displacement are vector quantities and are always in the opposite direction to each
otherin SHM.

Since displacement is a vector quantity, remember to keep the minus signin your
solutions if they are negative. Getting the marks will depend on keeping your
positive and negative numbers distinct from each other! Also rememberthat your
calculatormust bein radians mode when using the cosine and sine functions. This is
because the angularfrequency o is calculatedinrad s, not degrees.
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Energy Changesin SHM

During simple harmonic motion, energy is constantly exchanged between two forms:
o Kineticenergy
o Potential energy

The potential energy could bein the form of;
o Gravitational potential energy (for a pendulum)
o Elastic potential energy (fora horizontal mass on a spring)
o Orboth (foraverticalmass on aspring)

The speedof an oscillatoris at a maximum when displacementx =0, so:

The kinetic energy of an oscillator is at a maximum when the displacement is zero

This is becausekinetic energy is equal to %mv2 sowhen the oscillator moves at maximum
velocity (at the equilibrium position) it reaches its maximum value of kinetic energy
Therefore, the kinetic energy is zero at maximum displacement x = xp, sO:

The potential energy of an oscillator is at a maximum when the displacement (both

positive and negative)isatamaximum, x = * X,

This is because the kinetic energy is transferred to potential energy as the height above the
equilibrium positionincreases

Asimple harmonic systemis therefore constantly converting between kinetic and potential
energy
When oneincreases, the otherdecreases andvice versa, therefore:

The total energy of a simple harmonic system always remains constant

The totalenergy is, therefore, equal to the sum of the kinetic and potential energies
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The kinetic and potential energy of an oscillatorin SHM vary periodically
The key features of the energy-time graph are:

¢ Boththekinetic and potential energies are represented by periodic functions (sine or
cosine) which arevaryingin opposite directions to one another

¢ When the potential energy is O, the kinetic energy is atits maximum point andvice versa

e Thetotal energy is represented by a horizontal straight line directly above the curves at
the maximum value of both the kinetic or potential energy

e Energyis always positive so there are no negative values on the y axis

¢ Note: kinetic and potential energy go through two complete cycles during one period of
oscillation

o Thisis because one complete oscillation reaches the maximum displacement twice
(positive and negative)
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EQUILIBRIUM

Potential and kinetic energy v displacement in half a period of an SHM oscillation

¢ Thekey features of the energy-displacement graph:

o

o

o

o

Displacementis a vector, so, the graph has both positive and negative x values

The potential energy is always at a maximum at the amplitude positions xp and zero at
the equilibrium position (x = O)

Thisisrepresented by a ‘U’ shaped curve

Thekinetic energy is the opposite:itis zero at the amplitude positions xp and
maximum at the equilibrium position,x=0

Thisis represented by a ‘n’ shaped curve

The total energy is represented by a horizontal straight line above the curves

Calculating Energy in Simple Harmonic Motion
¢ Usingthe expression forthe velocity, v, of a simple harmonic oscillator:

v=— a)xosin (wt)

e Thekinetic energy, Ek, of an oscillator can be written as:

1
= M2
EK 2mv
1 .
E = Em(—a)xosm (a)t))2
= — 2 2 @(in2
EK 2ma) X, sin (wt)

e Since the maximum value of sin (a)t) orcos (a)t) is 1, maximum kinetic energy is given by:
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1
= — mmlx 2
EK(maX)—Zma) X,

When the kinetic energy of the system s at a maximum, the potential energy is zero

o Hence this represents the total energy of the system
The total energy, E1, of a system undergoing simple harmonic motion is, therefore, defined
by:

1
= — mmlx 2
ET 5 MaX,

Where:
o Er=totalenergy of a simple harmonic system (J)
o m=mass of the oscillator (kg)
o w=angularfrequency (rads™)
o Xo=amplitude (m)

Note: The same expression for total energy will be achievedif the other expression for
velocityis used:

V= a)XOcos (a)t)

An expression for the potential energy of a simple harmonic oscillator can be derived using
the expressions forvelocity and displacement

x= XOSiIl (wt)

V= a)XOcos (a)t)

The key to deriving this expression is to use the trigonometric identity:
sin? (wt) + cos? (wt) = 1
In a simple harmonic oscillation, the total energy of the systemis equal to:
Totalenergy = Kinetic energy + Potential energy
ET = EK + EP

The potential energy of an oscillator can be written as:

Ep=E; =~ By
_1 2y 2 1 2
EP—Ema) X,° - Emv
1 .
E,= Emwzxoz - Em(—wxosm (a)t))2
_ 1 2y 2 2y 2 qin2
EP—Emw X,° - Ema) X, sin (wt)
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1
» Takingouta factorof Emcozxo2 gives:

1
= — 2 2 —_ i
EP 2ma) X, (1 - sin? (wt))

— 2y 2 2
EP 2ma) X,” cos (a)t)

1

E,= Emwz[xo cos (cot)]2

e Sincex= XOSil’l (wt), the potential energy of the system can be written as:

1
= — 2 y2
EP 5 mo°x
¢ Since the maximum potential energy occurs at the maximum displacement of the
oscillation,i.e. x=x:

0
! 2y 2
EP(max) - 2 mw XO
e Therefore,itcanbeseen that:
ET = EK(maX) = EP(max)

Kinetic Energy-Displacement Relation for SHM
¢ Usingthedisplacement-velocity relation for SHM:

v= ia)A/XOQ—XZ

¢ Substitutinginto the equation forkinetic energy:

1
= — 2
EK— 2mv

1
= — [ 2— 52 )2
EK 2m(a) X, x )
e Thisleads to the kinetic energy-displacementrelation for SHM:
1

E = Emwz(xoz - X2)
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YOURNOTES

(’) Exam Tip .

You may be expected to draw as well as interpret energy graphs against time or
displacementin exam questions. Make sure the sketches of the curves are as even
as possible anduse aruler to draw straightlines, forexample, to represent the total
energy.
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Calculating Energy Changesin SHM

¢ Therearemany equations tolearnin the topic of simple harmonic motion
¢ Thekeyequations are summarised below:

GENERAL
IN OPPOSITE DIRECTION'

ACCELERATION a=~wx > DISPLACEMENT
‘ESQUARE OF ANGULAR FREQUENCYI

TIME PERIOD T=-2%
¥ w=2TF SFREQUENCY
MAXIMUM _ % . “AMPLITUDE (MAXIMUM
VELOCITY max = W% DISPLACEMENT)
MAXIMUM A
ACCELERATION W nan™ W7o

V= tu‘\l(xi— x*)
» DISPLACEMENT

MASS SPRING PENDULUM
SYSTEM i i
AAAAAA 2
“TIME_PERIOD b wSOR
T=23TJE * MASS T2 [T * LENGTH
K 9
,SPRING ACCELERATION
CONSTANT DUE TO GRAVITY

IF x=0 when when

t=0

X = X,sin (Wt) X = x,cos (Wt)

> TIME

v=wx,cos (wt) V= —WX,sin (Wt)

ENERGY AS A ENERGY AS A FUNCTION
FUNCTION OF TIME OF DISPLACEMENT

¥ E =imw’x’sin’(ut) E =imw’(x’—x’)

K 2 o K 2 o
* KINETIC ENERGY
= A nPens? ol
% E.= 5 Mmw?x;cos (wt) EXS S mwx
° POTENTIAL ENERGY

[ TOTAL ENERGY IN SYSTEM |

E = %mw’ X5

*TOTAL ENERGY

A summary of the equations related to simple harmonic motion. The green stars indicate
equations which are notincludedin the IB data booklet
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*> Worked Example !
[

The graph shows the potential energy, Ep, for a particle oscillating with SHM. The
particlehas mass 45 g.

Ep/md
60 +

50 +
40 T
30 +
20

10+

o] t t t t t t t t
O 10 20 3.0 40 50 6.0 7.0 8.0 x2/cm?

(a)
Usethe graph to determine the amplitude and hence, the period of oscillation.
(b)
Calculate the maximum speed which the particle achieves.
Part(a)
Step 1: List the known quantities
= Massoftheparticle, m=45g=45x10"%kg

Step 2: Use the graph to determine the maximum potential energy of the particle

E, / mJ E, MAX
60

50 +

40 +

30 + X, = MAX
DISPLACEMENT
20 +

10—+

oF
0O 10 20 3.0 4.0 50 6.0 7.0 8.0 x2/¢cm?

= Maximum potential energy, Epmay=60m) =60 x1073 )
Step 3: Determine the amplitude of the oscillation

= The amplitude of the motion, xq, is the maximum displacement
= Atthe maximum displacement, the particleis atits highest point, hence thisis the
position of maximum potential energy
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= Fromthe graph, when Ep = Eppax:
X0?=8.0cm=0.08m
= Therefore, the amplitudeis:
X0=v0.08=0.28m
Step 4: Write down the equation for the potential energy of an oscillator

1
- 2 2
EP 2ma)xo

Step 5: Rearrange the equation for angular velocity, o:

Step 6: Substitute the known values and calculate ®

_ [ 2x(60x107)
@7 (45% 103) x 0.08

w=5.77rads™!
Step 7: Write down therelationbetween period, T, and angular velocity, ®

_27T
)

Step 8: Determine the time period of the oscillation

r=2" 1
T 57 7°

Part (b)
Step 1: List the known quantities

= Angularvelocity,® =5.77rads™
= Amplitude, xo=0.28 m

Step 2: Write down the equation for the maximum speed of an oscillator
Vmax = ®X0
Step 3: Substitutein the known quantities

Vmax=5.77x0.28 =1.6ms"!
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Astudentinvestigated the behaviourof a 200 g mass oscillatingon a spring, and

produced the graph shown.

x/m
0.3
0.2
0.1

0

=01

-0.2

~0.3 -

(a)
Determine the values foram
(b)

plitude and time period

Hence find the maximum kinetic energy of the oscillating mass.

Part (a)

Step 1: Read the values of amplitude and time period from the graph

X/ m

AMPLITUDE

0.3

0.2 1

0.1+

TIME PERIOD

o)

-01 T

-0.2 +

-0.3 T

1 2 3 t/s

Step 2: State the values of amplitude and time period

= Amplitude, xp=0.3m
= Timeperiod, T=2.0s

Part (b)

Step 1: List the known quantities
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= Massoftheoscillator, m=200g=0.2kg
Step 2: Write down the equation for the maximum speed of an oscillator
Vmax = @X0
Step 3: Write down the equationrelating angular speed and time period

_27T
@="T

Step 4: Combine the two equations and calculate the maximum speed

27Xy 2mwx0.3
Vmax = T 2.0

Vmax=0.942m s

Step 5: Use the maximum speed to calculate the maximum kinetic energy of the
oscillating mass

1

= — 2
EKmax 2 mvmax

Ekmax=0.5x0.2x0.9422=0.1)

> Worked Example

Aballof mass 23 gis held between two fixed points A and B by two stretch helical
springs, as shownin the diagram below.

<>

The ball oscillates along the line AB with simple harmonic motion of frequency 4.8
Hzand amplitude1.5cm.

Calculate the total energy of the oscillations.

Step 1: Write down all known quantities

o Mass,m=23g=23x10"3kg
o Amplitude, xp=1.5cm=0.015m
o Frequency,f=4.8Hz

Step 2: Write down the equation for the total energy of SHM oscillations:
=— mmlx 2
E 5 mao-x,,
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Step 3: Write an expression for the angular frequency
o =2nf

Step 4: Substitute values into the SHM energy equation

1
=_ 2y 2
E 2m(2ﬂf) X,

E=0.5x(23x107%) x (21 x 4.8)?x (0.015)?

E=2.354x10"3=2.4mJ(2s.f.)

(’) ExamTip

There are alarge number of equations associated with SHM. Most of them are given
in the data booklet which you will be given tousein the exam

Make sure you are familiar with the equations, as you will probably need to use
several different ones to solve the longer questions.
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Period of a Simple Pendulum & a Mass-Spring System

¢ Two examples of simple harmonic oscillators are:
o Asimple pendulum
o Amass-springsystem
e Considering equations related to the restoring force leads to expressions for the time
periods of these scenarios
o Theserelationships are useful forinvestigating simple harmonic motion experimentally

<— —
Tl _—7
g‘?ic ON DIRECTION DIRECTION DIRECTION
& OF POSITIVE x OF F OF POSITIVE x
VI IV IIIIIIIYi ; RERING CONSTANT = k
%
1
v m
A
AT
A
F=—kx

Forapendulum, therestoring force is provided by the component of thebob's weight that
is perpendicular to the tension in the pendulum'’s string. For a mass-spring system, the
restoring forceis provided by the force of the spring

Time Period of a Simple Pendulum

¢ Asimple pendulumis a type of simple harmonic oscillator
o Thependulum consists of a stringand a bob (a weight, generally spherical) at the end
¢ Anoscillating pendulum can be modelled as simple harmonic motion when the angle of
oscillationis small
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Forces onapendulumwhenitis displaced. Assuming < 10°, the small angle approximation
canbeusedtodescribe the time period of a simple pendulum such as this.

e Therestoring force, F, which returns an oscillating pendulum bob to the equilibrium position
is:

F=-mgsin@

¢ Where:
o m=themass of the pendulum bob (kg)
o g=acceleration dueto gravity (ms=2)
o @=angle betweenthebob andthevertical (°)

e UsingNewton’s SecondLaw:
F=ma=-mgsin6®
¢ Bothsides canbedivided by mto give an expression forthe acceleration, a:
a=-gsiné

¢ Inthis case, the small-angle approximation can be used, thisis where sin 0= 0
o Thisis assumingthe angle the pendulum makes with the verticalis less than 10°
¢ Theexpression foracceleration then becomes:

a=-go

¢ Thedisplacement, x, is equal to the length of the arc made by the bob, x=L6
o WhereL =length of the pendulum (m)
¢ Rearranging this for #and substitutingitinto the acceleration equation gives:

B X
a=-—-g 7
e This equation shows:

o Forsmallvalues of x, the condition for SHMis satisfied as restoring force, Fis
proportionalto -x

o Forlargevalues of x, the acceleration of a simple pendulum s not proportional to the
displacement

¢ Usingthe defining equation of SHM:
a= —w’x

» Where w=angularfrequency of the oscillation (rad s ')
¢ Equating with the previously derived expression foracceleration leads to:

o X
’x=-gl T
g
1_ &
=T
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0=\l T

e Theequationrelatingangularfrequency, o, and time period, T, is:
_2m
=T

¢ Finally, combining these expressions leads to an equation for the time period of a simple
pendulum:

~| 5
Il
]

T

Il

[\

b=
o

Time Period of aMass-Spring System

e Amass-spring systemis another type of simple harmonic oscillator
e Therestoring force, F, which returns a mass-spring system toits equilibrium position is
given by:

F=-kx
¢ Where:
o x=extension of the spring(m)
o k=springconstant(N m)
e UsingNewton’s SecondLaw:
F=ma=-kx
¢ Rearrangingforthe acceleration, a:
k
a=-—-——x
m

 The defining equation of SHMis given by a = -&?x

¢ Where:
o m=mass (kg)
o w=angularfrequency (rads™)

e Combiningthese expressions foracceleration gives:

k

—?x= - —x
m

¢ This can be simplified to give an expression for w:
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k YOURNOTES
=4 —
m !
e Theequationrelatingangularfrequency, o, and time period, T, is:
_2m
=T

¢ Finally, combining these expressions leads to an equation for the time period of amass-
spring system:

K —

\Q9Q A m

Amass-spring system can be either vertical or horizontal. The time period equation applies
toboth.

e Theequation shows that:
o Thehigher the spring constantk, the stiffer the springandhence, the shorter the time
period of oscillation
o Thetime period (andhence, frequency) of a mass-spring systemis independent of the
force of gravity

e Aconsequence of thisis that oscillations would have the same time period on Earth and
theMoon

> Worked Example
®
Aswinging pendulum with alength of 80.0 cm has a maximum angle of
displacement of 8°.

Determine the angular frequency of the oscillation.

Step 1: List the known quantities
o Length of thependulum,L=80cm=0.8m
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o Accelerationduetogravity,g=9.81m 52 YOURNOTES
Step 2: Write down the relationship between angular frequency, o, and period, T i
{"language":"en","fontFamily":"Times New Roman","fontSize":"18"}
{"language":"en","fontFamily":"Times New Roman","fontSize":"18"}
Step 3: Write down the equation for the time period of a simple pendulum

{"language":"en","fontFamily":"Times New Roman","fontSize":"18"}

o This equationis valid for this scenario since the maximum angle of displacementis less
than10°

Step 4: Equate the two equations and rearrange for @
{"language":"en","fontFamily":"Times New Roman","fontSize":"18"}
{"language":"en","fontFamily":"Times New Roman","fontSize":"18"}

Step 5: Substitute the values to calculate ®

{"language":"en","fontFamily":"Times New Roman","fontSize":"18"}=3.50 rad s~

Step 6: State the final answer to the correct number of significant figures

w=3.5rads™

*> Worked Example

Calculate the frequency of a mass of 2.0 kg attached to a spring with a spring
constant of 0.9 N m™' oscillating with simple harmonic motion.

Step 1: Write down the known quantities

o Mass,m=2.0kg
o Springconstant,k=0.9Nm"!

Step 2: Write down the equation for the time period of amass-spring system

T=2 =
=271 ©

Step 3: Write down the equationrelating time period, T, and frequency, f

Step 4: Combine the equations and rearrange for frequency, f

£k
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f_l k
“2n\ m

Step 5: Substitutein the values to calculate frequency, f

r=— 122 _o1068H
Ton\ 2 77 z

Step 6: State the final answer to the correct number of significant figures

f=0.11Hz

(") Exam Tip

¥ Anotherarea of physics where you may have seen the spring constantkis in
Hooke's Law, where F = kx.

Exam questions commonly merge these topics together, so make sureyou're
familiar with the Hooke's Law equation too.

The motion of both pendula and mass-spring systems can be describedin graphical
and mathematical forms. As with other forms of motion, you should become familiar
with both

Make sure to pay particular attention to the difference between the graph shapes
produced when the oscillator starts at the equilibrium position or maximum
displacement

Displacement

Velocity

Acceleration

Displacement x

BN
N

Oblect starts in
centre of motion

x=x,sinet

Object startsat
extremes of motion

X = x,c08 0t

Velocity v,

INEY

NCZAE A
2]

V= wx,coswt

v = oK)

U= —ox,sinot

v = toq(xE-x?)

Acceleration a,

AT

a=-x,w*sinwt

a=-wx

a=-x,w?coswt

a=-w’x

| PN g\
2 -

Graphs and equations can be used to describe different aspects of oscillations
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The Nature of Single-Slit Diffraction

¢ When plane waves areincident normally on a single slit, a diffraction patternis produced
o Thisisrepresentedas a series of light and dark fringes which show the areas of
maximum and minimum intensity
« |falaseremittingbluelightis directed ata single slit, where the slit width is larger than the
wavelength of thelight, it will spread out as follows:

°SINGLE SLIT

_ANGLE OF
DIFFRACTION

DISTANT
SCREEN

INTENSITY

POSITION
ON SCREEN

Theintensity pattern of blue laser light diffracted through a single slit

¢ Thefeatures of the single-slit diffraction pattern using monochromatic light are:
o Acentral maximum with a highintensity
o Equally spaced subsidiary maxima, successively smallerin intensity and half the width
of the central maximum

Single Slit Diffraction of White Light

¢ Whenwhitelightisincident on a slit, separate diffraction patterns can be observed foreach
wavelength making up the white light
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WHITE
LIGHT
SOURCE

ZERO ORDER —
CENTRAL FRINGE

FIRST ORDER

SPECTRUM / - SINGLE SLIT

—
-

SECOND ORDER
SPECTRUM

Single slit diffraction of a white light source

o |fthelaserweretobereplacedby anon-lasersource emitting whitelight:
o The centralmaximum would be white
o Allmaxima would be composed of a spectrum
The shortest wavelength (violet / blue) would appear nearest to the central maximum
Thelongest wavelength (red) would appear furthest from the central maximum
The fringe spacing would be smaller and the maxima would be wider

o]

(e}

(e}

LIGHT INTENSITY

POSITION ON SCREEN

Qualitative treatment of the variation of the width of the central diffraction maximum with
wavelength and slit width. Redlight is diffracted the most, bluelight is diffracted the least.

(f) ExamTip
- . . : . . .
Be mindful that all waves undergo diffraction, so questions about diffraction may
involve sound, ultrasound, electromagnetic waves, or even waves on water
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Slit Width

¢ Theangle of diffractionis directly proportional to the wavelength of the light
o This means that the width of the bright maxima, or fringe, is also proportional to the
wavelength
¢ Redlight - which has the longest wavelength of visible light - will produce a diffraction
pattern with wide fringes
¢ Bluelight - which has a much shorter wavelength - will produce a diffraction pattern with
narrow fringes

[RED LIGHT = LARGE FRINGE WIDTH

|BLUE LIGHT = NARROW FRINGE WIDTH

Fringe width depends on the wavelength of the light

¢ Therefore, if the bluelaserwere to bereplaced with aredlaser:
o Thewavelength of redlightis longerso the light would diffract more
o Theintensity fringes would therefore be wider

LIGHT INTENSITY

POSITION ON SCREEN

Theintensity pattern of redlaser light shows longer wavelengths diffract more than shorter
blue wavelengths

¢ |ftheslitwas made narrower:
o Theintensity would decrease
o Thefringe spacingwould be wider
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O Exam Tip YOURlNOTES
- When drawing diffracted waves, take care to keep the wavelength (the distance
between each wavefront) constant. Itis only the amplitude of the wave that
changes when diffracted.
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Intensity of Interference Maxima & Minima

Using different sources of monochromatic light demonstrates that:
o Increasing the wavelengthincreases the width of the fringes
The angle of diffraction of the first minima can be found using the equation:

Where:
o @=theangle of diffraction (radians)
o A=wavelength(m)
o b=slitwidth (m)

This equation explains why red light produces wider maxima

o |tis becausethelongerthe wavelength, 4, the larger the angle of diffraction, 0
It also explains the coloured fringes seen when whitelight is diffracted

o Itis becauseredlight (longer 1) will diffract more than bluelight (shorter 1)

o This creates fringes which are blue nearer the centre and red further out

Italso explains why wider slits cause the maxima to be narrower
o Itis because the wider theslit, b, the smaller the angle of diffraction, ¢

RELATIVE

INTENSITY WHDESE=RIE

b e

o>

/J\ /\/\ POSITION
PATTERN SEEN - o dlll = -
ON SCREEN

RELATIVE NARROW SLIT
INTENSITY
b 1o

o~ N\ / \ LN o~ posiion

Slit width and angle of diffraction are inversely proportional. Increasing the slit width leads

to adecreaseinangle of diffraction, hence the maxima appear narrower

Single Slit Geometry
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¢ Thediffraction pattern made by waves passing through a slit of width b can be observed on YOURNOTES
ascreenplacedalarge distance away 1

INTERFERENCE
SEEN HERE

*CENTRE LINE

\\
_CPATH b oy

DIFFERENCE ~ 2

NOT TO
SCALE DISTANT SCREEN

The geometry of single-slit diffraction

o Ifthedistance, D, between thesslitandthe screenis considerably larger than the slit width,
D>>b:
o Thelightrays can beconsidered as a set of plane wavefronts that are parallel to each
other

N o

PATH DIFFERENCE =

r,— rzzgsine

Determining the path difference using two parallel waves

e Fortwo paths,rpandry, travelling parallel to each otherat an angle, 9, between the normal
andthe slit, the path difference will be:

path difference=r-ry= Esin 0

¢ Foraminima, orarea of destructiveinterference:

The path difference must be a half-integral multiple of the wavelength
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nA

path difference = 7

Equating these two equations for path difference:

nk b 9
> —2sm
nA = bsin 0

e Wherenis anon-zerointegernumber,n=1,2,3...

» Sincetheangle dis small, the small-angle approximation may be used: sin § = 6
ni=bo

¢ Therefore, the firstminima, n =1, occurs at:

A=0b0

This leads to the equation for angle of diffraction of the first minima:

> Worked Example

[ ) . L . .
A group of students are performing a diffraction investigation where a beam of

coherentlightisincident on a single slit with width, b.

Thelightis thenincident on a screen which has been setup a distance, D, away.

LIGHT

INCIDENT > ib

SINGLE SLIT

SCREEN

Apattern of light and dark fringes is seen.

Theteacherasks the students to change theirset-up so that the width of the first
bright maximumincreases.

Suggest three changes the students could make to the set-up of their
investigation which would achieve this.

Step 1: Write down the equation for the angle of diffraction
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o Thewidth of the fringeis related to the size of the angle of diffraction, 6

Step 2: Use the equationto determine the factors that could increase the width of each
fringe

Changel

o Theangle of diffraction, 6, is inversely proportional to the slit width, b

Dot
“b

o Therefore, reducing the slit width wouldincrease the fringe width
Change?2
o The angle of diffraction, 0, is directly proportional to the wavelength, 1
O
o Therefore, increasing the wavelength of the light would increase the fringe width
Change 3

o Thedistance between theslitandthe screen will also affect the width of the central
fringe

o Alargerdistance means the waves must travel furtherhence, will spread out more

o Therefore, moving the screen further away wouldincrease the fringe width

Page 35 of 96

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

Young’s Double-Slit Experiment

¢ Young's double-slit experiment demonstrates how light waves can produce an
interference pattern

¢ Thesetup of the experimentis shown below:

DIFFRACTED LIGHT

1)

FROM SLIT A
INTERFERENCE
PATTERN
MONOCHROMATIC A )
LIGHT SOURCE I \

SINGLE SLIT

l DOUBLE SLITS

DIFFRACTED LIGHT
FROM SLIT B

Young’s double-slit experiment arrangement

¢ When a monochromatic light sourceis placed behind a single slit, the light is diffracted
producing two light sources at the double slits Aand B

¢ Sincebothlight sources originate from the same primary source, they are coherent and will
therefore create an observable interference pattern

o Bothdiffractedlight fromthe double slits create an interference pattern made up of
bright and dark fringes

¢ Thedistance between the fringes can be calculated using the double-slit equation:
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WA\/ELENGTHj\ /E DISTANCE BETWEEN DOUBLE ’ YOURNOTES

OF SOURCE (m) SLIT TO THE SCREEN (m)

S = FRINGE WIDTH

_AD
d
(DISTANCE BETWEEN (\E

SUCCESSIVE BRIGHT
FRINGES) (m)

DISTANCE BETWEEN CENTRES
OF THE SLITS (m)

INTENSITY

Doublesslitinterference equation withd, s and D represented on a diagram

Investigating Young’s Double-Slits Experimentally

The overall aim of this experiment s to investigate the relationship between the distance
between the slits and the screen, D, and the fringe width, s

¢ Independentvariable = Fringe width, s
e Dependentvariable = Distance between the slits and the screen, D
e Controlvariables

o Laserwavelength, 1

o Slitseparation, d

Method

FRINGE PATTERN_
FRINGE WIDTH S
DOUBLE SLIT SCREEN »

SEPARATION d

LASER S
WAVELENGTH A H e SZI

SINGLE _ 9
sLIT

The setup of apparatus required to measure the fringe width s for different values of D

1. Setupthe apparatus by fixing the laserand the slits to a retort stand and place the screen
sothatDis 0.5 m, measuredusing the metreruler

2.Darkentheroomandturnonthelaser

3.Measure from the central fringe across many fringes using the vernier callipers (orideally, a
travelling microscope) and divide by the number of fringe widths to find the fringe width, s

4.Increasethedistance Dby O.1mandrepeat the procedure, increasingitby O.1meach time
uptoaroundl.5m
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5.Repeat the experiment twice more and calculate and record the mean fringe width, s, for YOURNOTES
eachdistanceD 1

¢ Anexample table might look like this:
_DISTANCE BETWEEN
SLITS AND SCREEN _\/

S/m S/m S/m S/m

D/m 1st READING | 2nd READING | 3rd READING | MEAN

0.5
0.6
Erz
0.8
0.9
1.0
44
1.2
1.3
1.4
15

Analysing the Results

e Thefringe spacing equationis given by:

e Where;
o s=thedistance betweeneach fringe (m)
o A=thewavelength of thelaserlight(m)
o D=thedistance between theslitand the screen (m)
o d=theslit separation(m)

e Comparingthis to the equation of a straight line: y = mx
o y=s(m)
o x=D(m)

A
o Gradient = E (unitless)

Plota graph of s against D and draw a line of best fit
¢ Thewavelength of the laserlightis equal to the gradient multiplied by the slit separation, as
shown by the graph:

GRADIENT = A
S/m d

A =dxGRADIENT

D/m

Evaluating the Experiment
Systematic errors:
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e Ensuretheuseof the setsquareto avoid parallax errorin the measurement of the fringe YOURNOTES
width 1
¢ Thedistance between fringes is very small due to the short wavelength of visible light
o Amonochromatic light source mustbe used so that the fringes easierto observe

Randomerrors:

e Thefringe spacing can be subjective dependingonits intensity on the screen, therefore,
take multiple measurements of s (between 3-8) and find the average
e Usea Vernierscaletorecorddistances s toreduce percentage uncertainty
o Useatravellingmicroscope, if available, for the greatestaccuracy
e Reducetheuncertaintyin s by measuring across all visible fringes and dividing by the
number of fringes
¢ Conductthe experimentin a darkenedroom, so the fringes are clear

Safety Considerations

e |asers shouldbe Class 2 and have a maximum output of no more than TmwW

e Donotallowlaserbeamstoshineintoanyone’s eyes

e Removereflective surfaces from theroomto ensurenolaserlightis reflectedinto anyone’s
eyes
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Two-Slit Interference Patterns

e Fortwo-sourceinterference fringes to be observed, the sources of the wave must be:
o Coherent (constant phase difference)
o Monochromatic (single wavelength)

* Whentwowaves interfere, theresultant wave depends on the phase difference between
thetwowaves
o Thisis proportional to the phase difference between the waves which can be writtenin
terms of the wavelength 21of the wave

e Asseenfromthe diagram, the wave fromslit S, has to travel slightly further than that from S;
toreach the same pointonthe screen
o Thedifferencein this distanceis the path difference

CONSTRUCTIVE INTERFERENCE:
PATH DIFFERENCE = nA

DESTRUCTIVE INTERFERENCE:

PATH DIFFERENCE = (n +%)A

WHERE n=0,1,2,3..

s, /
PATH
DIFFERENCE

Interferenceis causedby the variationin path length between the two slits

¢ Forconstructiveinterference (ormaxima), the difference in wavelengths willbe aninteger
number of whole wavelengths
¢ The condition for constructive interference can be written as:

path difference = nA (wheren=0,1,2,3..)
¢ Whenwaves undergo constructive interference theiramplitudes add to form a resultant

combinedwave at the point where they meet

e Fordestructiveinterference (orminima) it willbe aninteger number of whole wavelengths
plus a half wavelength
¢ Thecondition fordestructive interference can be written as:

1
path difference = (n + E)/l (wheren=0,1,2,3..)
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¢ nisthe orderof the maxima (bright fringes) / minima (dark fringes) YOURNOTES
o n=0istakenfromthe middle,n=1is the next peakandsoon 1
¢ Whenwaves undergo destructiveinterference theiramplitudes subtracttoforma
resultant combined wave at the point where they meet

/ PATH
DIFFERENCE

Interference pattern of light waves shown with orders of maxima and minima

¢ Aninterference pattern shows theintensity of light at different distances away from the
centralmaxima
o Foradouble-slitinterference pattern theintensity of thelightis the same forall
maxima
¢ Thisis different to the double-slit diffraction pattern thatis observed on a screen (These
are explainedin 9.3.3 Diffraction Grating Patterns)

Double-Slit Diffraction Geometry

¢ Thediffraction pattern made by waves passing through two slits of separation dcanbe
observedon ascreen placedalargedistance, D, away

Sz/

KE PATH DIFFERENCE = d sin®

D
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¢ Ifthedistance, D, between the slits andthe screenis considerably larger than the slit YOURNOTES
separation, D> > d: 1
o Thelightrays canbeconsidered as a set of plane wavefronts that are parallel to each
other
r'1

PATH DIFFERENCE =

L= = dsinB

e Fortwo paths,rpandr,, travelling parallel to each otherat an angle, 6, between the normal
andthe slit, the path difference will be:

path difference=r,-r=d sin 0
¢ Forconstructiveinterference:
path difference = nA
e Therefore, bright fringes willoccurwhen:
nA=dsin 0

e Fordestructiveinterference:
- (s 1)
path difference=|n+ — |4
\2)
e Therefore, dark fringes willoccurwhen:

(n + %)ﬂ, =dsin 0
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YOURNOTES
i

Sy

D

e8] — 3

| SMALL ANGLE APPROXIMATION: tan® = sin® ~ 6

@

e Thedistance between fringes, s, can berelatedto the distancetothe screen, D, using
trigonometry:

s
tan 0=—

D

» Sincetheangle dis small, the small-angle approximation may be used: tan 6 ~sin 0 ~ 0

¢ Usingthe condition forconstructive interference and the small-angle approximation:

nA=dsin 0
niA=do
¢ Rearrangethe equationfor 6.
9= ni
~d
¢ Combiningthe two equations gives:
nk s
d D

O Exam Tip

¥ The equations for constructive and destructive interference above are the same
versions as foundin your data booklet - don't let otherversions of these equations
confuseyoul!

Constructive and destructive interference can be calculated with alternative
equations for specific values of n
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Intensity Graphs YOURNOTES

¢ Insingleslit diffraction, the observed interference pattern shows: l
o Acentral maximum with the highestintensity
o Subsequent maxima with half the width of the central maximum
o Theintensity of each subsequent maxima decreases

¢ Indoubleslit diffraction, the observedinterference pattern shows:

o Thefringes are equally bright, meaning they have equal intensity

o Theangleincreases by a constant amount, as the fringes are equally separated
¢ Note: thisis only the case for double slit diffraction for slit widths of negligible size

RELATIVE INTENSITY
! DOUBLE SLIT INTERFERENCE

ANGLE ©

INTENSITY

SINGLE SLIT INTERFERENCE
FINITE-WIDTH SLIT

ANGLE ©

INTENSITY

DOUBLE SLIT INTERFERENCE
FINITE-WIDTH SLIT

Intensity graphs for single and double slit interference when the slit is infinitely narrow
compared to a slit of finite width

¢ Thefringes duetothe double slits are much closertogetherthanin the single slitcase
o Thisis because the distance between the slits is greater than their widths

¢ Theresultinginterference patternis a combination of the double-slit and single slit
interference patterns
o Thisis known as modulation
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A modulated double-slitinterference pattern with the single slit diffraction patternis still
visiblein the "envelope" (shown by the dottedline). This occurs when the slit width is
significant.

¢ Theintensity of theresulting fringe pattern has been modulated by the interference of the

two diffracted beams, as the effect of the single slits is significant
¢ Thisis assumingthat:

o Theslitwidthis not negligible

o Thedistance between theslitsis much greaterthan theirwidth
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Diffraction Grating Patterns

« Adiffraction gratingis a plate consisting of a very large number of parallel, identical, close-
spacedslits

o When monochromatic lightis incident on a grating, a pattern of narrow bright fringesis
producedon ascreen

PARALLEL BEAM OF
MONOCHROMATIC LIGHT
OR LASER LIGHT

—

DIFFRACTION
GRATING

Diffraction grating with multiple slits, usually describedin terms of 'slits per metre'

e The number of slits dictates both theinterference and diffraction patterns which are

seen

¢ Onthescreen adiffraction patternis observed
o Theinterference patternis a measure of theintensity of the light at different angles of
diffraction away from the central maxima

o Foradoubleslitarrangement thisis shownin (2.3.2 Two-Slit Interference Patterns)

¢ Onthediffraction pattern as the number of slits increases:
o Between the maxima, secondary maxima appear
o The centralmaxima and subsequent bright fringes become narrower

SINGLE SLIT | DOUBLE SLIT | | THREE SLIT | FIVE SLIT

DIFFRACTION

> > '< > ! > 'zu-é
SE SE Sk YE GG
E2 E2 2 E2 w X
< g < g < i _-4 < i ™
T E zE o E == ok Z
V 2z BZ _ oo T Z za

————— = SINGLE SLIT ENVELOPE

Diffraction patterns for light interfering through different numbers of slits
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¢ Whenthere are 3slits, 1 secondary maxima can be seen between the primary maxima

¢ Whenthere are 5 slits, 3 secondary maxima can be seen between the primary maxima
o Therefore, with N slits (when N > 2), there are (N - 2) secondary maxima

¢ Oncethenumberofslitsincreases toN > 20:

o The primary maxima will become thinnerand sharper (

o The(N - 2) secondary maxima willbecome unobservable

¢ Onadiffraction pattern, as the number of slits increases:
o Theintensity of the centraland otherlargermaxima increases
o Sincethe overallamount of light beinglet through each slitis increased, the pattern
increases inintensity by a factor of N2l
= Wherelpis theintensity of the central maximum of a single slit diffraction pattern

MONOCHROMATIC
LIGHT SOURCE
e.g. LASER

The diffraction pattern for light passing through a double-slit is the pattern observed on the

LIGHT

INTERFERENCE EXPERIMENT

TWO SLITS
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.

R

SCREEN

since slitwidth, dox —)

N

Itisimportant torecognise the difference between interference and diffraction patterns

CONSTRUCTIVE
re INTERFERENCE
(BRIGHT)

D

DESTRUCTIVE
re INTERFERENCE
(DARK)

CONSTRUCTIVE
re INTERFERENCE
(BRIGHT)

DESTRUCTIVE
e INTERFERENCE
(DARK)

-
CONSTRUCTIVE
e INTERFERENCE
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YOURNOTES
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® MAXIMA

> MINIMA

PATH
DIFFERENCE

Theinterference pattern for light passing through a double-slit is different to the diffraction
pattern

Investigating Interference by Diffraction Grating
The overall aim of this experiment is to calculate the wavelength of the laserlight usinga
diffraction grating

¢ Independentvariable = Distance between maxima, h
¢ Dependentvariable =The angle between the normalandeach order, 6, (wheren =1, 2, 3 etc)

e Controlvariables:
o Distance between theslitsandthescreen, D
o Laserwavelength A
o Slit separation, d

Method
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ORDERS OF THE YOURNOTES
DIFFRACTION PATTERN l
_h
HaiE) S SCREEN »
n=2
n="1
h,
n=0
h2 n:’l
DIFFRACTION
GRATING 5

le
I'\

|
D “1

The setup of apparatus required to measure the distance between maxima h at different
angles 6

1.Placethelaseronaretort stand and the diffraction gratingin front of it

2.Useasetsquaretoensurethe beam passes through the grating at normalincidence and
meets the screen perpendicularly

3.Setthedistance D between the gratingand the screentobe 1.0 musing a metre ruler

4.Darkentheroom andturnonthelaser

5.ldentify the zero-order maximum (the central beam)

6.Measure the distance hto the nearest two first-order maxima (i.e.n=1,n = 2) using a vernier
calliper

7.Calculate the mean of these two values

8.Measure distance h forincreasing orders

9. Repeat with a diffraction grating with a different number of slits permm

¢ Anexample table mightlook like this:

DISTANCE
DIFFRACTION BETWEEN MAXIMA
ORDER

h/m h/m h/m
n 41st READING | 2nd READING MEAN 8/°

ANGLE
BETWEEN MAXIMA

g M w N

Analysing the Results
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The diffraction grating equation is given by: YOURNOTES
1A= dsin 0 {

¢ Where:

o n=theorderofthediffraction pattern
A=thewavelength of thelaserlight (m)
d=thedistance between the slits (m)
0=the angle between the normaland the maxima

o

o

(e}

ORDERS OF THE
DIFFRACTION PATTERN

EE= SCREEN:
n=2
n=1
h1
n=0
h, n=1
DlFFRACTlON
GRATING J—

™

¢ Thedistance between thesslits is equal to:

d=

Z|r

¢ Where
o N=thenumber of slits per metre (m™")

¢ Sincetheangleis notsmall, it mustbe calculated using trigonometry with the
measurements for the distance between maxima, h, and the distance between the slits and
thescreen, D

h h
tan 6 = — — f=tanl (=
D D

e Calculate amean 6value foreach order
¢ Calculate ameanvalue forthe wavelength of the laserlight and compare the value with the
acceptedwavelength
o Thisisusually 635 nm fora standard schoolredlaser
Evaluating the Experiments
Systematic errors:
¢ Ensuretheuse of the set squareto avoid parallax errorin the measurement of the fringe
width

e Usinga gratingwith morelines per mmwill resultin greatervalues of h
o This lowers its percentage uncertainty

Randomerrors:
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¢ Thefringe spacing can be subjective depending onits intensity on the screen, therefore, YOURNOTES
take multiple measurements of h (between 3-8) and find the mean 1
¢ UseaVernierscaletorecorddistances htoincrease precision and therefore reduce
percentage uncertainty
e Reducetheuncertaintyin hby measuring across all visible fringes and dividing by the
number of fringes
¢ Increasethegratingto screendistance D toincrease the fringe separation (although this
may decrease theintensity of lightreaching the screen)
¢ Conductthe experimentin a darkenedroom, so the fringes are clear

Safety Considerations

¢ Lasers shouldbe Class 2 and have a maximum output of no more than TmwW

e Donotallowlaserbeamstoshineintoanyone’s eyes

e Removereflective surfaces from theroomto ensure nolaserlightis reflectedinto anyone’s
eyes

> Worked Example

° . . . .
Astudentinvestigates theinterference patterns produced by two different

diffraction gratings. One gratingused was marked 100 slits / mm, the otherwas
marked 300 slits /mm. The distance between the gratingand the screenis
measured to be 3.75 m.The student recorded the distance between adjacent
maxima after passing a monochromatic laser source through each grating. These
results are shown in the tables below.

Average Cumulative

300 slits/mm  h,7/cm h,/cm h/cm Totalh/cm

n=0to1 71.7 71.5 71.6 71.6

n=1to2 79.8 79.8 79.8 151.4

Average Cumulative

100 slits/mm  h,7/cm h,/cm h/cm Totalh/cm

n=0to1 23.8 24.0 23.9 23.9

n=1to 2 24.0 25.0 24.5 48.4

Calculate the mean wavelength of the laserlight and compare it with the accepted
value of 635 nm. Assess the percentage uncertainty in this result.
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Step 1: Calculate the distance between the slits

1 1

For 300 slits / mm: d=—=z —————
N 300x 103
1 1

For 100 slits / mm: d=—=—
N 100 x 103

Step 2: Calculate the mean angle for each order

h
_ -1 (—
0 =tan (D)

e For 300 slits / mm:

71.6
61 = tan™! (E) =10.81°

151.4
375

6z = tan™! ( ) =21.99°

e For 100 slits / mm:

23.9
01 = tan™! (ﬁ) = 3.647°

48.4
62 = tan™! (E) = 7.354°

Step 3: Use the grating equation to determine the wavelengths for each order
ni=dsin6
e For 300 slits / mm:
n=1: 1= T>1<103 x sin 10.81° = 6.25 x 1077 = 625 nm

1

=% A= —
n : 2%X(300 x 103)

x sin 21.99° = 6.24 x 1077 = 624 nm
e For 100 slits / mm:

n=1: 2 x sin 3.647° = 6.36 x 107 = 636 nm

= 100 x 103
1

A=—————xsin 7.354° = 6.40 x 1077 = 640 nm
2x(100 x 103)

Step 4: Calculate the mean wavelength

625 + 624 + 636 + 640

Mean A = 7 =631.25=631nm

Step 5: Determine the percentage uncertainty in this value
e The difference between the calculated and accepted value is:

635-631=4nm

4
% uncertainty = E x 100% = 0.6%
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The Diffraction Grating Equation

¢ Theangles at which the maxima of intensity (constructive interference) are produced can
be deduced by the diffraction grating equation:

ANGULAR SEPARATION BETWEEN
THE ORDER OF MAXIMA (DEGREES)%\ ‘/EWAVELENGTH QF SeicE (m)l
dsin(B)=nA
SPACING BETWEEN ORDER OF MAXIMA
ADJACENT SLITS (m) n=0.1273.

e Thelines perm(orpermm, pernm etc.) on the gratingis usually represented by the symbol
N

¢ Therefore, the spacing between each slit, d, can be calculated from N using the equation:

d=

Z |~

Angular Separation

e Theangularseparation of each maxima is calculated by rearranging the grating equation to
make 0 the subject

e Theangle0is taken fromthe centre meaning the higher orders are at greaterangles

POINTS OF
n=2 CONSTRUCTIVE
/ INTERFERENCE
=
n=0
n=1
n=2
Angular separation

¢ Theangularseparation between two angles is found by subtracting the smallerangle from
thelargerone

¢ Theangularseparation between the firstand second maxima n;andnyis 6, - &

Orders of Maxima

¢ Themaximum angle to see orders of maxima is when the beamis atright angles to the
diffraction grating
o Thismeans §=90°andsin 0=1

¢ Thehighest order of maxima visible is therefore calculated by the equation:

Page 53 of 96

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

=
Il
>l

¢ Notethatsincenmustbeaninteger,if thevalueis a decimalit must berounded down
o E.glfniscalculatedas2.7thenn=2is thehighestordervisible

*> Worked Example

An experimentwas setup toinvestigate light passing through a diffraction grating

with a slit spacing of 1.7 um. The fringe pattern was observed on a screen. The
wavelength of thelightis 550 nm.

Second order

1 line
tightof 3\ ] Central
wavelength A maximum
Second order

Diffraction grating line

Screen

Calculatethe angle a between the two second-orderlines.

STER 4 DIFFRACTION GRATING EQUATION

dsin(@®) =nA

n=2 FOR THE SECOND ORDER LINE
D=17 pm

A =550 nm

STEP 2 REARRANGE FOR sin(@)

sin(@) = %

STEP 3 SUBSTITUTE IN VALUES
2 x 550 x 107°

710" =0.64705... = 0.65 (2 s.f.)

sin(B) =

STEP 4 FIND 6 THROUGH THE INVERSE SINE
sin~1(0.65) = 40.54°

STEP B 6 IS ANGLE FROM THE CENTRE TO THE SECOND ORDER
LINE ( ON THE DIAGRAM)

d=0x2=381(2 sfl)

Derivation of the Diffraction Grating Equation

¢ Whenlight passes through the slits of the diffraction grating, the path difference at the
zeroth order maximum is zero
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¢ Atthefirst-ordermaxima (n =1), thereis constructiveinterference, hence the path YOURNOTES
differenceis s 1
o Therefore, atthe nth ordermaxima, the path differenceis equaltoni

Using this diagram and trigonometry, the diffraction grating equation can be derived

¢ Usingtrigonometry, an expression for the first order maxima can be written:

sin @ =-—
d
e Where:
o @=theanglebetweenthenormalandthe maxima
o A=thewavelength of thelight(m)
o d=theslitseparation(m)

e Thismeans,forn=1:

in B A
SN ==
17 a
e Similarly, forn =2, where the path differenceis 24:
. 22
sin 62 = —
a

e Therefore, in general, where the path differenceis nA:

) nAa
SN en = ;

¢ Asmallrearrangementleads to the equation for the diffraction grating:

dsing,=ni
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YOURNOTES

(’) Exam Tip .

Take carethattheangle 6is the correct angle taken from the centre and not the
angle taken between two orders of maxima.
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YOURNOTES

l
Thin Film Interference

¢ Thinfilminterference causes theiridescence seenin:
o Nature onpeacockfeathers
Glossy flower petals
Soapbubbles
The shiny sideof a CD
Thin layers - or films - of oilon water
¢ This phenomenon occurs when light waves reflecting off the top and bottom surfaces of a
thin film interfere with one another

w
A

o

o

(e}

le]

4.\

The colourful pattern observedona CDis aresult of thin ilminterference

Conditions for Thin Film Interference

e Toseetheinterferencelight must beincident on a material which:
o Isverythin
o Has ahigherrefractiveindexthan the medium surrounding it
o Also transmits light

e Theeffectis causedby thereflection of waves from the top and bottom surfaces of the
thin film

Page 57 of 96

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

YOURNOTES
i

J7 PHASE A C
CHANGE

ZERO PHASE

CHANGE

Phase changes at the top and bottom of a thin film

Lightincident on the top surface of the thin film (A)

¢ Partof thelightwavereflects ataboundary between aless-dense and a more-dense
medium (e.g. Airto Oilwhere naj- < noj), and a phase changeis seen, such that:

Awavereflected at aboundary with a medium of a higher refractiveindex

A
undergoes a phase change of half awavelength (E ),180° ormrrad

REFLECTED WAVE
180° PHASE CHANGE
" TROUGH — CREST
CREST — TROUGH

LESS DENSE
MATERIAL

MORE DENSE
MATERIAL

}HTRANSMITTED WAVE
NO PHASE CHANGE

A waveincident on the boundary with a more dense material is bothreflected and
transmitted. The transmitted wave continues without a phase change and the reflected
wave has a 180° phase change. What was the peak on the incident wave becomes the
trough on the reflected wave.

¢ Youneedto be aware of thin-film interference fora wave incident on oiland water
« Lightisreflected andtransmitted from a boundary with aless dense to a more dense
material
o AirtoWater
o Waterto Ol
e Lightis transmitted only from a boundary with a more dense to less dense material
o QiltoAir
¢ Aless dense materialhas alowerrefractiveindex(n)
o Therefractiveindexof airis 1
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o Therefractiveindex of wateris 1.33
o Therefractiveindex of oilis 1.4-1.5
o Normally in thin-filminterference situations: naj- < Nyater< Noi

»  OBSERVER
Q
AIR /

OlL d

WATER

Lightis reflected and transmitted at the boundary from a less dense to a more dense
material. Light is transmitted only at the boundary from a more dense to aless dense
material. Hence, in this diagram P and Q exist but the third unlabelled ray does not.

Light transmitting through the thin film (B)

o Partof thelightwave alsorefracts as it enters the thin film andis transmitted through the
material to the bottom surface

e Thelightwaveis now travelling through a denser medium, soit travels at a slower speed
andhas a shorter wavelength
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LIGHT TRANSMITTING THROUGH THE THIN FILM | YOURNOTES
i

n

1 Z

THE WAVELENGTH IS SHORTER
IN THE DENSER MEDIUM

When the light ray enters a denser medium the wavelength becomes shorter.
Light incident on the bottom surface of the thin film (C)

o |fthebottomsurfaceis at aboundary with a more dense material (a higherrefractive index
e.g. oil-waterwhere nyj<nyater) then both of the following will occur:
o Reflection with a mphase change backinto the thin film
o Refraction of the transmitted light into the next medium
= Thisis the samesituation as thelight wave incident on the top surface of thin film

n,< n,

REFLECTED WAVE
INCIDENT WAVE (JT PHASE CHANGE)

TRANSMITTED WAVE
(NO PHASE CHANGE)

Lightis transmitted with no phase change between the boundary of aless dense to a more
dense material andreflected with a phase change.
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¢ Ifthebottom surfaceis ataboundary with aless dense material (a lower refractive index
e.g. oil-airwhere n ;< ngj) then the following will occur:
o Transmission with refraction will occur out of the material
o Noreflectionwilloccuratthe boundary

Light transmitting through the thin film and refracting back into the first medium (D)

¢ Lighttravelling through the thin film undergoes a wavelength shift due to the density of the
plastic

e Thewavelength shiftis a multiple (normally labelled m) of a half-integer multiple of
wavelengths

¢ Thethinnerthe film, the smallerthevalue of m

LIGHT TRANSMITTING THROUGH THE THIN FILM AND REFRACTING
BACK INTO THE FIRST MEDIUM

REFLECTED WAVE PHASE CHANGE ATK

INCIDENT
WAVE A

WAVES LEAVING THE BLOCK

ARE IN PHASE
AR \\ CONSTRUCTIVE
o INTERFERENCE

o=

PLASTIC \{_~
mA./2 WAVELENGTH

4 SHIFT DUE TO PLASTIC

AR 4

Light reflecting off the thin-film air boundary undergoes a wavelength shift related to the
density of the thin-film. Light reflecting off the air-thin film boundary undergoes a phase
change of half a wavelength. This results in constructive interference and a bright light seen
by the observer.

Observing Constructive Interference

e Constructiveinterference willbe seen as brighter colours by the observer
o Thelightintensity hasincreased making the colourappear brighter
e Thetotal path difference of the two waves reflected andrefracted off the top surface of
the thin film must be a multiple of wavelengths for constructive interference to be seen by

the observer
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CONSTRUCTIVE INTERFERENCE THROUGH A THIN FlLM:‘

AMPLITUDES OF
TWO WAVES COMBINE
TO GET RESULTANT C

The combination of the phase change due to the reflection off the air-film surface and the
phase change within the film here, results in constructive interference seen by an observer
because the path differenceis a multiple number of wavelengths.

¢ Accordingtothe data booklet, the formula for the path difference for constructive
interferenceis:

1
2dn=(m + E)/l

e Where:
o d=thickness of the film
o n=refractiveindex of medium
o m=anintegerrelatedto therefractiveindex and thickness of the medium
= Thethinnest film exists whenm =0
o A=wavelength of thelightin air

¢ Constructiveinterference occurs when two waves are out of phase by anintegernumber
of wavelengths The wavereflected from Ahas undergone a phase changesonow has a
path difference of B

¢ Thewave comingfrom Cinside the film must have a phase difference of a half-integer

A
multiple of wavelengths So, the total phase difference would be 5 +multiple ofE

1
¢ Intheformula forthe path dif’ferenceforconstructiveinterference:2dn:(m + 3)1
e So,thethinnest film exists whenm=0

1
o Sothemultiple of El wouldjustbeone

o Whenm =1the multiple would be %/1
o Acommon questionis to be asked to calculate the thickness of the thinnest film
Observing Destructive Interference
o Darkercolours are observed through destructive interference

o Thelightintensity has decreased making the colourappear darker
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¢ Thetotal path difference of the two waves reflected andrefracted off the top surface of
the thin film must be a half-integer multiple of wavelengths for destructive interference to
be seen by the observer

DESTRUCTIVE INTERFERENCE THROUGH A THIN FILM:

AMPLITUDES OF
TWO WAVES COMBINE
TO GET RESULTANT C

The combination of the phase change due to the reflection off the air-film surface and the
phase change within the film here, results in destructive interference seenby an observer
because the path differenceis a half integer multiple number of wavelengths.

¢ Accordingto the data booklet, the formula for the path difference for destructive
interferenceis:

2dn=ma

¢ Where:
o d=thickness of the film
o n=refractiveindex of medium
o m=anintegerrelatedto therefractiveindex and thickness of the medium
o A=wavelength of thelightin air

¢ Destructiveinterference occurs when two waves are out of phase by a half-integernumber
of wavelengths The wavereflected from Ahas undergone a phase changesonow has a

A
path difference of

2
¢ Thewave comingfrom Cinside the film must have a phase difference of a half-integer
A A mi
multiple of wavelengths So, the total phase difference would be 3 +multiple ofE = T
mA
¢ Intheformula forthe path difference for destructive interference: dn = T

¢ So,thethinnest film exists whenm =1
e Otherfilms exist with destructive interference foronly odd values of m
o Whenm =2 forexample constructive interference and not destructive takes place as
24
) =\

Distance Travelled inside the film

¢ Lighttravels the same distance within a thin film whetherit undergoes constructive or
destructiveinterference
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¢ Lightenters from the top surface of the thin film, passes through the thin film of thickness d

e Lightis thenreflected off the bottom surface travelling a further distance of dto the original
surface

¢ So,thetotaldistancetravelled whetherthe lightinterferes constructively or destructively is
2d

DISTANCE TRAVELLED INSIDE THE FILM

\//

e WAVE
TRAVELS
OlL  TRAVELS ANOTHER 2
DISTANCE d DISTANCE d
\\> 4//
AT SO, TOTAL DISTANCE

TRAVELLED INSIDE THE
THIN FILM IS 2d

Thereflected wave travels a total distance of twice the thickness of the film

OBSERVER
AIR (ny)

ﬂT PHASE [n<n]
CHANGE

THIN

FILM (n,) B 4

ZERO PHASE
CHANGE

AR (n,)

Model the thin film as a parallel-sided, rectangular ‘slice’ with a thickness of ‘d’

Uses of Thin Film Interference

e Thinfilms can preventlight from being reflected
e Duetotheconservation of energy, thisincreases the light whichis transmitted through a
medium
e This effectis utilisedin:
o Cameralenses - these often have a coating to prevent reflection
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o Solarcells - this is to ensure a high proportion of incident light can be captured YOURNOTES
!
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Solving Problems Using Thin Films
The Mathematics of Constructive and Destructive Interference

e Considera thinfilm, such as a soap bubble, modelled as a very thin, parallel-sided
rectangle, with thickness d andrefractive index higher than that of the surrounding air,i.e.n
>1

o Ifthethin filmis sitting on top of a different denser medium e.g. waterthen the
following situations willnot apply because of the phase change obtained from the
reflection at the oil-waterboundary

-

Athin film can be modelled as a parallel-sided, rectangular ‘slice’ with a thickness of ‘d’

e Constructiveinterference occurs when:

A

The thickness of the coatingis y

e Thisis because thelight fromthe bottom of the film has travelled an extra distance )

(there andback)
A
e Sincethefirstray has undergone a phase change of m, orhalf a wavelength, E ,the
condition for constructiveinterferenceis:

Path difference,2d = (m + l\ A
\2)0
¢ Where:
o d=thickness of the film (m)
o m=aninteger(generallytakenasm=0)
o Ap=wavelength of lightin soap (m)
e Thevalue of 1o canbe obtained using therelationship:

A
/10 =
¢ Where:
o A=wavelength of lightinavacuum(m)
o n=refractiveindex of the film
¢ The condition for constructive interference can, therefore, be rewritten in terms of 1as:
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2d=(m+%)%

Rearranging this gives:

A

N———

2dn=(m+%

Destructive interference occurs when:

A

The thickness of the coatingis )

This is because the light from the bottom of the film has travelled an overall distance of
This time, the condition for destructive interferenceis:

Path difference, 2d = mﬂ,o

Thevalue of 1o can be obtained using the relationship:

2
lo—;

The condition for destructive interference can, therefore, be rewrittenin terms of 1as:
2d=m—
n

Rearranging this gives:

2dn=mAi

*> Worked Example

Acameralens has areflective coating applied to ensure thatas much of the light
falling on the lens is transmitted, with minimal reflection.

Thelens hasrefractiveindex of 1.72 and the coating a refractive index of 1.31.

Estimate the thickness of coating required to minimise reflection of visible light.
You canassume an average wavelength of 540 nm.

Step 1: List the known quantities

o Refractiveindex of coating,n =1.31
o Wavelength,A=540 nm

Step 2: Use the data booklet to find the conditions for thin-fiiminterference

ConstructiveInterference Destructive Interference
(m+ L)
2dn =|m+ <= |4 2dn = mA
\ 2)
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Step 3: Consider the phase changes at the boundaries YOURNOTES

o Firstly, at the boundary with the coating, which has higher optical density, i
phasechange=m

o Secondly, at the boundary with the lens, which has higher optical density,
phasechange=m

Step 4: Determine the correct equationtouse

o Topreventreflection, this requires destructive interference, so the equation touseis:

2dn=(m+%)/l

o Foraminimum thickness,m=0

Step 5: Rearrange to make thickness, d, the subject and calculate

A

" 4n

d

_ 540X 1079

ax13] - oonm
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YOURNOTES
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Diffracting Aperture

Acircularaperture allows a cone of lightto enteraregion behind the aperture
Examples of circularaperture include:

o Alens within an optical device such as a camera

o Thepupilof aneye

Acircularaperture allows light to act like a point source once passing through
Placing two point sources near each other orviewing those sources too far away, will
make them appearto be a single unresolved source of light
Consider carheadlights which are distant on a highway:
o Initially, when the caris faraway, the headlights appear as one point source
o Itis notuntilthe carcomes closerthat the twoindividual headlights can beresolved
individually

Light from any object passing through a circularaperture, including the human eye, will
diffract and create a diffraction pattern upon the detectorinside
o Inthecaseof thehuman eye, forexample, the detectoris theretina

Each of these diffraction patterns need space on the detectorto beresolved
o Iftheyaretoo close, then they willappearas one single source

Resolutionis defined as:

The capability of animaging system to be able to tell if two sources are
independent and produce individual images of those two sources
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INTENSITIES -
i

Two light sources outside a circular aperture produce diffraction patterns that havea
minimum angle of resolution determined by the Rayleigh criterion
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The Rayleigh Criterion

¢ The Rayleigh Criterion describes the limit of resolution of a system to separate two
sources

INTENSITY (W m2)
1.0

T T
DISTANCE SEPARATED (m)

Two sources that only just beresolved. Theredis a single source, the blueis the other source
andthe purpleline represents their combinedintensity

e TheRayleigh Criterion states that:

Two sources are abletobejust resolved if the principal maximum fromone
diffraction patternis aligned with the first minimum of the other diffraction pattern

o Two sources that can befully resolved:

INTENSITY (W m™3)
1.2 -

1.0 -

\ _/-_-‘“-I--._
DISTANCE SEPARATED (m)

Two sources that canbe fully resolved. Theredis a single source, the blueis the second
source andthe purpleline represents their combinedintensity

¢ Visually, two sources that could clearly be resolved would look like the above

e Two sources thatcannotberesolved:
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INTENSITY (W m) YOURNOTES
i

DISTANCE SEPARATED {(m)

Two sources that cannot beresolved. Theredis a single source, the blueis the second
source andthe purplelinerepresents their combinedintensity

¢ Visually, two sources that could not beresolved:

Visually, two sources that couldnot beresolved

¢ Visually, two sources that are only justresolved:
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YOURNOTES
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Visually, two sources that could only just beresolved

¢ This above exampleis thelimiting case of the Rayleigh criterion

Visually, two sources that could clearly be resolved wouldlook like the above

o |fthetwo sources are separated further apart than maximum to minimum, they can be
resolved
o Ifthetwo sources are brought closer together, they cannot beresolved
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l
Rayleigh Criterion Calculations

¢ TheRayleigh Criterion can be mathematically described by considering angular separation
andsingle-slit diffraction
¢ Angularseparation can be calculated using the equation:

S
=3
¢ Where:
o @=angularseparation (rad)
o s=distancebetween thetwo sources (m)
o d=distance between the sources andthe observer(m)

S

4

5

v
i
1

Q

Angular separation, 6, is equal to the separation, s, of two sources divided by the distance,
d, between the sources and the observer

In single slit diffraction, the first minimum occurs when the angle of diffraction is:

e Where:
o @=theangle of diffraction (radians)
o A=thewavelength of thelight(m)
o b=theslitwidth (m)

¢ Accordingto the Rayleigh criterion, the two sources through a single slit would be just
resolvable when the angleis equalto that of the first diffraction minimum orlarger
o With the circular aperture, the value is multiplied by a factor of 1.22

e Foracircular aperture, the Rayleigh criterioniis:

19—122/1
=122

¢ Where
o @=theangle of diffraction (radians)
o A=thewavelength of thelight (m)
o b=thediameterof the circularaperture (m)
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¢ Whenthe angularseparationis larger, orequal to, the Rayleigh criterion, then the two
sources canberesolved

e Therefore, fora circularslit, resolution occurs when:
o Theangularseparation = The angle of diffraction
* Mathematically, the condition for the resolution of two sources can be written as:

551l
d 2%y

*> Worked Example

Astudentlooks at a helicopterin the night sky with one eye closed and can just
resolve two lights as individual sources. The wavelength of both sourcesis 530 nm.
The approximate diameter of the student’s pupilis 6.0 mm. The distance from the
studentto the helicopteris 6.0 km.

Determine the minimum distance between thelights.

Step 1: List the known quantities
o Wavelength of light sources, =530 nm =530 x10"m
o Student pupildiameter,b=6.0mm=6.0x1073>m
o Distance fromthe helicopterlight sources tothe student's eye,d=6.0 km=6x103m

Step 2: Select therelevant equation
o Sincethelights canjustberesolved, thisis Rayleigh's criterion
o Theequation neededis:

>122><i
21. b

.l w

o Asthesituationis whenthelights canjustberesolved, this can be written as:

S—122><'1
d b

Step 3: Rearrange equation and input values
o Rearrange forthe distance between the sources, s:

—122X/1Xd
Ss=1. b

—122><Mx(6x103) 0.65
s=1. 6% 10-3 ~0.65 m

Step 4: State the final answer
o Theapproximate distance between the light sources on the helicopter, s =65cm

Page 75 of 96

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

*9 Worked Example

Astudentviews a carinthe distance. It has headlights which are 1.5 m apart. The
wavelength of light from the carheadlights is 500 nm and the pupil diameter of the
studentis 4.0 mm.

Estimate the maximum distance at which the two headlights could be resolved by
the student.

Step 1: List the known values
o Wavelength of light sources,A=500nm =500 x10""m
o Student pupildiameter,b=4.0mm=4.0x103m
o Distance of separation between headlights,s=1.5m

Step 2: Select therelevant equation
o Since the answerwilloccurwhen Rayleigh’s criterion is met, the equation needediis:

> 1.22 A

_— = . X —

d b
Step 3: Rearrange equation and input values

o Rearrange forthe distance between the sources and the observer, d.

—lzzxixd
S= 1. b

g= sXb
T 1.22%x2

_ 1.5 x (4.0x1073)
"~ 1.22 x (500 % 1079)

=9836 m

Step 4: State the final answer

o Themaximum distance where the student could resolve the headlights, d=9800 m (2
s.f.)
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O Exam Tip YOURlNOTES

- You might be curious where the factor of 1.22 comes from, however, the derivation of
this is beyondthe scope of the IB DP Physics course so just make sure you know
how touseitinyourcalculations
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YOURNOTES
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Resolvance of Diffraction Gratings

 Inordertoknow if a diffraction gratingis able toresolve two wavelengths, theresolving
power of the diffraction gratingmust be found
o Thisis basedon the Rayleigh criterion as applied to diffraction gratings and their

output
e Theresolving power, R, of a diffraction gratingis given by:
R= A
AL
e Where:

o R=theresolving power of the grating (no unit)
o A=thewavelength of incidentlight (m)
o Ax=thesmallest differencein wavelength that the grating can resolve (m)

e Theresolvingpoweris also equal to
R=Nxm

¢ Where:
o N=thetotalnumber of slits on the diffraction grating (or those illuminated by an
incident beam of light)
o m=the order of diffraction
¢ Therefore, combining the two equations gives:

R=- = Nx
T o nm

*> Worked Example

Astudentis using a diffraction grating to resolve two emission wavelengths from

calciumin the 3" order of the spectrum. These wavelengths are 164.99 nm and
165.20 nm.

Determine the minimum number of lines per mm needed if a beam of width 0.25
mm s incident upon the diffraction grating.

Step 1: List the known values
Order of diffraction,m=3
Wavelength, ;=164.99 nm
Wavelength, 12 =165.20 nm
Beam width =0.25 mm

o

o]

(e}

(e}

Step 2: Determine values for Aand A4
o Thevalue of theincidentwavelength, 1, can be determined from the mean of the two
wavelengths:

1= 164.99+165.20

5 =165.095 nm
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o Thedifference between the twowavelengths, A4, is: YOURNOTES
M=y -17=165.20 ~164.99 =0.21nm !

Step 3: Find theresolving power of these wavelengths
o Theresolving power can be calculated using:

R= A
T AL
Step 4: Input therelevant values
A 165.095
R=—=—""——-=
AL 0.21

Step 5: Find the number of lines illuminated
o Theequationrelatingresolving power and number of slits is given by:

R=Nxm
o Rearranging forN and substituting the values forRand m:

R 786.2
N=—=—""=2621
m 3

o Thevalue262.1is the number of lines illuminated for the beam of 0.25 mm

Step 6: Find the number of lines needed per mm for this situation
o Since 262.1is the number of lines illuminated forthe beam of 0.25 mm, then 4 times
more lines must beilluminatedto account for1mm:

262.1x4=1048.4lines permm
State 7: State the final answer

o The minimum amount of lines needed permm toresolve therelevant calciumlines is:
1049 lines permm

O ExamTip

w g
Inthe worked example, the answer may look as though it has been rounded
incorrectly but we arelooking for the actual number of lines here, not fractions of
lines

Rounding down to 1048 would leave the grating nearly half a line short, which can't
happen, so always round up to the nearest whole number
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The Doppler Effect

¢ When a source of sound, such as the whistle of a train orthe siren of an ambulance,
moves away from an observer:
o Itappearstodecreaseinfrequency,i.e.itsounds lowerin pitch
o Although, the source of the soundremains at a constant frequency
e This frequency change due to therelative motion between a source of sound orlightandan
observeris known as the Doppler effect (or Doppler shift)
¢ Whenthe observerandthe source of sound(e.g. ambulance siren) are both stationary:

o Thewaves appeartoremain at the same frequency forboth the observerandthe
source

ATIONEN | 3 L STATIONARY
J
e OBSERVER

Stationary source and observer

¢ When the source starts to move towards the observer, the wavelength of the waves
is shortened

o Thesound, therefore, appears at a higher frequency to the observer
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Moving source andstationary observer

+ Notice how thewaves are closertogetherbetween the source and the observer compared
topointPandthe source
This alsoworks if the source is moving away from the observer
o Ifthe observerwas atpoint Pinstead, they would hearthe sound at a lower frequency
due to the wavelength of the waves broadening
e Thefrequencyisincreased when the sourceis moving towards the observer
e Thefrequencyis decreased when the sourceis moving away from the observer

*> Worked Example

Acyclistrides a bikeringing theirbell past a stationary observer. Which of the
following accurately describes the doppler shift caused by the sound of the bell?

Wavelength Frequency Sound pitch

A Shorter Higher Lower
B Longer Lower Higher
(6: Shorter Lower Higher
D Longer Lower Lower

ANSWER: D

o Ifthecyclistisriding pastthe observer, the wavelength of sound waves are going to
becomelonger
= Thisrules out options AandC
o Alongerwavelength means alower frequency (from the wave equation)
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o Lowerfrequency creates alowersound pitch YOURNOTES
= Therefore, theanswerisrow D 1
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Representing The Doppler Effect

¢ Wavefront diagrams help visualize the Doppler effect formoving wave sources and
stationary observers

STATIONARY MOVING

o &
=

#Fsavemyexams

Wavefronts are evenin a stationary object but are squashedin the direction of the moving

wavesource

e Amovingobjectwillcause the wavelength, 1, (and frequency) of the waves to change:

o Thewavelength of the waves infront of the source decreases (1 - A)) and
the frequency increases

o Thewavelength behind the sourceincreases (1 + A)) and the frequency decreases

o This effectis known as the Doppler effect or Doppler shift

¢ Note:ALmeans 'changein wavelength'

The Doppler shiftis observed by allwaves including sound and light

¢ When the source starts to move towards the observer, the wavelength of the waves
is shortened

o Forsoundwaves, sound, therefore, appears at a higher frequency to the observer

o Forlightwaves, thelight shifts towards blue due toits higherfrequency
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YOURNOTES
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I OBJECT NOT MOVING RELATIVE TO OBSERVER |

LOWER FREQUENCY /_\HlGHER FREQUENCY

"

Representing red-shifted and blue-shiftedlight

[RED SHIFT | BLUE SHIFT |

—{ DIRECTION OF MOTION =

¢ Whenthe source starts to move away from the observer, the wavelength of the wave
broadens
o Forsoundwaves, soundtherefore appears at alower frequency to the observer
o Forlightwaves, thelight shifts towards red due toits lower frequency

¢ When the source starts to move towards the observer, the wavelength of thewave
shortens
o Forsoundwaves, sound therefore appears at a higher frequency to the observer
o Forlightwaves, thelight shifts towards blue due toits higher frequency

e Thisisbecauseredlight has alonger wavelength than bluelight
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YOURNOTES

l
Uses of The Doppler Effect

The Doppler effectis importantin many key areas of science including:
o Radarreadings formoving objects

Measuring the rate of blood flow within a patient

Finding planet orbits around distant stars

o Mapping the expansion of the universe

(e}

(e}

Redshift of EM Radiation

On Earth, the Doppler effect of sound can be easily observed when sound waves move
pastan observeratanotable speed
In space, the Doppler effect of light can be observed when spectra of distant stars and
galaxies are observed, this is known as:

o Redshift if the objectis moving away from the Earth, or

o Blueshiftif the objectis moving towards the Earth

Redshiftis defined as:

The fractional increasein wavelength (or decrease in frequency) due to the source
and observerreceding fromeach other

Fornon-relativistic galaxies, Dopplerredshift can be calculated using:

Where:
o Al =shiftinwavelength (m)
o LA=wavelength emitted fromthe source (m)
o Af =shiftin frequency (Hz)
o f=frequency emitted fromthe source (Hz)
o v=speedofrecession(ms'1)
o c=speed of lightinavacuum(ms-
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YOURNOTES

*> Worked Example !
[

The spectra below show dark absorption lines againsta continuous visible
spectrum.

(LIGHT FROM A SOURCE IN THE LABORATORY]

[LIGHT FROM A DISTANT GALAXY |

' —— FREQUENCY |

e

A 4

Aparticlelinein the spectrum of light from a sourcein the laboratory has a
frequency of 4.570 x 10 Hz. The sameline in the spectrum of light from a distant
galaxy has a frequency of 4.547 x 10" Hz.

Calculate the speed of the distant galaxy in relation to the Earth. Determine
whetheritis moving towards oraway from the Earth.

Step 1: Write down the known quantities

Received frequency, f; = 4.547 x 10" Hz

Original frequency, fo=4.570 x 101 Hz

Shiftin frequency, Af=(4.547 - 4.570) x 10 =-2.3x 102 Hz
Speedoflight,c=3.0x108ms™!

(e}

(e}

[e]

o

Step 2: Write down the Dopplerredshift equation

=%

|4
C

Step 3: Rearrange for speed v, and calculate

cAf (3.0 x108) x(2.3x 10'2)

f, 4.570x 104

v= =1.5%x10%ms"!

Step 4: Write a concluding sentence

o Theobserved frequency is less than the emitted frequency (the light from a laboratory
source), therefore, the source is receding, ormoving away, fromthe Earthat1.5 x
106ms™!
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An Expanding Universe YOURNOTES
!

Afterthe discovery of Dopplerredshift, astronomers began torealize that almostall the
galaxies inthe universe are receding

This ledto theidea that the space between the Earth and the galaxies must be expanding
This expansion stretches out thelight waves as they travel through space, shifting them
towards thered end of the spectrum

The more red-shifted the light from a galaxy is, the faster the galaxy is moving away from
Earth

\ \

¢ Theexpansion of the universe canbe comparedto dots on aninflating balloon
o Astheballoonisinflated, the dots allmove away from each other
o Inthesameway as therubber stretches when the balloonis inflated, spaceitself
is stretching out between galaxies
o Justlike the dots, the galaxies move away from each other, however, they themselves
donotmove
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The Doppler Equation
Calculating Doppler Shift

¢ When a source of soundwaves moves relative to a stationary observer, the observed
frequency can be calculated using the equation below:

WAVE VELOCITY (ms™
SOURCE FREQUENCY (HZ)QN
o f V
- +
V * u,

LOBSER\/ED FREQUENCY (Hz)ﬁﬂ\

/&ESOURCE VELOCITY (ms™)

Doppler shift equation fora moving source

« Thewave velocity forsoundwaves is 340 ms™!

e The xdepends onwhetherthe sourceis moving towards oraway from the observer
o Ifthe sourceis moving towards the observer, the denominatoris v - ug
o Ifthesourceis movingaway from the observer, the denominatoris v + ug

* When a source of sound waves remains stationary, but the observeris moving relative to
the source, the observed frequency can be calculated using the equation below:

OBSERVER VELOCITY (ms™]
| SOURCE FREQUENCY (Hz)f;\/

= f

v+ U
\%

OBSERVED FREQUENCY (Hz)a}\

NE’WAVE VELOCITY (ms™)

Doppler shift equation for a moving observer

e Thexdepends onwhetherthe observeris moving towards oraway from the source
o Ifthe observeris moving towards the source, the numeratoris v +ug,
o Ifthe observeris movingaway from the source, the numeratorisv - ug

e Theseequations can also be writtenin terms of wavelength
o Forexample, the equation fora moving source is shown below:
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OBSERVED WAVELENGTH D

A=A |12

\

SOURCE WAVELENGTH (m)%—J\

[ESOURCE VELOCITY (ms™ YOURNOTES

i

QEWAVE VELOCITY (ms™ |

Doppler shift equation for a moving source in terms of wavelength

¢ The tdepends onwhetherthe sourceis moving towards or away from the observer

u

S
o Ifthe sourceis moving towards, the termin the bracketsis 1 — >

u

N
o Ifthe sourceis movingaway, theterminthebracketsis1 + —
14

> Worked Example

Apolice carsiren emits a sound wave with a frequency of 450 Hz. The caris
traveling away from an observerat speed of 45 ms'. The speed of soundis 340 m
s71. Which of the followingis the frequency the observerhears?

A.519Hz B.483Hz C.397Hz D.358Hz

STEP 1

STEP 2

ANSWER: C

DOPPLER SHIFT EQUATION

v
fi=1,
=t (vt

SUBSTITUTE VALUES INTO THE EQUATION

f, = 450 Hz
V = SPEED OF SOUND = 340 ms™
V, = VELOCITY OF THE POLICE CAR (SOURCE) = 45 ms™

SO WE USE V+V,

340

fo= 450(340 + 45

) =397Hz (3s.f)

THE SOURCE IS MOVING AWAY FROM THE OBSERVER,
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YOURNOTES
7 Worked Example !
Abankrobbery has occurred andthe alarmis sounding ata frequency of 3kHz. The

thief jumpsinto a carwhich accelerates andreaches a constant speed. As he drives

away at a constant speed, the frequency decreases to 2.85 kHz. The speed of

soundis 340 ms™'. Determine at what speed must he be driving away from the

bank.

Step 1: List the known quantities

Source frequency: f=3kHz=3000 Hz

Observed frequency: f'=2.85 kHz=2850 Hz

Speedofsound: v=340ms!

The observeris moving away from a stationary source of sound

o

o

o

[e]

Step 2: write the doppler shift equation

Step 3: rearrange to find the desired quantity

£ v-u,
£
f
?Xv=v—uo
f

(?XV)+U =v
o v-(Ex)

Step 4: substituteinvalues

= (ix \—340 (2850x34o\—340 323 =17 ms~!
LTVTAURTY)T \ 3000 ) - ms

Step 5: State final answer
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o Thebankrobbermustbe drivingaway ata constant speed of 17 ms~' based on the YOURNOTES
changein frequency heard 1

Calculating Doppler Shift of Light

e Dopplershift can be calculated withrelation to a light emitting source
o Forexample, a galaxy moving towards or away from Earth
* Dopplershift forlightis complicated, howeverif the speed of the observerorsourceis
small (non-relativistic) compared to the speed of light, then this equation becomes
simpler
¢ The Dopplershift fora light-emitting non-relativistic sourceis described using the
equation:

CHANGE IN CHANGE IN VELOCITY OF
FREQUENCY WAVELENGTH A GALAXY
REFERENCE REFERENCE SPEED OF
FREQUENCY WAVELENGTH LIGHT

Doppler shift equation relating wavelength change for a moving source

¢ Where:
o Af=changeinfrequencyinHertz(Hz)
fo=reference frequency in Hertz (Hz)
L =observedwavelength of the source in metres (m)
Lo = reference wavelength in metres (m)
AL =changeinwavelength in metres (m)
v =velocity of a galaxy in metres per seconds (m/s)
c =the speed of lightin metres persecond(m/s)

o

(e}

(e}

o

o

]

e Thismeans thatthe changeinwavelength, A\
M=1-2g

¢ This equation can beusedto calculate the velocity of a galaxy if its wavelength can be
measured and compared to a reference wavelength

¢ Sincethefractions have the same units on the numerator (top number) and denominator
(bottom number), the Doppler shift has no units

*> Worked Example

°
Light emitted from a starhas a wavelength of 435 x 10-?m. A distance galaxy emits

the same light but has a wavelength of 485 x 10-? m. Calculate the speed at which
the galaxy is moving relative to Earth. The speed of light =3 x 108 m/s.
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Step 1: List the known quantities YOURNOTES

e Observed wavelength, A = 485 x 10° m 1
e Reference wavelength, g = 435 x 10°m

Step 2: Write the relevant equation

Step 3: Rearrange equation for the velocity of the galaxy, v

Cc x AA
Ao

Step 4: Calculate the change in wavelength, AA
A =2-2
A\ = (485 x 10°) - (435 x 10°) =5 x 108 m

Step 5: Substitute values into the velocity equation

(3 x10% x (5 x 10
V= ) =34 % 10" m/s
435 x 107
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