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Chapter 1: Physical Quantities and Measurements

1 Quantities

Base quantities (units in brackets): mass (kg), length (m), time (s), current (A),
temperature (K), amount of substance (mol)

Common derived quantities: force (N or kgms~2), work (] or kgm?s~2),

power (W or kgm?s~3)

2 Homogeneity
A physical equation is homogeneous if every term in the equation has the same
units.

3 Measurements

Prefixes:
1012: tera- (T) 10%: giga- (G)  10°: mega- (M) 103: kilo- (k) 1071 deci- (d)
1072: centi- (¢)  1073: milli- (m)  107%: micro- () 107%: nano- (n)  10712: pico- (p)

Common measurements:
Radius of the earth: 6.4 x 10°m

Thickness of paper: 1 x 107™*m

Diameter of Hatom: 1 x 107%m
Length of football field: 1 x 102 m

Mass of basketball: 0.60 kg

4 Conversions
e.g.10cm3tom3: 10 cm® = 10 x (1072)>m® = 10 x 107°m3
__ 50km _ 50x103m

e.g. 50 kmh™! to ms™1: 50 kmh™?! = = = (50 + 3.6)ms~ !

1h 60X 60s

5 Vectors and Scalars
Vectors: magnitude + direction A k_ o _ TTTT
Note: area is a vector whose direction is perpendicular (normal)to "% "

its surface ‘ |

U“
.
.
.
-
s

6 Vector manipulation
To find the resultant vector, a

For a right-angled triangle, use Pythagoras’ Theorem (4% + B? = R?)

For a non-right-angled triangle, use cosine rule (R = VA2 + B2 + 2AB cos 6)

Vector subtraction.a- b = a + (—b) y
Vector resolution: resolve vector into 2 mutually perpendicular components 8
(Ibx] = |bl cos @, |b,| = |b| sin6) b,




Page 5

Chapter 2: Errors and Uncertainties
1 Systematic errors
Systematic errors are errors of measurements that occur according to some ‘fixed
rule or pattern’ such that they yield a consistent overestimation or underestimation of
the true value.

The error is systematic if (1) repeated measurements taken under the same
conditions yield the same error in magnitude and sign or if (2) its value changes in a
predictable manner based on the surroundings.

e.g. zero error, faulty instruments, wrong assumptions, wrong experimental
technique

Systematic errors are NOT reducible by taking the average.
Instead, the error can be removed by calibrating instruments or by changing the
experimental technique.

2 Random errors

Random errors are errors with different magnitudes and signs in repeated
measurements. They occur due to the inability to obtain the true value of the
measured quantity.

The error may be random due to (1) variation in the condition of measuring
instruments, (2) variation due to the inability of an observer to measure small
intervals, (3) variation due to fluctuating external conditions, or (4) irregularity of a
quantity to be measured.

e.g. human reaction time, parallax error

Random errors are reducible by taking a number of readings and finding the
average.

3 Precision and Accuracy in data
Precision: the ‘spread’ of the data
Accuracy: how close the average value of the data is to the ‘true’ value

4 Precision and Accuracy in instruments
Precision can also refer to the smallest value an instrument can measure.
Precision is reflected by the actual uncertainty of an instrument (to 1 s.f.).

Accuracy refers to how close the measured value is from the true value.
Accuracy is reflected by the fractional or percentage uncertainty (to 2 s.f.).



Page 6

5 Actual, Fractional and Percentage uncertainties

Rules: (for R + 4R)

1. Actual uncertainty 4R is always expressed to 1 s.f.

2. Ris expressed to the same number of decimal places as in 4R.
e.g. (6.6 £ 0.1) cm

6 Uncertainties of calculated values
The First Principles is a way to calculate the uncertainty of a function. It can be used
in all scenarios.

For example,
R=(1.2401)m
Therefore,
Royax — Rmin  13-1.1
AR = > = > =0.1
c Method to find uncertainty
ase .
(actual / fractional)
Final actual uncertainty is the sum of all absolute
Addition or uncertainties.
subtraction OR
First principles
Final fractional uncertainty is the sum of the individual
Multiplication or fractional uncertainties.
division OR
First principles
AR Ay
R=yn" R n| 7
where n € R where n € R
OR
First principles
— n
ﬁhgrgnzlljl% Only First principles can be used.
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Chapter 3: Kinematics
1 Displacement (symbol s, base units m)
Shortest distance from the initial to the final position of a body along a specific
direction.
The area under a velocity — time graph gives the change in displacement.

2 Velocity (symbol v, base units ms™?)
Rate of change of displacement with respect to time.
The gradient of a displacement — time graph gives the instantaneous velocity.
The area under an acceleration — time graph gives the change in velocity.
ds

T
3 Acceleration (symbol a, base units ms™2)
Rate of change of velocity with respect to time.
The gradient of a velocity — time graph gives the instantaneous accleration.

_dv
=

4 Free Fall
No air resistance: Downwards acceleration of 9.81 ms ™2

5 Terminal Velocity in a Viscous Liquid
Terminal velocity is the maximum velocity obtained when an object is falling under
the influence of gravity.
Assume that a small sphere is dropped from a height h above a viscous fluid. Since
the sphere is small and density of air is low, we can assume that a = g when sphere
is falling in air (see below for the case of air resistance).
When the sphere enters the fluid (e.g. water), the sphere will decelerate and its
velocity decreases.

mg — E, =ma
When mg = E,, the sphere has reached terminal velocity.

a/ms™
A A
F
9.81 v
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6 Terminal Velocity in air

Air resistance present: Still accelerate downwards, but as velocity increases, air
resistance increases until acceleration reaches 0.

The maximum velocity attained is the terminal velocity.

A
Fdrag due

to air

mg due to
weight

\4

1. When object starts from rest, initial v = 0 and only experiences weight = mg
a. F =mabecomes F =mg (g = 9.81 ms™2)

2. As object gains speed in the downwards direction, it A
experiences increasing air resistance against its
motion (in the upward direction)

a. Net force experienced is the resultant of weight
(mg) and air resistance (F;,)

b. Netforce =mg — F,;, (which magnitude is
smaller than mg)

c. mg— Fu, =ma

.'.a:g—

> t/s

Fair
m

3. As speed of body increases, air resistance increases
until it is equal to the body’s weight
a. mg— Fg = ma !
= 0=ma
= a=0
= Body falls at constant velocity (terminal
velocity at time t;)

> t/s

> t/s
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6 Graphs of Motion
Note that

Gradient of the s-t graph is the velocity at that time
Gradient of the v-t graph is the acceleration at that time
Area under the a-t graph is the change of velocity

Area under the v-t graph is the change of displacement.

Case 1: Initial v="0 Case 2: Initial v = 10 Case 3: Initial v =-10 Case 4: Initialv=10
a/ms2 a/ms™2 a/ms™? aims™2
A A A A
> t/s > t/s » t/s > t/s
vims™! vims™1 vims™! vims™!
A A A A

» t/s > t/s > t/s

y A

» tis > t/s » t/s

Relationship between displacement (s), velocity (v) and acceleration (a)

displacement s

ds , t2
differentiate (v = E) 1l T integrate <As = J- v dt>
t

1

velocity v

ds ) t2
differentiate (a = E) 1l T integrate <Av = J- a dt>
ty
acceleration a

EXTRA!
Jerk comes after acceleration and is the rate of change of acceleration.
Then comes snap, crackle, pop. These names are not standard, but they have been
used to refer to the 4", 51" and 6" derivatives respectively.
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7 Equations of motion
1. Derivingv =u + at

d . . .
a = == => acceleration is equal o the gradient.

From the graph of velocity against time for an object
undergoing constant acceleration, the gradient is equal to :
the acceleration. Hence, t
V—u
t
v=u+at

a=

2. Deriving s = % (u+v)t

Undergoing constant a,
total s travelled
total t taken
= Total s travelled = average v X total t taken
= Velocity under constant a will increase uniformly with t , from initial value u to

final value v, within t seconds

+
= Average v (mean v) = %

Average v =

v+u

1
= --S—Tt—z(v-}'u)t

3. Deriving s = ut + %a t?
The area of a velocity-time graph is the displacement. Hence,

vims”

1
s = E(u+v)(t)

%(u + u + at)(t)

t+1 t?
S=Uu —a
2

» s

4. Deriving v? = u? + 2as
v-u

From (1), t = —
Substituting (1) into (3)

> s=u(ZY)+la(2Y)

1
= as=uv—u2+5(v—u)2
1
= as=uv—u2+5(v2+u2—2vu)
1 1
= as =-v?—-u?
2 2
=

~2as = v? —u?
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8 Projectile Motion

An object thrown at angle will have its weight as the only force acting vertically
downwards.

The only acceleration the object experiences is due to gravity, g = 9.81 ms~2. Air
resistance is negligible.

There will be constant horizontal velocity.

Resolve the angle of motion to its horizontal and vertical components, then
equations of kinematics to solve the problem.

Horizontally (x-direction) Vertically (y-direction)
: 1
Displacement Sy = Uyt Sy = Uyt — Egt2
Velocity U, =ucosf vy, =u, — gt
Acceleration a, =0 a, =-—g
Note: Assuming upwards and to the right as positive for sign convention.

- Path of projectile motion without air resistance is always symmetrical parabola
(if starting and ending position are on the same level.)
- At the highest point of motion, vertical velocity = 0 (turning point)

u=u sin &

Note: u, = —v, and u, = vy

u and v can also be calculated using the formulae:

u= /u,%+u32, v= /%?"‘V;%
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Chapter 4: Forces

1 Non-contact forces
Gravitational, electric, magnetic

2 Contact forces
Normal contact, frictional, drag, elastic, upthrust

3 Hooke’s Law
Hooke’s Law: Within the proportional limit, the extension e, produced in a material is
directly proportional to the force F applied.

F = ke

4 Spring constant (symbol k, units Nm™1, base units kgs~2)
The spring constant is a measure of the stiffness of an object.

Springs connected in series:
1 1 1 1 _k

kerr ki ko ke
Springs connected in parallel:
keff = k1 + k2 + -+ kN or keff = Nk

5 Elastic Potential Energy (EPE)
The energy stored in a deformed (extended or compressed) wire or spring which
obeys Hooke’s law is known as the EPE.

EPE—lF —Fz—lk 2
=2 * T T 2
It can be found from the area under the force-extension graph.
X2
W = f F dx
X1
x/m F/N
A A
»F/N »x/m

6 Centre of Gravity

The entire mass of a body can be considered to act at a single point known as the
centre of mass.

If a body is symmetrical and of uniform composition, then its centre of mass is at the
geometrical centre of the body.

In uniform gravitational fields, the centre of mass coincides with the centre of gravity.
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7 Free body diagrams
The purpose of free body diagrams is to analyse the forces acting on the object only.
For forces in equilibrium, the 3 forces’ line of action must coincide at the same point.

-

N -

SNONNNNN

lmg

8 Moments (symbol t, units Nm, base units kgm?s~2)
The turning effect of a force is called its moment or torque.
A moment is defined as the product of the force and the perpendicular distance from
the line of action of the force to the pivot.
T=F Xd

Resolve F if perpendicular distance not given.
Couple: 2 equal and opposite forces whose lines of action do not coincide. They
produce rotation only as the net force is zero.

T =F X perpendicular distance between the 2 forces
Principle of moments: For an object in rotational equilibrium, the sum of the
anticlockwise moments about the pivot is equal to the sum of clockwise moments
about the same pivot.

AN

Tanticlockwise = Tclockwise

9 Equilibrium
A closed vector triangle can be formed from the force vectors.
— 7
517 i
>
‘_,y—’
S g

Condition 1: The resultant force acting on the object must be zero.

Y F=0

Condition 2: The resultant moment acting on the object about any point must be

ZEero.
Z T=0

10 Pressure (symbol p, units Pa, base units kgm~1s72)

The pressure at a point X due to a column of liquid is given by
p = pgh

Derivation:

_F_mg_pVg _pAhg _

A=A T a T4 "reh

p
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11 Upthrust
For an object in a liquid, the pressure difference between the top and bottom of the
object provides an upward force, or upthrust.
Upthrust can be calculated as the weight of liquid displaced by the object.
Upthrust = (ph,g)A — (phyg)A = pLgA
where  h, is the height of the bottom surface of the object under water
h, is the height of the top surface of the object under water
L is the height of the object
A is the surface area of 1 face

h
s ? l':z = phygA

12 Principle of Flotation

For an object in equilibrium, the upthrust is equal to the weight of the object.
pLgA =mg
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Chapter 5: Dynamics
1 Inertia
Inertia is defined as the reluctance of a body to change its state of motion or rest.
Inertia is affected by mass.

2 Mass and Weight
Mass is the amount of matter in a body.
Weight is due to the effect of gravity on a mass.

3 Momentum (symbol p, base units kgms™1)
The product of mass and velocity of an object.
p =mv

4 Newton’s Laws
Newton’s First Law: Every body continues in its state of rest or uniform motion in a
straight line unless an unbalanced (resultant) force acts on it to change its state.

Newton’s Second Law: The rate of change of momentum of a body is proportional to
the unbalanced (resultant) force acting on it, and occurs in the direction of the force.

dp
F OCE
Derivation of F = ma
dp d(mv) dv
—_— — = m—
dt dt dt
Note: resultant force is always in the same direction as the acceleration.

=ma

Newton’s Third Law: If body A exerts a force (action) on body B, then body B will
exert an equal and opposite force (reaction) on body A.

5 Impulse (symbol /, units Ns, base units kgms™1)
Impulse is defined as the integral of the force over the time interval in which the force

acts.
2

Impulse =] F dt

t1
I = Fapglt
Impulse can be thought of as the area under the force-time graph.

Impulse-momentum theorem states that impulse is equal to the change in
momentum.
Ap

FapgAt = Ap or Fyy = i

A small At leads to a large F and vice versa.
Hence, when falling, we usually bend our knees when we land after a jump to have a
larger At and hence a smaller force on our knees. This reduces the risk of injury.
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5 Collisions

Principle of Conservation of Momentum (p.o.c.o.m.):

The total momentum of a system is conserved provided no external unbalanced
force acts on the system.

m1u1 + mzuz = m1U1 + mzvz
p.o.c.0.m. is always obeyed for every type of collision.

Elastic collisions: Kinetic energy of the system is conserved.

1 2, 1 2 _1 2 1 2
§m1u1 +Em2u2 = §m1v1 +Em2v2

Conservation of momentum and kinetic energy (p.o.c.o.m & c.o.e.) leads to the
relative speed equation:

ul - uz - 172 - 1.71
or relative speed of approach = relative speed of separation. (r.s.a. =r.s.s.)

Inelastic collisions: Kinetic energy of the system is not conserved.

Totally inelastic collisions: Kinetic energy of the system is not conserved and both
objects stick to each other after collision. (coalescence)
myu, + myu, = (m; + my)v

EXTRA!
If an object collides into another object of equal mass that is originally stationary
obliquely (not head on) and they travel off at an angle relative to one another, if the
collision is elastic, the angle at which they separate will be 90°.
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Chapter 6: Work, Energy, Power

1 Work done by a force (symbol W, units ], base units kgm?s~2)

The work done by a constant force on an object is defined as the product of the
magnitude of the displacement and the component of the force parallel to the
displacement.

In general,

W = F cos 6 (Ax)

Alternatively, if the force is not constant, then
X2

W = f F dx
X1

or the area under the force-displacement graph.
x/m F/N

A A

»F/N »x/m

2 Work done by a gas
For a gas enclosed in a cylinder, the work done by the gas in expanding at constant
pressure is given by:
W = pAV

In general, the work done by a gas in changing the volume from V; to V, is given by:

V2

W= pdV

Vi

or the area under the pressure-volume graph.

3 Common examples of energy
Chemical, nuclear, radiant, electrical, internal, kinetic, gravitational potential, elastic
energy
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4 Kinetic energy

Kinetic energy of an object is the energy it possess by virtue of its motion.

5, — =
k—zmv

Derivation of equation:
Consider an object of mass m moving to the right under a constant force F,,.;. Then,
Foet = ma

From kinematics,

2 2

v —u

2a

v2=u?+2as—- s=

From forces,
W = F,.+s = mas

v? —u? 1
W =ma = —m(v? — u?)
2a 2

Then,

Therefore,

W = AKE
For a body initially at rest, u = 0, and where work done is fully converted into kinetic
energy, the KE of an object of mass m moving with speed v is defined as the
equation above.

This equation is an expression for the Work Energy theorem, which states that the
net work done by forces acting on a particle is equal to the change in kinetic energy
of the particle.

5 Gravitational potential energy
Consider a book being raised from a height h, to a height h, by a constant force F
equal and opposite to the weight mg of the book, ignoring air resistance.

F _________________ Since F = mg, then
1 \ W = (F cos 0)Ax = mg(Ah) = mg(h, — hy) = mgh, — mgh,
M Hence
] W = GPE; — GPE;

We define the gravitational potential energy of a body as the
product of its weight mg and its height h above a reference level. Hence
GPE = mgh

6 Different forms of potential energy
Type of P.E. | Due to

Gravitational | 2 masses
Electric An electric current

Elastic A deformed spring
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7 Conservation of energy

The Principle of Conservation of Energy (c.o.e.) states that energy can neither be
created nor destroyed, but can be converted from one form to another. The total
energy in a closed system is always constant.

Situation Energy converted
From To

Bullet strikes block and KE of bullet Internal energy, KE, GPE
becomes embedded in it of bullet and block
Shooting an arrow using | Elastic PE of the bow KE of the arrow

the bow

Swinging pendulum GPE <->KE
In general,

energy lost = energy gained
8 Power (symbol P, units W, base units kgm?s™3)
Power is defined as the rate at which work is done or the rate at which enerqy is
transferred.

AW
T At
For a constant force F acting on an object with velocity v,
P=Fv
Derivation:
dW  d(Fx) dx
T ar ar
9 Efficiency

In reality, no device can convert its total work done into useful energy. Most practical
devices dissipate energy, usually due to fraction.

Efficiency can be defined as the percentage ratio of useful power output to power
input.

useful power output
]7 ==

power input
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Chapter 7: Motion in a Circle
1 Angular displacement (symbol 8, units rad)

Angular displacement is given by the formula

6 ==
r

Can be thought of as the angle “travelled”.
The radian is the angle subtended at the centre of a circle by an

arc of equal length to the radius.

2 Angular velocity (symbol w, units rad s™?1)
Angular velocity is the rate of change of angular displacement.
do
Y=
Period T is the time taken for one complete revolution.

For one revolution, 8 = 2w. Hence
2T

W == 2nf
Note: for a body rotating in circular motion at constant speed, the
angular velocity of the object is the same at every point on the body.
However, the velocity at different points on the body varies.

vc>v3>vauta)A:a)B:0)C

3 Tangential velocity (symbol v)
Tangential velocity refers to the linear velocity of a point moving in a circle. It is
directed tangentially to the circular path.

s=rf
ds _ do
dr | de
V=rw

4 Centripetal acceleration (symbol a)

Consider a mass m moving from point A to B in a circular path of radius r with
uniform speed v. At A, its initial velocity is v, and at B, its velocity is vg. (magnitude
is the same, but direction is different)

Hence Av = vg — vy = vg + (—vy,)

By small angle approximation, Av = v6

UZ

a=vw=rw’>=—
r

Centripetal acceleration is always directed towards the centre.
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5 Centripetal force (symbol F,)

Qualitative explanation of motion in a curved path:

Newton’s first law states that an object in motion will continue in its state of uniform
motion in a straight line unless an external force acts on it. Hence, for an object
moving with constant speed to execute uniform circular motion, an external force
must act on the object.

According to Newton’s second law, this resultant force is proportional to its
acceleration. Hence this resultant force acts in the same direction as the
acceleration, i.e. perpendicular to the motion and directed towards the centre.

This force is known as the centripetal force.

2

v 2
Fczma=m<—>=mrw
T

Note: Centripetal force is a resultant force. Hence, it should not be labelled in free
body diagrams.
Note: Centripetal force is never constant because its direction is always changing.
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Chapter 8: Gravitational Field

1 Law of Universal Gravitation

Newton proposed a law, which says:

Two particles attract each other with a force proportional to the product of their
masses and inversely proportional to the square of their distance apart.

GMm
Note: As gravitational force is always attractive, the force is always negative, i.e.
GMm
F= ——
r

However, in calculations, the negative sign can be dropped. This is because
gravitational force is always attractive in nature (i.e. there is only 1 type, negative).
r2 is the square of the distances between their geometrical centres.

2 Gravitational field (strength) (symbol g, units N kg1, base units ms™2)
The gravitational field strength g at a point in a gravitational field is defined as the
force per unit mass acting on any mass placed at that point.

_F
9= m
A mass M establishes a field of strength g
GMm
Tz GM
9="m T2

Due to sign convention, gravitational field is negative. However, the negative sign
can be dropped as it is always attractive in nature.
Near the earth’s surface, g is approximately constant at 9.81 ms™2.

3 Satellite motion

For a satellite of mass m orbiting a planet of mass M, it is said that the gravitational
force acting on the satellite provides the centripetal force.

Hence, for all satellites, gravitational force provides the centripetal force.

Fe = F¢
GMm mv?
r2

In this equation, the orbital velocity can be calculated.

GM

Vorp = -

4 Geostationary satellites

A geostationary satellite is a satellite that is doing circular orbit above the equator of
the Earth and moving in a direction similar to the earth’s rotation with a period
exactly equal to the period of the Earth as it turns about its axis, which is 24 hours.
The orbit is also sometimes called a ‘parking orbit’.

For a geostationary satellite, gravitational force provides the centripetal force.
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5 Kepler’s third law
Consider a planet of mass m orbiting a star of mass M. Let the distance between
them be r. Since gravitational force provides the centripetal force,

Fe = F¢
GMm 5
= mrw
GMm (271)2
rz mr T
412
1% =Wr3 orT? « r3

6 Gravitational potential energy (symbol U, units J, base units kgm?s~2)

With infinity being taken as the zero reference, the GPE at a point is the work done
by an external agent in bringing a test mass from infinity to the point without a
change in kinetic energy.

GMm

r
Note: The negative sign cannot be dropped in calculations as U is zero at infinity.

The sign implies the attractive nature of the gravitational field.

7 Binary stars
A binary star system is one where two stars rotate
about their common centre of mass.
To find the period of rotation:
GM;M,
Fo=——"—
(Ry + R;)?

For mass M,
FCM1 = MlRl(UZ. S'nce FG = FCM’
GMiM, 2 GM, 2
(Ri+Ry)? MRy 0 (Ri+Ry)? Ryw (1)
For mass M,,
FCMZ = MszO)z. S|nce FG = FCM’
GMiM; 2 GM; 2
CRTEA M,R,w* SO Ror? = Ry,w*— (2)
(1) + (2):
G(Ml + Mz) 27'[ 2
e s na ()
R+ Rz R
_ [4m%(Ry + Ry)?
| G, + M)
Calculating GPE:
GpE, = MM 6pE, = MM
7R, +R, 27 R, +R,
2GM M,
GPET =
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8 Escape speed (symbol v,)
Escape speed is the velocity which will allow the object to go to infinity and never

return. Assuming that at infinity, the speed of the object is zero,

1 5 GMm
Emv =

r

2GM
Ve = -

where v, is the minimum escape speed.

9 Gravitational potential (symbol ¢, units ] kg™, base units m?s™2)
The gravitational potential at a point is the work done per unit mass by an external
agent in bringing an object from infinity to the point.

Similarities Differences
GPE U | GP ¢ GPE U GP ¢
Measure of work done Work done for the | Work done per unit
whole object mass
Scalars -
Infinity as zero reference

10 Orbital energies
The total energy of a satellite of mass m moving with speed v around the earth in an
orbit of radius r around the earth of mass M is

Er=K+U
1 2 GMm
By = Lmo? + (-2 - _q1)
For the circular motion of the satellite in orbit:

GMm _ mv?

12 r
GM GM
mv?=""2 o g=21
T 2r
Therefore,

GMm GMm GMm
ET=K+U=—+<— >=— >

2r r

11 Relating F,U, g, ¢
The gravitational force F can be derived from the negative of the potential energy

gradient.
dUu

Cdr
The gravitational field strength g can be derived from the negative of the potential

gradient.

__d¢
9= dr
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H1 Content _ . _ o , -Geostationary.
- orbits
FORCE, F =g FIELD, -Weightlessness
A Mm < o oM -Keplar’s Law
o B & r? -Binary Stars
A ﬂx
- __4d¢
F= g g= —E
A - A
ENERGY, U=mé POTENTIAL, -Escape Speed
= GM -Orbital energies
U= _G_A.{ﬂ —> ¢=——
r AU = mA¢ r
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Chapter 9: Temperature and Ideal Gases

1 Temperature

A measure of the degree of hotness or coldness of an object. Rises when thermal
energy is supplied to an object, unless there is a phase change. Heat flows from
regions of high temperature to regions of low temperature.

Temperature of a substance is directly related to the amount of kinetic energy in the
substance. The higher the temperature, the higher the kinetic energy.

Kinetic energy comes in 3 forms: Translational, Rotational and Vibrational

2 Internal Energy
Internal energy, U, is the sum of the kinetic energy and intermolecular potential
energy of all the molecules of the system.

U = KE + PE of all molecules

3 Thermal Equilibrium

Heat energy is transferred from a hot body to a cooler body through 3 mechanisms:
Conduction, Convection and Radiation.

2 bodies in thermal contact will exchange energy between them, but if there is no net
heat flow, they are in thermal equilibrium and at the same temperature.

4 Empirical Scales

Based on the observation of thermometric properties as they change with
temperature.

Usually has 2 fixed points which assumes a certain thermometric property varies
linearly with temperature. The quantity of the thermometric property must have a
unique value at every temperature. E.g. Must show a one-one graph

For the centigrade scale, the fixed points are the steam point (100°C) and ice point

(0°C).
If the value X is the value of the thermometric property, then
0  Xo—X
100 X, —X;

where X, is the value of X at temperature 6
X; is the value of X at ice point
X, is the value of X at steam point

Assumption of linearity of the thermometric properties leads to inaccurate
temperature readings as it is inherently a wrong assumption. Instead, the actual
behaviour of the thermometric property is non-linear. Thus empirical scales are
always slightly wrong, except at the fixed points.

Thus, thermometers based on different thermometric properties will disagree, except
at the 2 fixed points.
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5 Kelvin (absolute) Scale

The lower point is absolute 0. This is the lowest possible temperature all matter can

have, where all atoms have the minimum possible kinetic energy possible.

At absolute 0, all atoms have minimal internal energy.

The upper fixed point is the triple point of water, which is assigned 273.16 K. This is

the temperature where water can exist in all 3 states in equilibrium. It was chosen as
it is easily reproducible and precise.

Thus the Kelvin, K, is defined as —
273.16
water is 273.15 K.

of the triple point of water. Melting point of

6 Celsius scale
It uses the same value as the centigrade scale, where 0°C is the melting point of
water and 100°C is the boiling point of water. Thus,

X/(°C) = K/(K) — 273.15

7 ldeal Gas Behaviours
Ideal gases are a collection of perfectly hard spheres which collide but otherwise do
not interact with each other. No real gases obey this completely, but they almost
behave like ideal gases at high temperature and at low pressures.
The ideal gas equation

pV = nRT = NkT

N
R=831]Jmol 'K = k; = kN,

where [ is the Boltzmann’s constant, k = Ni =1.38x10723JK!

a

Ideal gases obey the following laws.

Boyle’s law | Pressure of a fixed mass of gas is 1
inversely proportional to its volume if the px v
temperature is constant. M,T = constant

Charles’ law | Volume of a fixed mass of gas is
proportional to its thermodynamic VT
temperature if the pressure of the gas is M,p = constant
constant.

Pressure law | Pressure of a fixed mass of gas is
(Gay-Lussac law) | proportional to the thermodynamic
temperature if its volume is constant.
Avogadro’s law | The volume of a gas is proportional to the
number of moles of the gas if its pressure
and temperature are constant.

pxT
M,V = constant

Vuxn
p, T = constant

8 Avogadro’s constant and mole

A mole is the amount of substance that contains as many particles as there are
atoms in 0.012 kg of carbon-12.

This number is known as Avogadro’s constant, N, = 6.02 x 10?3 mol~?!

Molar mass Mm is the mass of 1 mole of a substance.

If each molecule has mass m, M,,, = m X N,.
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9 The kinetic theory
An attempt to explain the macroscopic properties of the gas by looking at its
microscopic properties.

Assumptions of ideal gas using the acronym DAVE:

Duration of impact among molecules and with walls are negligible.

Attraction forces among molecules are negligible and do not exert forces on each
other unless they collide.

Volume of the atoms or molecules is negligible compared to the volume of the
container.

Elastic collisions, so that molecules do not lose any kinetic energy from collisions.

10 Root mean square speed
The molecules in a gas do not travel at the same speed, thus root mean square
speed is used like an average speed.
Let M be the total mass of the gas, and m be the mass of one molecule.
M = Nm

€12 + 2 + -+ cp?
Cr,ﬂs:\/<c2>=j1 2 N

N

3RT 3kT
erms = =m0

Total kinetic energy is translational energy, %Mcrms2

1M
p= 37V < ¢? > where M is the mass of the gas

1
p= §p < c? > where p is the density of the gas

3 1
Mean KE = EkT = Em(cz)

3 3
Total KE = ENkT = EnRT

Derivation of p = %%(cz) andp = gp(cz)

We start by analysing the momentum of a
random molecule in the diagram shown on the
right. "
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Initial momentum: p; = mu
Final momentum: p; = —mu
Change in momentum: Ap = ps —p;

Ap = —2mu
Time between consecutive collisions on
the same walll: 2L
At = ?
Force / Rate of change of momentum
(N2L): Ap 2L
— = —-2mu +—
At u
Ap  mu?
At L
mu?
F=-7
Force exerted by one molecule on wall mu?
(N3L): F=—
Force exerted by all molecules: o m(uf + uj + -+ u2)
5 L
mN{(u
o _ NG
L
where (u2) = uitud++ud
N
Pressure exerted by all molecules:
F
P=3
_ mN(u?)
-~ L(1?)
mN{(u?)
= —eqn(1)
Since there are 3 directions, x, y, z, each molecule has velocities u, v, w in the x, v,
z, direction.

Hence, we have c? = u? + v? + w?
Averaging, we have (c?) = (u?) + (v%) + (w?)
Since the motion is random and the number of molecules is very large,
(u?) = (v?) = (w?)

022) = 3 (c?)

V
_ 1 (/Nm(c?)
r=5(75)

Nm = total mass of particles = M

- (k)

M—d ity =
= density = p

: N /1
From eqgn (1): p = m <§<C2>)

1
p=zp()——(D)



Derivation of the relationship between c,.,,; and T of a given gas:

From Ideal Gas law,
nRT

p=— 2

Equating (1) and (2),

nRT 1
=§P(C)

M RT

- p(c?)
—_— ¢ — — —
M, v 3P

pRT 1
o =30

|
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Chapter 10: Thermodynamics

1 Internal Energy
Heat is defined as the energy that is transferred from one body at a higher
temperature to one at lower temperature. Matter DOES NOT contain heat. Once
transferred to an object, heat becomes internal energy.
Internal Energy, U, of a system is the sum of the KE (movement of molecules) and
PE (Forces between molecules in the system)

U=KE + PE
When a substance absorbs or gives off heat, internal energy changes, either through
changing KE or PE.

2 Temperature

All matter is made of atoms and molecules which are in constant random motion.
Hence they all possess KE. Temperature is actually a measure of the average KE of
a substance. This is the microscopic view of temperature.

When there is no net heat flow between 2 substances, they are in thermal
equilibrium and said to be at the same temperature. This is the macroscopic view of
temperature.

3 Internal energy and Temperature

Internal KE is related to the absolute temperature, T. But internal PE is related to the
forces between the atoms or molecules, depending on their separation.

When a system undergoes state change, PE increases but KE remains constant.
Thus it cannot be said that an increase of Internal Energy reflects an increase in
temperature.

4 Kinetic energy and Temperature
Temperature is related to the internal KE of the gas, NOT the bulk (i.e moving the
whole container with gas inside) KE of the gas.

5 Internal Energy of an Ideal Gas
As the molecules do not exert any forces on each other, the Internal Energy of Ideal
Gases is solely the KE of the molecules.

6 Heat Capacity
The heat capacity of a body is defined as the quantity of heat energy required to
raise its temperature by 1 K.
C is the heat capacity of an object and has the units ] K1
Q = CAT where C is the heat capacity

The specific heat capacity of a body is defined as the heat required to raise the
temperature of 1 kg of the substance by 1 K.
c is the specific heat capacity of an object and has the units ] kg~ K1

Q = mcAT where c is the specific heat capacity
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The molar heat capacity of a body is defined as the heat required to raise the
temperature of 1 mole of a substance.
C,, is the molar heat capacity of an object and has the units ] mol~! K1
Q = nC,AT

7 Latent Heat
The specific latent heat of fusion is of a substance is defined as the amount of heat
energy needed to change a unit mass of the substance from solid to liquid state
without a change in temperature.
The specific latent heat of vaporisation is of a substance is defined as the amount of
heat energy needed to change a unit mass of the substance from liquid to gaseous
state without a change in temperature.
A transition from one state of matter to another is known as a phase change.
During a phase change, latent heat is given off or absorbed and does not change the
temperature of the object.

Q = mf where 7 is the specific latent heat of fusion/vaporisation

8 Kinetic Theory of matter

Solid: atoms are arranged closely together in a regular pattern. Intermolecular forces
are strong and the motion of the atoms are limited to vibrations around their mean
positions. Internal energy comprises of vibrational KE and PE.

Liquid: atoms are slightly further apart than in a solid. Occur in clusters and are free
to slide around each other. Intermolecular forces are weaker. Internal energy
comprises of KE (translational, rotational and vibrational) and more PE than solid.

Gas: atoms are very far apart from each other. Intermolecular forces are very weak
and atoms move in a random manner. Internal Energy comprises of KE and PE
(largest).

9 Melting

At the melting point, the amplitude of vibration of the atoms is large enough for
atoms to move past the adjacent atoms and move to new positions (resulting in them
being further apart) and hence have higher PE.

The latent heat of fusion = work required at the molecular level to transform from a
ordered solid phase to a disordered liquid phase but does not increase the average
KE. Hence temperature does not increase during melting. Hence,

AU = 0,AQs = AW,,,
10 Boiling
Atoms in a liquid are close together and the forces between them are stronger than
the widely separated gas atoms.
The latent heat of vaporisation = work required to pull apart the atoms from being
close together to being far apart in a gas.

Specific Latent heat of vaporisation > fusion because atoms must move further apart
for boiling than melting. Additionally, work must be done against the external
atmospheric pressure.
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11 Cooling by evaporation

Evaporation occurs when a liquid becomes a vapour without a heat source. Atoms
near the surface gain enough energy to overcome the attractive forces of the
surrounding atoms and thus escape from the liquid.

It is the faster and more energetic atoms that evaporate. Thus, average KE of the
remaining atoms decreases and thus the temperature decreases and evaporation is
a cooling process.

12 First Law of Thermodynamics
The first law of thermodynamics states that the internal energy of a system depends
only on its state, and that the increase in internal energy of the system is the sum of
the heat supplied to the system and the external work done on the system.
Increase in internal energy = Heat supplied + External work done on the system
AU = AQg + AW,

Term | Positive Negative

U Increase in internal energy Decrease in internal energy
Q Heat absorbed by the system Heat given off by the system
W Work done on the system Work done by the system

Note: As from Chapter 9, internal energy is dependent on temperature ONLY for
ideal gases (E, =>nRT, negligible PE)
13 Calculations involving work done
At constant pressure, the work done by the gas in displacing a piston through a small
distance dx is:

Wpy = F dx = (pA) dx = p dV = pAV
Therefore

Vs
Wby = f p dV

Vi
Or, work done is the area under the pressure-volume graph.
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Isochoric

Isothermal

Isobaric

e
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high T

low T

»Vim

p/Pa

'S

1

|
i
e )

; L high T

[y
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~
S~
s

low T

P V/m

Type Constant volume Constant temperature Constant pressure
AU = AQs 0 AQs + AWy,
Calculated using Calculated using
_ molar heat capacity molar heat capacity
AQs = Q = mcA@ or +AWpy Q = mcA8 or
Q = mc,AO Q = mc, A8
. Area under the p-V
AWby = 0 graph pAV
Adiabatic Cyclic
i p/Pa p/Pa
high T "
low T E ' Vim?
> Vim?® —
Type No heat is supplied No change in internal energy
AU = +AW,, or —AW,, 0
AQ = 0 +AW,,
AWy, = Area under the p-V graph Enclosed area




Chapter 11: Oscillations

1 Examples of free oscillations
Cylinder oscillating vertically in water
Spring-mass system oscillating horizontally on a frictionless surface

2 Definitions of some key terms
Amplitude: maximum displacement of the oscillating body. Given by x, or A
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Period: the time taken for one complete oscillation. Given by T

Frequency: the total number of oscillations per unit time. Given by f = T~ and
has units of s~ or Hz

Angular

frequency: the product of 2 and the frequency. Given by w = 2rf = 2rT 1!

Phase

difference: two particles are oscillating in phase if they are in the same state of
disturbance. Otherwise, they are said to be out of phase. A phase
difference of 2r means the particles are in phase, while a phase

difference of m means they are in antiphase.

3 Simple harmonic motion (SHM)
Requirement 1: There must be a restoring force proportional to the displacement but
directed opposite to it. For a spring-mass system,

F=—kx——(1)

Requirement 2: The acceleration of the system must be proportional to the
displacement but directed opposite to it.

F=ma——(2)
(1) =) »ma=—kx
k
a=——xorax—x
m

If a is proportional to —x, the system is said to execute SHM.

4 Equations in SHM with respect to time t

Type

Starting from equilibrium
position (x =0att =0)

Starting from extreme
position (x = xy at t = 0)

Displacement x

X = X sin(wt)

X = xo cos(wt)

, dx dx
Velocity v V=0 = WX cos(wt) V== 0 sin(wt)

. dv dv
Acceleration a a=—= —w?xysin(wt) | a= e —w?x, cos(wt)

Note: Use the GC to sketch the graph to see the general shape.



5 Equations in SHM with respect to displacement x
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Type Graph Equation
vims™
A
WXq
Velocity v o X0y m v=2w /xg — x?
-WXqp
a/ms™
A
Tttt UJ2X0
; : X — 2
Acceleration a . { > x/m a=—-wx
'XD :
-UJZXO “““““ I
Derivation of v = tw+/x§ — x?
v = wx, cos(wt) — —(1)

Sub (2) in (1):

Sub (3)in (4):

sin?(wt) + cos?(wt) = 1
cos(wt) = +4/1 — sin?(wt) — —(2)
X = X sin(wt)

sin(wt) = xi ——@3)
0

v = twxpy/1 — sin?(wt) — —(4)

X \2
v = twx, 1—(—) =+tw |x5 — x?
Xo



6 Energy in SHM with respect to displacement x
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Type Graph Equation
1
o E/J Ex = Emvz
Kinetic A
energy Eg = Lol — )
total energy 2
‘\‘ ”I 1
* . ] EP — _kxz
Potential _ p;)rtz?tlal ) 2
energy E, N ay _ Emwzxz
; \‘\ ", kinetic
; . K ...::.fenergy 5 = 1857 9k 8
Total ener .. i 1
E % : e —»  x/m = —mw?x3
T X0 0 Xg 2

7 Energy in SHM with respect to time t (at t = 0, particle is at maximum

displacement)

Type Graph Equation
2002 .2
Kinetic Ex = omw®(xg —x°)
energy Ex EN 1
A = Emwzxg sin?(wt)
] Eiotal _ 1 2 2
Potential § i = ST
energy E ) :
W Eriretics” A : = Emwzxg cos?(wt)
|ne.E[9-- *+. Epotential .~ : —
.‘hp /, . : ET -_ EK + EP
Total energy ] 2 > U 1
Derivation of Ex = %mwzxg sin?(wt)
x = x, cos(wt)
x% = x5 cos?(wt)
x% = x2(1 — sin?(wt)) = x5 — x3 sin?(wt) — —(1)
1
Ex = 5mw?(x§ — x?) — —(2)

Sub (1) in (2):

Ex = Ema)z[xg — (x3 — x sin?(wt))]

2

Ex = —mw?xé sin?(wt)

2
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7 Period of a spring-mass system

k
a=——x
m
a=-wx
Comparing:
k
w? =—
m
reon|T

8 Period of a rectangular block oscillating in SHM in water (floating on surface)
mass m

U’
area A

(a) Equilibrium {b) Non-zero net force

Let h be the height of the block.
W=U
mg = pAHg — —(1)
Let the block move downwards by an additional distance x
W—-U" =ma
mg — pA(H + x)g = ma
mg — pAHg — pAxg = ma
—pAxg = ma
pAg

a=———2X
m

a=—-wx
Comparing:
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9 Damped oscillations

Oscillations gradually die away due to the effects of a damping force acting on the
oscillator.

Type Graph Elaboration

Oscillations still occur, but the
amplitude of the oscillation
decreases exponentially with
time.

time /s EXTRA!

The graph follows the equation
y = Ae * sin(wt)

where A, A and w are constants.

Light damping

Light

displacement / m

There are no oscillations. When
. . the system is displaced from the
;?r'zglf:)cneg”n?;t uone equilibrium position, it takes a
oscillations. long time to return to the
Heavy damping equilibrium position. (e.g. door
/ damper)
Critical damping There are no oscillations. When
the system is displaced from the
equilibrium position, it returns to
time /s the equilibrium position in the
shortest possible time. (e.g.
damping system of car)

Heavy

displacement / m

Critical

Importance of critical damping: Car suspension system

10 Forced oscillations and resonance

Forced oscillations occur when a system is subjected to an external force. Instead of
oscillating at its natural frequency, the system will oscillate at the frequency of the
external force (driving frequency).

When the driving frequency is very close to the natural frequency of a system, the
system will oscillate at maximum amplitude. This phenomenon is known as
resonance, where there is maximum transfer of energy from the driving system to
the driven system.

Example: A singer shattering a wine glass, Barton’s pendulum
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11 Frequency response

3
1 HEy No damping
Amplitude of I S
i I
response of driven R
S)'Stcm -..<.”.\,»(..,,....,.,,n....,,.”y‘,“.,}“.:;M,')‘,A.w.,,'..,,w,.i,wv,ﬁ..,....“j. ,,,,,,
' ¢ Light damping
™\ \L—" siguificant damping
— : ——» Driving frequency
Jo
Notes:

The amplitude of response is theoretically infinite in the absence of any damping.
With damping, the amplitude of the system (and thus the total energy since E =
gmwzxg) will rise till a point where the rate of work done on the system = the rate of
work done against air resistance.

i.e. rate of energy input = rate of energy loss. This can be due an increase in the
resistive forces at higher speeds. (F;, « v?)

With light damping, the amplitude of response is high within a narrow range of
driving frequencies close to the natural frequency. The response is described as

sharp.
With significant damping, the amplitude of response is smaller, and takes place over

a wider range of driving frequencies. The response is no longer sharp.
The frequency of response at resonance also shifts slightly to the left of f, in the

case of increased damping.

12 Examples of resonance

Useful Destructive
Production of sound in many musical | & e of buildings which resonate to
instruments, especially wind R ;
. seismic waves in an earthquake
instruments

Cooking of food in a microwave oven Collapse of bridges resc_)natlng to strong
gusts of wind

Magnetic resonance imaging (MRI)
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Chapter 12: Wave Motion

1 Types of waves
Transverse waves: The direction of vibration of the wave particles is
e.g. wave on rope perpendicular to the direction of propagation of the wave.

Longitudinal waves: The direction of vibration of the wave particles is parallel to
e.g. sound wave the direction of propagation of the wave

Progressive waves: The wave profile moves in the direction of propagation of
the wave. Progressive waves transfer energy in the
direction of the wave velocity.

2 Key terms
Wavelength: The distance between 2 consecutive particles in the wave who
are in phase with one another. Given by 1

Frequency: The number of complete oscillations undergone by a wave
particle per unit time. Given by f

Period: The time taken for a wave particle to undergo one complete
oscillation. Given by T

Amplitude: The maximum displacement that a wave particle can have away
from its equilibrium position. Given by A

Wave velocity: The velocity of the advancing wave. Note: for EM waves —
3 x 108 ms~! in vacuum, for sound waves 330 ms~! in air.
Given by v

3 Derivation of v = fA
Distance travelled by wave in 1 period = A
Time taken = T (1 period)
distance travelled

since speed =
p time taken

_A_
V==

RS

4 Mechanical waves

Mechanical waves are types of waves that transfer energy through a medium.
Both transverse and longitudinal waves are mechanical waves.

E.g.: Water waves, seismic waves




Page 43

5 Wave equations

Displacement-distance Displacement-time
X
Equation y = Asin (z X 27t) y = —Asin(wt)

displacement , y Direction of wave velocity
ik it oA o

At particle M
G ra p h - \/ Distance, x
‘A

(transverse) 0
displacement of particle M, y
8, R

time, ¢

Graph ]
(longitudinal)

6 Phase difference
For a given displacement-distance graph:

Ax
phase difference (rad) = AQ@ = - X 2T

Note: this formula does not apply to stationary waves. See CH13 Superposition

Q
Example: P leads Q and they are separated by %A. R

Phase difference is thus

1
AQ)_ZAXZ I d /2 rad
== m=-ra |

o

Note: P leads Q by grad, Q lags P by grad, Q

leads P by —~rad, Q leads P by = rad etc. are
equivalent statements.

For 2 different displacement-time graphs of 2 particles:

At
phase difference (rad) = AQ = T X 21



Page 44

displacement-time

graph for particle P displacement-time

5 / graph for particle Q
Example: P leads Q by At = iT
Phase difference is thus m
1
AQ = 2" X 21 = z d "
T r NV
 ur |
<

7 Intensity (symbol I, units Wm~2) and Amplitude (symbol 4, units m)
Intensity is the energy transmitted per unit time across a unit area of a surface
perpendicular to the direction of the energy flow.

power energy

Intensity = = —
area  time X area

Hence, when the power of the source is kept constant, the relation between intensity
and distance from the source follows the inverse square law.
Given uniform spreading of wave, then the intensity at a distance r is:

P P 1

=== s X —
A 4mr? T2

The relation between intensity and amplitude is as such:

Intensity « (Amplitude)?

EXTRA!
1 242 2
E > Mw A > Mw
= = = ( )Az o I [0'q Az
t X Area t X Area t X Area

Hence, assuming no energy is lost during propagation, the amplitude of a wave
decreases with increasing distance from the source, due to the spreading of waves
(amplitude of original source remaining constant). For example, the light from a star
decreases with increasing distance.
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8 Polarisation
Polarisation occurs with all transverse waves. Longitudinal waves cannot be
polarised.

Polarisation is usually applied to electromagnetic waves, e.g. light.
Electromagnetic waves consist of an electric field and a magnetic field which vibrate
in phase in directions perpendicular to each other.

We usually only keep track of the direction of the oscillation of the electric field vector
only. Hence, the direction of the e-field vector is the direction of polarisation of the
wave.

Elgctric
field

4
|

il
he

View of a vertically polarized EM wave with magnetic and electric components

9 Polarisation calculations
When an unpolarised EM wave is incident on a polariser, its intensity will be reduced

by % Hence,

1
I ZEIO

This means that 50% of the wave’s energy passes through the polariser
(energy o« intensity as derived above) .

When a polarised EM wave is incident on a polariser, its intensity can be found by
the formula:

I = I, cos?8

where 6 is the angle between the direction of polarisation of the incident wave and
the polarizing axis.

This is known as Malus’ Law.
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wave velocity
——

wave velocity
—_

electric field
vector

Ao cos &

X N\

incident wave N transmitted wave
(vertically polarised)

Amplitude of T
electric field ™~ 4

]
vector of

incident wave. L Amplitude of

‘Ao cos @~ electric field vector
; of transmitted wave.

EXTRA!
Derivation of Malus’ law:
Intensity o« (Amp)? = I, = kA3
I = kA? = k(AycosB)? where A = Ay cos @
oI = kA% cos?0 = 1,cos?0
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Chapter 13: Superposition
1 Principle of superposition
The principle of superposition states that the resultant wave displacement (and
hence the amplitude) is given by the vectorial sum of the individual wave
displacements (amplitude) at the point where the waves meet.

According to the principle of superposition, when a wave meets a fixed end, the
reflected wave will be inverted. When a wave meets a free end, the reflected wave
will not be inverted.

Strategy: Extend the wave past the end. Mirror the wave from the right onto the left
(reflection in the y-axis). If it is a fixed end, invert the wave (reflection in the x-axis).

Note: Waves which are polarised perpendicular to one another will not produce
observable interference patterns on a screen.

They obey the Principle of Superposition, but there will be no destructive
interference, hence there will be no observable bright and dark fringes.

These waves can still interfere with each other.

Common examples of end types:

Free end Fixed end

End of a rope End of a rope attached to a wall

Wall of water tank

2 Stationary / Standing waves
A standing or stationary wave is formed when two waves of the same propagation
speed, wavelength and amplitude overlap while travelling in opposite directions.

A standing or stationary wave is one which the
wave profile does not travel in the direction of the
wave velocity, though the wave particles still
execute oscillatory motion (SHM) about their rest
positions. Hence, a stationary wave does not
transport any energy. Energy is trapped within the
stationary wave.

Particles on the wave oscillate with different
amplitudes vertically.

Nodes are a point at which the displacement of a particle is permanently zero.
Antinodes are a point with maximum amplitude.

Particles in a N-A-N segment are in phase with one another. They are 180° out of
phase with the adjacent N-A-N segment.
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Characteristics of progressive and stationary waves:

Progressive wave Stationary wave
Frequency | Same for all points Same except at the nodes (f = 0)
E Transfers from one point to No transmission of energy along
Energy
another the wave
Distance between two Twice the distance between a pair
Wavelength . L . )
consecutive points in phase of adjacent nodes or antinodes
Different phases in 1 All particles in the same segment
wavelength are vibrating in phase. Particles in
Phase °
alternate segments are 180° out of
phase.
. Same for all points Varies; largest at antinode, 0 at
Amplitude
the node
Waveform | Travels in direction of wave Does not advance

Method to remember: FEW PAW

3 Transverse stationary waves

Supposed a string is stretched tightly between fixed supports. It is then able to
vibrate in a direction perpendicular to its length if it is plucked. Waves travel away
from the position it is plucked, reach the fixed ends, get reflected and travel back

along the string, forming stationary waves.

As the ends are fixed, they are nodes. The distance between adjacent nodes /

. .1
antinodes is 5/1 }

Mode 1
1st harmonic
2 nodes, 1 antinode

_

L= 1/2)\
f

Mode 2
2nd harmonic
3 nodes, 2 antinodes

—_—

L= 2/2)\
2f

Mode 3
3 harmonic

4 nodes, 3 antinodes fi =—=

S

L= 3/2)\

3fi 3

There are an infinite number of such harmonics.

S

L= 4/2)\
4f

S S

L= 5/2)\
5f




Page 49

Experiment: finding wavelength of microwave using a detector

direction of incident microwave - Metal
L Fe plane
< direction of reflected microwave
YA
= r d
A N A N A
Microwave Microwavi
transmitter detector

The detector will read 0 at a displacement antinode or pressure node. The distance
between nodes can be calculated, and from this the wavelength through v = fA
The same setup can be used for other EM waves.

4 Longitudinal stationary waves
Stationary waves can be formed in either a pipe that has 2 closed ends or 1 open
end.

Kundt’'s’ tube — experiment to demonstrate longitudinal standing waves

Resonating chamber
Vibrating disk  /

N N N
A A
— >
At the nodes, the air particles are not moving. Hence, they allow powder to collect at
the nodes.

At the antinodes, the air particles are moving with maximum amplitude. Hence, they
“‘push” the powder away from the antinodes to the nodes.

One open end, one closed
end Two open ends
P 18t harmonic
v v L= Y5\
=V =31 f
TN S —
— Mode 2 — ~—— —
_ 2"d harmonic
L= 3/, A =2
ar 3w v L= 2, A
f=qg If =1 2f
NN
Mode 3 — S
q .
——ae 3 harmonic =3
L= 5A _5v _3v L=l A
51 f=a V=2 3f

Strategy for calculations: find the wavelength in terms of L.
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End correction: In reality, the antinode occurs at a short distance — called the end
correction — away from the open end.

End correction

e & L >
le> : Fundamental mode:
1 Le= 3
4
e e

—

A (anti-node occurs here)

The wavelengthisnow A = 4(L +e) .

5 Diffraction

Diffraction refers to the spreading of waves when they encounter an aperture or
obstacle whose linear dimension (e.g. width of aperture) is comparable to the
wavelength of the waves.

Generally, the smaller the width of the aperture, the greater the spreading or
diffraction of the waves.

A A A

e > & > e

Width of aperture is much larger Width of aperture is larger Width of aperture is comparable
than t%'xe Yvavelength A than the wavelength A to the wavelength A

- no significant diffraction - some diffraction occurs - significant diffraction occurs

Wavelength remains unchanged before and after diffraction.

6 Two-source interference

Interference refers to the phenomenon of two or more waves of the same type
meeting at a point in space to produce a resultant wave disturbance given by the
superposition of individual waves at that point.

There are 3 conditions needed for steady (constant) observable interference patterns
— The 2 wave sources must be coherent, must be unpolarised or polarised in the
same plane, and must have roughly the same amplitude.
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Condition

Notes

Both waves must be
coherent

Sources of waves are said to be coherent if they
have a constant phase difference. This implies that
they have the same wavelength or frequency and
maintain a constant phase relation with one
another.

Both waves must be
unpolarised or polarised in
the same plane

Waves polarised perpendicular to one another will
not produce any observable interference pattern,
just a bright fringe. This is because there is no
destructive interference.

Both waves must have
roughly the same amplitude

If one wave has a larger amplitude than the other
wave, when destructive interference occurs (4,,.; =
A, — A;), the net amplitude will not be 0, resulting in
no dark fringes.

Constructive interference Destructive interference
Resultant amplitude is a Resultant amplitude is O if the 2
maximum. waves are identical.
It occurs at a point where the It occurs at a point where they
waves meet in phase; they meet exactly out of phase. The
Description reinforce each other. The amplitude of the resultant wave
amplitude of the resultant wave | at a given time or position is
at a given time or position is smaller than that of either
greater than that of either individual wave.
individual wave.
Conditi 2 coherent waves meet in 2 coherent waves meet out of
ondition
phase phase
© Path Ax =nAi Ax = (n + 1) A
:g’ difference wheren c Z* where 1 QZT
£ Phase AQ = 2nm A®=(2n+ Drm
difference wheren c Z* wheren c 7t

Note: the above formula holds true when the 2 sources are in phase. If the 2 sources
have a phase difference of 180° or m, then the equations will swap around. e.g.

. . . 1
constructive interference if Ax = (n + E) A, wheren c zZ*

Example: identifying the nodal lines (drawn)
and antinodal lines (not drawn) in two-source

interference.

Path difference at A1 =0, A2=1...
Path difference at N1 = % N2 = %
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7 Single Slit diffraction

In a slit, each portion of the slit acts as a ‘source’ ol i I
of light waves. <

The intensity of each maxima decreases as the A oo SRR el e

. . . . i i A |
angle of diffraction of light increase. ol g b
i
52=F
Equation for single slit is (details not in syllabus) Light q
pasaliel plane intensity o
] n/'l wavefronts s
sinf = — = width of st = vidth of cenral Singe

Forsmall 8, sinf = 6 forn =1, 2
Width of slit (using prior trigonometry knowledge): tan 6 = %

Two-source interference on single slit: two sources must be at a distance D from the
slit in order to be just resolved (the central maximum of one image falls on the first

minimum of the other). This is known as Rayleigh’s criterion.
A

Qmin

8 Double Slit diffraction

nth bright fringe
a4

Note: source S needs to be exactly the same distance from S1 and So.
Note: If light from S; and S, are polarised 90° to one another, they will not interfere. A
bright band will be observed on the screen.

D
Y=
EXTRA!

Path difference = S,A = nA.
s sinf = %’1 (basic equation for slit diffraction)
tan @ = y;” and tan @ ~ sin 6 for small @
ni  yn __niD

d D 7T g
(n+1)AD nAD
SAY =Ypp1—Yn = P ~Z




9 Multiple slit diffraction or diffraction grating
Diffraction gratings are useful for analysing light
sources. Fringes formed by the grating is sharper

than the double slits because of the enormously large

number of slits in the grating.
Formula:

dsinf@ = nAi

diffraction
grating \

monochromatic
light beam

maximam

laser

soreen —__ ‘manimam

higher
onder
moxima

Fig. 18 DPlan view of diffraction grating setup

Maximum number of orders (maximums) visible is given by n,,,, < - This is

because the maximum value of sin 8 is 1.

If white light is shone through the grating, then each wavelength in white light will be
diffracted slightly differently. This results in a spectrum of colours to be seen on the

screen, with one spectrum for each order n.
Red light will diffract more than violet light as the wavelength of red light is more than

that of violet light.

It is possible for two spectra of colours to overlap (i.e. violet of 15t order and red of

2"d order may overlap).

At the straight-through position, there is no diffraction, and hence a white band is

observed.

. . Rl T higher order spectra
Dispersion of white light red
using diffraction grating %mng& ;
4+ yellow-—-_..; ; 2nd order
Bl == spectrum
::: blue j
indigo
e violet g
red-=
01 red Aﬁrange
. . ' ellow st
diffraction = éreen——-—?*' 1* order
. — e spectrum
grating \ ‘\_bh}e — R
= coia
—1 > < el (zeroth order)
. maximum
bea'm olf ‘“‘I"e‘ - white band
white light B 1% order
3 spectrum
0 1, violet 0
Red
Violet
! d
B 2" order
$ spectrum
O
L Red
screen

lhigher order spectra
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Chapter 14: Current of Electricity
1 Electric current (symbol I, units A or Cs™1)
The current / is the rate of flow of electric charge Q through a given cross-section of
a conductor.

I = ‘Z—f for varying current,
I = % for steady current

Direction of conventional current is taken to be the flow of positive charges.
Direction of conventional current can be thought of as opposite to the flow of
negative charges.

Therefore, net charge flow in a direction is the total charge of positive charges
moving in that direction plus the total charge of negative charges moving in the
opposite direction.

Flow of positive charges | Flow of negative charges | Net charge flow to the right
5C to the right 5C to the right 5C —5C =0C
5C to the right 5C to the left 5C +5C =10C

2 Charge (symbol Q, units C or coulumb)

The charge Q which flows past a given cross section is the product of the steady

current / that flows past the section and the time during which the current flows.
Q=1It

The coulomb C is the amount of electrical charge that passes through a given cross
section of a circuit when a steady current of one ampere flows in one second.

An electron or proton carries an electric charge of approximate magnitude
1.6 x 10719 C.
One coulomb is approximately 6.24 x 108 electrons or protons.

Total charge is given by Q = Ne.
Given the charge, the number of electrons can be calculated:
Q 1C
N= = Tex10 ™
The charge density n is the number of charge carriers per unit length, surface area,
or volume in a conductor.
*We usually consider the volume charge density.

Assume charge flows through a conducting wire of length [ and cross-sectional area
A.

Volume of this area AV = AAx and number of charge carriers is N = nAV

Therefore N = nAAx.
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nAAxq
At

Total charge in this section Q = Nq = nAAxq. Hence current I =
Since drift velocity v, = i_’:
I =nAv,q

3 Potential difference (symbol V, units V or JC™1)

The potential difference between two points in a circuit is the amount of electrical
energy converted to other forms of energy per unit charge passing from one point to
another.

V=—
Q

The volt is the potential difference between two points in a circuit if one joule of

electrical energy is converted to other forms of energy per coulomb of charge

passing from one point to the other.

4 Electromotive force (symbol ¢, units V)
The electromotive force (e.m.f.) of any source of electrical energy is the total energy
converted into electrical energy per unit charge supplied.

. w
Q
Differences between e.m.f. and p.d.
e.m.f. p.d.
the energy converted from non- the energy converted from electrical to
electrical to electrical per unit charge non-electrical per unit charge passing
delivered by the source of e.m.f. from one point to another

5 Resistance (symbol R, units Q or VA™1)
Resistance of a conductor is the ratio of potential difference across the conductor to
the current flowing through it.
%4
R
The ohm is defined as the resistance of a conductor such that a current of 1 ampere
flows in it when a p.d. of 1 volt is applied across it.

Ohm’s law: The current flowing through a conductor is directly proportional to the
p.d. across it, providing temperature and other physical conditions are constant.

I o< V for constant temperature and physical conditions

Devices which obey Ohm’s law (i.e. have constant resistance at a certain
temperature) are called ohmic conductors (e.g. pure metals).
The I —V or V — I graph will give a straight line through the origin.



Page 56

Resistance will increase when temperature increases. This is because of the
increase in amplitude of the vibration of the atoms, causing electrons to collide more
frequently with them.

Devices which do not obey Ohm'’s law are called non-ohmic conductors. The I —V or
V — I graph does not give a straight line.

Examples of non-ohmic conductors

o NTC (negative
SN Filament lamp temperature coefficient) Semiconductor diode
= thermistor
I N T Forward bias
I
<
&
5 0 0 ~
© Vv \") Reverse - v
bias
Temperature =~ 2000K Resistance is sensitive | Made up of 2
to temperature. semiconductors swhich
conduct well in 1

» | Number of charge Number of charge direction but not the
= | carriers stays relatively | carriers increases other.
-% constant markedly with
*g temperature.
c |
S R increases as R decreases greatly as

temperature increases temperature increases.

due to increase in

collisions of charge

carriers

Special note for semiconductor diode:
In reality, the I — V graph for the diode will look like this.

There is a minimum forward bias p.d. for which a current will flow called

the threshold voltage.
If the reverse p.d. is too large, larger than the

in a large “avalanche” current (short circuit).

Note: The expression R = % is not a representation of

Ohm’s law, rather, it is a representation of the resistance

R.

Breakdown

breakdown voltage, the diode may break down resulting Vo'=e= ¥

Current

Forward
Current

=
Threshold Voltage

Voltage
{for silicon diodes,
VTh=0.7V)

Leakage Current

Avalanche
Current

—— Reverse Voltage

To find the resistance at a point from a V-I graph, take the gradient of the lone
connecting that point and the origin. Take the inverse gradient for an I-V graph.
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9 Resistivity (symbol p, units Qm)
Resistivity is a property of the material, independent of the shape and size of the
conductor.

_pL A = area

R
A

L = length —=

Definition: Resistivity is given by R = 2,
where R is the resistance of the component, lul

A is its cross-sectional area, and L is its
length.

p = resistivity

10 Internal resistance

An ideal battery should produce a voltage (termed “terminal voltage” — p.d. at the
terminals) that is equal to the e.m.f.. However, in reality, all batteries have a small
internal resistance r that causes the terminal voltage to be less than the stated e.m.f.

When connecting a voltmeter across the ends of
the battery, we see that the voltage V is less than
the e.m.f. €. This is because the drop in voltage is
used to drive the current through the internal
resistance r. A

Therefore drop in voltage = voltage across resistor
andrz%zﬂlr:]r. _________

Since Vierminar = € — V., therefore (I |
| |

Veerminar = € — It —;CI—{ |
I |

and € = I(R + r) where R is the total external Tt T T T
resistance.

Note: p.d. across total external resistance is equal to the terminal p.d.. Hence
IRy = € —Ir

11 Power (symbol P, units Js™! or W)
Whenever a current passes through a resistance, power is transformed from one
type to another.

From the equations of p.d. and e.m.f., the following equations can be obtained.
2

v
P=VI=IR=—
R

P = I*R is usually used for series circuits.

V2, L
P =—is usually used for parallel circuits.
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Chapter 15: Electric Fields

**In the case of electrons, gravity is assumed to be negligible, as m, < e.
However, for particles that are made up of at least a few molecules (e.g. oil drop),
gravity cannot be assumed to be negligible.**

1 Electric field
An electric field is a region of space where a charged particle will experience an
electric force. (refer to gravitational field notes)

It can be represented using lines of force. starting from a positive charge and ending
on a negative charge.

When drawing electric fields, take note field lines

of: /

a) Electric field lines must begin from a
positive charge and end on a negative

charge

b) Electric field lines must not intersect

each other

C) Electric field lines must be at a normal The electric field frorm an The electric field frorm an
to the surface of the Charge isolated positive charge isolated negative chargs

d) The number of lines per unit area is proportional to the strength of the electric field
in the given region.

On an irregularly shaped conductor, the charge concentrates at locations where the
radius of curvature is the smallest — at pointed regions.

2 Electric field strength (general) (symbol E, units NC™1)
The electric field strength E at a point is the electric force acting per unit positive
charge placed at that point.
F

s—
E is a vector whose direction at a point is the direction of the electric force that would
be exerted on a small positive test charge placed at that point.
Hence, a small positive test charged placed (u = 0) along a field line will travel along
that field line.
Note: if the initial velocity is not 0, then it will not exhibit such behaviour.

A charged particle entering a uniform electric field perpendicular to it will follow a
parabolic path.

Proof:
uy =uandu, =0

_ _ _ 1 .2_1 .2
Hence s, = u,t = ut and s, = u,t +at” =-at

SinceF=ma=Eq,a=il—q

Therefore s, = . (fn—q) (i) s =y = kx?

Y 2
2 u2
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The electric field strength at a point P due to a point charge at distance r is given by
Q

4meyr?

This formula is also applicable to a sphere of radius R. The distance r
will then be the distance of the point to the centre of the sphere.

Note that there is no electric field inside an isolated electrically
charged sphere. Any excess charge on an isolated conductor resides
entirely on its surface.

EXTRA!
According to Gauss’ law, the electric field
passing through a “Gaussian Sphere” (that is,
an imaginary sphere which electric field lines
pass through) is given by
E(4mr?) = Jenc
€o
Considering a conducting shell of radius a and
holding a charge q (right), a “Gaussian Sphere”
of a radius r < a will not enclose any net
charge. Hence, the electric field is zero.
This law also shows how we can treat charged
spheres as point sources for the cases of r > a,
as the value of g, is simply the total charge on
the sphere.

gaussian sphere

To draw the electric field-distance graph for 2 objects, first define the sign
convention, e.g. = +ve. Then, draw the strength of the e-field according to the line

density.
) el ! / Electric] <

Field

- { }
. " " A distance

. |
3 1
\
£ J%‘ i

et s i 2 ' ' il ' r

N . . . .

N | | | |

. .

Left: visualisation of the electric field lines. Right: Electric field vs distance graph
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3 Coulomb’s Law
To calculate the force acting on a charged particle due to another charged particle,
we can use Coulomb’s Law.

Coulomb’s Law states that the electric force between two point particles carrying
charges Q, and Q, separated by a distance r apart is proportional to the product of
the two charges and inversely proportional to the square of their distance apart.

F « leQz £=8.85x10"12Fm™!
r
o 00
41rEyT?

Coulomb’s Law also applies to charged spherical conductors. The distance r will
then be measured from the centre of the sphere.

4 Electric Potential Energy (symbol U, units J)
The electric potential energy (EPE) between two point charges Q, and Q, separated
by a distance r apart is given by

y 210

4mtegr

EPE can be negative, if one charge is positive and the other is negative.
Note: The work done on a particle by an external agent is equal to the negative of
the work done by the electric field.

5 Electric Potential (symbol V, units JC™1)

The electric potential at a point in an electric field is the work done per unit positive
charge by an external agent in bringing a small test charge from infinity to that point
without a change in kinetic energy.

Note: the electric potential at infinity is taken to be zero by convention (see

gravitational field notes).
w Q

q Amegr

c

Electric potential can be negative, if the charge Q is negative.

Potential energy U and potential V is related by the equation

U=Vq
Positive charges will move from places of high potential to places of lower potential.
Negative charges will move from places of low potential to places of higher potential.

Change in EPE by a particle moving between 2 points whose potential difference is
AV is given by the formula

AU = qAV

Charges moving along an equipotential line will not experience a change in potential
energy.
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Note: while the electric field strength inside a charged sphere of radius R is 0, the

potential energy in a charged sphere of radius R is not 0, it is 475 -
0

6 Relationship between electric field quantities
Generally, the electric field strength at a point is equal to the negative of the potential

gradient at that point.
dv

Cdr
Generally, the force acting on a charge is numerically equal to the negative of the

potential energy gradient at that point.

_au
~ar
7 Summary
F
_ Qq ep=F_ _ Q
4meyr? q 4eyr?
i i
_au _av
- dar - dr
U U
_ Qq 0
U= Ameyr =A4AU=qAV=  4meyr
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Chapter 16: D.C. Circuits

1 Symbols
Connecting lead —®— Filament lamp —F——— Fuse
_l — cell —@— Voltmeter = Earth
—I F-- l |— Batteryofcells — : }—— Ammeter —A : }—— Alternating signal
—___}— Resistor —oo— Switch

—I I— Capacitor
— & o—— D.C.Powersupply —ﬁl— Variable resistor

— YYY L Inductor
Junction of conductors 00— Microphone

—?_ Thermistor
:[ﬂ Loudspeaker

4y

(no connection) " . .
—] )I— Light emitting diode (led) —@— Light dependant resistor (Idr)

Common devices:

| | Crossing conductors

Thermistor: Resistance decreases as temperature increases

Light-dependent
resistor (LDR): Resistance decreases as light intensity increases

Diode: Allows electrical current only in one direction

Common assumptions made:

Ammeter: Zero resistance
Galvanometer: Zero resistance

Voltmeter: Infinite resistance

2 Current
Kirchhoff's Current Law states that the algebraic sum of the currents at a junction of

a circuit is zero.
z Ii - 0

junction

where currents entering the junction are given a positive (+) sign and currents
leaving the junction are given a negative (-) sign.

Generally
sum of currents entering a junction = sum of currents leaving the junction

This law arises from the Principle of Conservation of Charge.
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3 Voltage

Electromotive force (symbol ¢) of a cell is the amount of energy converted from non-
electrical to electrical form per unit charge that moves from one terminal of the cell to
the other outside of the cell.

AW
q

Potential difference (symbol V) across a circuit component is the amount of energy
converted from electrical to non-electrical forms per unit charge that flows through
the component.

E =

%
q

Note: the negative terminal of a battery can still have a positive potential. Negative
terminal just means that it is at a lower potential, compared to the positive terminal.

AV

Ohm’s law: For a resistor obeying Ohm'’s law, this equation holds true:
AV = IR

Kirchhoff’s Voltage Law states that the algebraic sum of all electrical potential
changes around any closed loop is zero.

junction

This law arises from the Law of Conservation of Enerqy.

Note: current always flows from higher potential to lower potential.

4 Resistors

For resistors in series, the total resistance is simply the sum of the resistances.
Reff =R1+R2+R3++Rn

For resistors in parallel, the reciprocal of the total resistance is the sum of the

reciprocals of the individual resistances.
1 1 N 1 N 1 . 1
Reff Rl RZ R3 Rn

Note: effective resistance of resistors in parallel is always lower than the lowest
resistance in the network.

5 Ammeters and Voltmeters

Ammeters / galvanometers should be connected in series.
An ideal ammeter / galvanometer has 0 resistance.
Voltmeters should be connected in parallel.

An ideal voltmeter has infinite resistance.
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6 Non-ideal cells
All cells inherently possess an internal resistance r. This is represented with a dotted
line as such:

The internal resistance is in series with the battery.
This causes the terminal p.d. to be lower than the e.m.f.
V=¢c—Ir

7 Potential-divider Principle

The Potential-Divider rule states that if a voltage exists across several resistors
connected in series, then the voltage across each resistor is proportional to the total
resistance.

Ry Ry
Ri + R, Ry

Vi

When used in a circuit in series with a thermistor or LDR, the following graph can be
obtained.

Thermistor LDR

Diagram

Equation

mperatuce voltmeter reading light intensity voltmeter reading

Graph /\/\/
4 —> time

tume time time
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The potential-divider principle can also be used for a continuous resistor, e.g. a
resistance wire.

If a wire has a constant resistance per metre, then the voltage drop across any
section of the wire will be proportional to the length of the section as a fraction to the
wire’s total length.

[
Vap = % *Vo
T
EXTRA!

If a wire has non-uniform resistance per metre, integrating over the length of the wire
will give the total resistance of the wire.
e.g. the resistance per metre of wire X, which is L cm long, is given by r = A + Bx.

Hence total resistance is fOLA + Bx dx

8 Potentiometer I V:|4'OIV

The potentiometer is essentially a device . —1hl

used to measure an unknown potential I

difference. The unknown voltage is compared e R 5
with a fraction of a voltage from a known | N

source across a resistance wire. ‘ =100 ' jockey

The balance length is the point when the _ngﬁ_:_

galvanometer shows no current. I

R 7 S — |

This means that the potential difference

across PJ is the same as the unknown e.m.f.
i.e. V; =V,. Hence, no current flows.

The unknown voltage E can be calculated by

L
E = PJ * : _
PQ : (v

Note: the potentiometer is very accurate (provided that the e.m.f. source for the main
circuit is known accurately)

Note: The presence of any resistors in series with the unknown e.m.f. does not affect
the balance length at all.

Viesistor = [Rresistor

When I = 0 as there is no current flow, there is no potential drop across the resistor.
Hence, the balance length is not affected by resistors.
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9 Wheatstone bridge
The Wheatstone Bridge is a way to determine
an unknown resistance accurately. ﬁ

R, = unknown resistance TJ
R; = variable resistance ' ]

R, and R; = known resistances (fixed) /4 R =

Like a galvanometer, the resistance R, is adjusted until the balance point (I = 0).

This means that the potential difference between 1) A and B is 0. Hence,

Vpa = Vpp
IRy = IR,
and
Vag = Vag
IR, = I;R3
Hence,
I, Ry Rj
I, R R,
R,
R, =—XR;

R,
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Chapter 17: Electromagnetism

1 Magnets

Magnets produce magnetic fields. The region of space close to a magnet is called a

magnetic field.

The field is represented by lines of force, starting from the North pole and ending at the

South pole.

Hard magnetic materials like cobalt and nickel are difficult to magnetise but tend to retain

their magnetism.

Soft magnetic materials like iron are easily magnetised but tend to lose their magnetism

easily.

2 Magnetic field (symbol B, units T)
Magnetic field is a vector. The strength of the magnetic field at a point is represented by the

symbol B.

Note: Magnetic field = magnetic flux density (covered later)

The tangent to the magnetic field line at a point in the magnetic field gives the direction of

the field at that point.

The number of lines per unit cross section area is an indication of the strength of the field.

Arrow: Magnetic field acting in direction of arrow

Cross:

Dot with a circle:

Magnetic field acting into plane of paper

Magnetic field acting out of the plane of paper

3 Magnetic field patterns of different magnetic objects

Magnetic field due to...

Current flowing in long
straight wire

Current flowing in a long
solenoid

Current in a circular coil

Direction of
Current Flow

PR y S
_‘_L--‘-H*‘.
| SN
U »
‘_ " Magnetic field B
I Electric produced by
current loop current
] NI
p =t B = ponl ="
2nr ar
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4 Solenoid

The polarity of the ends of the solenoid can be determined by the “Clock” rule.

Looking at the end of a solenoid, if the current is flowing counter-clockwise, that end is a
north pole. If the current is flowing clockwise, that end is a south pole.

The polarity can also be determined by grasping the core, with the fingers curled in the
direction of the current. The thumb will then point to the north pole.

Field (North)

Current

A ferrous core can increase the magnetic field strength of a solenoid very dramatically.
This is because of the presence of “domains” in the ferromagnetic material, which are
composed of tiny magnets made up of atoms.

In the unmagnetised state, these atomic magnets point randomly in all directions.

When subjected to an external magnetic field, the domains start to become aligned in one
direction, and the magnetic field becomes very strong.

Thumb

5 (Current)
18

5 Right hand grip rule

If the wire is grasped in the right hand, with the thumb in the “\;g’::;c

direction of the current, the fingers will curl in the direction of the  Fielq)
magnetic field.

6 Fleming’s Left Hand rule
Fleming’s Left Hand rule can be used to find the direction of the force acting on a current-
carrying conductor in a magnetic field.

The seCond finger represents the Current, the First finger represents the magnetic Field and
the thumb represents the magnetic force.
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Magnetic force produced

magnetic field

& > current

Fleming’s Left Hand Rule

7 Magnetic force acting on a current-carrying conductor
The direction of the force can be calculated >
using Fleming’s left hand rule. The magnitude of
the force can be calculated using:

F = BILsin#@ -

x I.
where 6 is the angle between the magnetic field . %ir{dedmrothe e

vector and the direction of the current.

= —

8 Magnetic Flux Density (symbol B, units T)
Magnetic flux density is defined as the force acting per unit length of a conductor
which carries unit current and is of right angles to the magnetic field.

F

~ ILsin@

The Tesla is the unit of magnetic flux density equivalent to a force of 1 N
experienced by a straight conductor of length 1 m and carrying a current of 1 A when
it is placed perpendicular to the magnetic field.

9 Forces acting on a pair of current-carrying wires
If the currents are flowing in the same direction (A), then [
the wires will attract each other. T
If the currents are flowing in the opposite direction (B), B @8, 5®

then the wires will repel each other. . =1 =

The directions of the forces can be explained using (1) \

the right hand grip rule, to determine the direction of the A 8 A
magnetic field, followed by Fleming’s left hand rule, to ") (B)

determine the direction of the force.
The force of interaction is given by
LI,
d

Derivation: See later:

Mol
F, =BLL=——IL
1 1 o 1

B, —
o
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10 Forces (torque) acting on a current-carrying rectangular loop

Plan view F

. ] o

R

Current “out
of” paper

>
Lag

—
«—q —> F

The force acting on the vertical arm is F = BIb. Since the forces are a couple, the
torque 1 experienced is:
T = Fa = (Blb)a = BIA
For a loop of N turns, the torque experienced is:
T = BIAN

A current balance can be used to figure out the strength of a magnetic field.
It does this by aiming to balance the (1) force acting on the current-carrying
rectangular loop (via electromagnetism) and a (2) known force (from a non-
conducting rod) in a see-saw configuration.

The torque acting on side CD (clockwise) is

Taockwise = Fgx = (BIL)x, where L is the length
of the wire CD

The torque acting on side AF (anticlockwise) is

Tanticlockwise — f'roday = Mgy
To achieve rotational equilibrium,

Tanticlockwise = Tclockwise
BILx = mgy

_mgy
ILx

11 Force acting on a charged particle moving in a magnetic field

To find out the direction of force acting on a charged particle moving in a magnetic
field, first we must resolve the B field into a component parallel and perpendicular to
the direction of velocity v.

Note: take the direction of conventional current (i.e. positive charge flow), not
electron flow.
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Then, using Fleming’s Left Hand Rule, the direction of force can be obtained.
The magnitude of the force is given by:

F =B,qv =Bsinf qv F =q(v xB)

Since the direction of the force is always perpendicular to the direction of motion v, a
particle in a large enough region of magnetic field will experience circular motion.

Thus, the magnetic force provides the centripetal X P x x im
acceleration.
F. = Fp

mrw? = Bj,qv
mrw(2nf) = Binq(rw)
2nfm = Biyq

Binq
2mm

f:

This frequency is called the cyclotron frequency. X = q - »
The cyclotron frequency and hence the period is independent of the speed of the
particle.

If the particle was not moving at right angles to the magnetic field, the particle will still
exihibit circular motion, but with an added velocity perpendicular to the circular
motion.

As a result, the path of the particle will follow the shape of a spring’s coils, and it will
move in a helical path.

‘/‘1 - A 2r
e VARV
SE = L

v), causes circular motion about the field lines, while v, causes the particle to move

parallel to the field lines.
2

mu.

Bqv, = 4
mv.

Bg=—2=
1 T

Bqr = mvsin@

From Electric Fields, we know that an electron is attracted to positively charged
plates and repelled from negatively charged plates.

We can make use of this behaviour, along with the behaviour of charged particles in
magnetic fields, to produce a velocity selector.
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12 Velocity selector

The velocity selector is a device which makes use of crossed magnetic and electric
fields to select a beam of charged particles of a fixed velocity originally travelling
together with a bunch of other particles with different velocities.

A charged particle moving in a velocity B;,

selector (a) will experience both a R— Y+t + 4+ b qvxB

magnetic and an electric force. ke ‘

tq

act in different directions. Only
particles where the downward force ST RPN | Y ¢E
equals the upwards force will pass (a) (b)
through the slit on the other side of the selector.

*

»

| *

The selector is set up so these forces I ‘ -
Y

b4

I

Other particles are slightly deflected, and as such cannot pass through the slit.
The selected velocity can be determined by:
Binquo = qE
Binvg = E

"7 By
As the electric force is constant but the magnetic force is proportional to velocity v,
particles with velocity v > v, will deflect upwards, and
particles with velocity v < v, will deflect downwards.
These particles will not pass through the second slit.

With a stream of particles of constant velocity, they can be separated by mass using
a mass spectrometer.

13 Mass spectrometer .

. . Photographic SR
A mass spectrometer is a device used to plate P

measure the mass of charged particles.
It consists of a deflection chamber (a
region of magnetic field), as well as a S T T

photographic plate. w T2 e Do Be B

The mass spectrometer is placed after
the velocity selector.

Bin

Velocity selector w oo o %

in



Page 73

For particles in a magnetic field, the magnetic force provides the centripetal force:
Fg = F;

va mu,
= Boq =
r

m
Boqvy =

me
T =
BinBOq

If B;,, = B, (same magnetic field in velocity selector and mass spectrometer),
me

r = W
If B, g and E are constant, then r «« m.

14 Magnetic field due to current flowing in a long, straight wire
The magnetic field in the vicinity of a long, straight wire takes the form of concentric
circles with the wire passing through the common centre.

The direction of the magnetic field can be found through Fleming’s Left Hand rule

The strength of the field at a point varies proportionately with the current I and the
distance r.

B x -
r

_ Mol *given in formula sheet
2nr

Where p, = 47 x 1077 Hm™! = permeability of free space

15 Magnetic field due to current flowing in a solenoid

The direction of the magnetic field (and hence the polarity) can be determined by the
“clock” rule, or, by grasping the solenoid core in the direction of current flow. The
thumb will point towards the north pole. This is known as the Right Hand grip rule.
The magnitude of the magnetic field is proportional to the current I in the solenoid
and the number of turns per unit length n of the solenoid.

B x nl

*given in formula sheet

B = ﬂonl

N
where n = T
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16 Magnetic field due to current in a circular coil
The magnetic field takes the form of closed loops about ‘ AN
any curved portion of the wire in the circular coil. . Yo A

Theoretically, the magnetic field at the centre of the coil is
directed through its centre. This field line appears to
come from infinity and end at infinity.

One side of the coil corresponds to the North pole and
the other side corresponds to the South pole and the
polarity can be determined using the right-hand grip rule.

, ' " Magnetic field B
I Electric produced by
current loop current

The magnitude of the magnetic field at the centre is
proportional to the current I and the number of coils N,
and inversely proportional to the radius r.

NI
B o« —
r
B = HoNI *given in formula sheet

2r
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Chapter 18: Electromagnetic Induction

Normal to A

1 Magnetic flux (symbol &, units Wb)

The magnetic flux passing through the surface area 4 is
defined as the product of the component of the magnetic
field normal to the plane of the surface and the area of the

surface. EXTRA!
¢ =B, A=BAcos® ¢=ffB.dA

where 6 is the angle between the normal of the
plane and the magnetic field.

The unit of magnetic flux is the weber (Wb).

The weber is the flux of a uniform magnetic field B of flux density 1 T, through a
plane surface of area A of 1 m?, placed normally to the B field.

The total magnetic flux linkage passing through a coil of N turns can be calculated
using:

® =N¢p = NBAcos O
where N is the number of turns in the coil.

2 Faraday’s law

Faraday’s law states that when the magnetic flux linkage with a circuit is changed, an
induced e.m.f. is set up whose magnitude is proportional to the rate of change of flux
linkage.

_ dCD|
S PT
3 Lenz’s law
Lenz’s law states that the direction of the induced e.m.f. (and hence current flow in a
closed circuit) is always such as to opposite the change in flux causing it.
d¢ d¢

= e = ]

where k = 1, and &, ¢ and t are in their respective S.I. units.
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Pushing a magnet into a solenoid

€2
P

Pulling a magnet out of a solenoid

An induced north pole is set up at the
right of the solenoid to oppose the
increasing flux linkage from the
approaching north pole.

A current is induced and flows as
shown.

In layman terms, the induced north pole
is trying to repel the incoming north

An induced south pole is set up at the
right of the solenoid to oppose the
decreasing flux linkage from the
retreating north pole.

A current is induced and flows as
shown.

In layman terms, the induced south pole
is trying to prevent the north pole from

_ Coil.

pole. leaving.
At the instant switch S is closed At the instant switch S is opened
2 S

ilre-

The current in the solenoid increases,
increasing the strength of the magnetic
field.

Hence, the magnetic flux linkage with
the coil increases.

Induced current in the coil will flow to
generate a south pole facing the
electromagnet to oppose the flux
growth.

In layman terms, the coil is trying to
prevent the south pole from becoming
stronger.

The current in the solenoid decreases,
decreasing the strength of the magnetic
field.

Hence, the magnetic flux linkage with
the coil decreases.

Induced current in the coil will flow to
generate a north pole facing the
electromagnet to oppose the flux decay.

In layman terms, the coil is trying to
prevent the south pole from becoming
weaker.

No e.m.f. / current induced when the current is at steady state.
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A rectangular coil entering a magnetic
field

A rectangular coil leaving a magnetic
field

Induced B field
(out of plane)

N e

x X X X X X
pd

Induced B field
4 (into plane)
ya

—

X X
E3ES ~

X% X X
X x %X X
x X X X
x X X X

¥ _ X % % % )4
i

increases.
Induced current will flow to generate a
B-field that opposes the flux increase.

B B
(into plane) (fmo: plane)
Area of coil linking with the B-field Area of coil linking with the B-field

decreases.
Induced current will flow to generate a
B-field that opposes the flux decrease.

No e.m.f. / current induced when the entire coil is in the B-field.

5 Eddy currents

A useful application of Lenz’s law is in electromagnetic braking through the formation

of eddy currents.

Eddy currents are induced currents flowing in loops.

A simple experimental set-up can be
designed to show the effects of eddy
currents.

A metal disc is set to swing on a pivot,
freely. As the disc passes the magnet, it
experiences a changing magnetic flux.
Hence, eddy currents are induced.

Heavy damping with
unslotted disc

These eddy currents set up a magnetic field which opposes the field of the magnet,

which retards the motion of the disc.

Eddy currents are used in applications such as stopping rollercoasters,

galvanometers, voltmeters and ammeters.

To minimize eddy currents, slots can be cut in the disc. This hinders the formation of
large induced currents, which reduces the braking effect.

This is important when eddy currents should be reduced to avoid the loss of energy
in applications such as a transformer, as induced currents do work and raise the
temperature of the iron core and cause energy loss.

Slotted disc
A suffers less
damping
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6 Fleming’s Right Hand rule

Fleming’s right hand rule allows us to identify the
direction of the induced e.m.f. and hence current in a
circuit. MagnetcField

The seCond finger represents the Current, the First
finger represents the magnetic Field and the thumb Fectic Curent
represents the force (or the direction of motion).
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7 Calculations of induced e.m.f.

Straight conductor moving across a uniform B-field

B field into
X lane
X x X gvfﬂl X i X
X X Ix AA X X X
A
X X lx X X X X
x X Xy X X X X

In time ¢, area swept through by rod XY is vAtl
B |A¢| _BAA  B(wAD)l

T acl T A T A
Rotating disk in a B-field

(%

In 1 revolution, flux cut by the line OP:
A¢p = BA = B(nr?)
Hence, for 1 rotation (1 period, T),
B |A¢| _ Bnr?
T lael T

T
& = Bar?f
AC generator
(7]

For a coil of N turns rotating with constant angular velocity w in a uniform B field:
® = NBAcos 8 when & is maximum at 8 = 0. If ,,,,, at 8 = 0, use sin
So,
d¢o
dt
= d (NBA 0)
&= dt cos
Since 6 = wt,

E =

d
£=- I (NBA cos wt)

& = NBAw sin wt
& = & Sin wt
where g, = BAwN = maximum induced emf
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8 Factors affecting magnitude of induced e.m.f.

From ¢ = BAwN, the factors affecting the magnitude of e.m.f. produced are:
magnetic flux density B,

Plane area of the coil 4,

Angqular frequency of rotation w,

Number of turns of the coil N
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Chapter 19: Alternating Current

Direct current (D.C.) is one where the current only flows in one direction.
The magnitude of the current may vary, but the direction of the current must never

change.

Alternating current (A.C.) is one where the direction of the current flow changes
periodically with time (with a constant period).

2 Key terms
Period:

Frequency:

Angular
frequency:

Peak current:

Peak-to-peak
current:

Sine wave Complex wave
+V +V
@
=
g /\ ] i | i
=0 t + t time 0 time
E
<
v -V
Triangular wave Sguare wave
+V +V
@
=}
E A
=0 + t + b= time 0 + + t time
E
<<
-V

The time taken for the current to undergo one complete cycle.
Givenby T
The number of complete cycles undergone by the current per unit

time. Given by f, and f =%

The frequency in terms of radians per unit time rather than cycles
per unit time. Given by w

w—T = 2nf

The maximum magnitude of the current attained in each cycle.
Given by I,

The difference between the maximum and minimum values of the
current within one cycle.

Given by I,

For a sinusoidal wave, L,, = 2I,
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3 Alternating current (sinusoidal) properties
In the H2 syllabus, the most commonly encountered form of alternating current is
that with a sinusoidal waveform.

current J

I 1--7 /]
/\ /\ ULy Peak-to-peak

T ' 2T current, Iy,

710 e I it

This sinusoidal alternating current is represented mathematically by
I = I sin wt

2
where w = == = 2rf

NOTE: if the current starts at the peak value instead, use I = I, cos wt.

4 Instantaneous Power
To calculate instantaneous power, we simply have to take the value of I or the value
of VV at the desired time, and apply the formula:

2
P=rR="
R

However, to calculate average power, we need to use the mean-square value of the
current.

5 Mean-square and root-mean-square
The mean-square value is the mean (average value) of the square of the current
over the time interval being considered.

413+ + 12

EXTRA!
For currents that vary periodically with time, the mean-square current between time
t, and time t, can be calculated as such:

2 1 t22
(I)—?jt 1= dt

1

NOTE: (I2) # (I)?
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The root-mean-square current of an alternating current (a.c.) is that value of the

direct current (d.c.) that would produce thermal energy at the same rate in a resistor.

The root-mean-square value is the square root of the mean of the square of the

current over the time interval being considered.

It is simply the square root of the mean-square current. Hence,

Lrms =+ (12)

6 Average power

Instead of using the instantaneous current / voltage, we will now replace it with the
mean-square / root-mean-square currents and voltages respectively. Hence,

(P) = <12R> = IEmSR

2 2

(P) = () = ==

(P) = Vimslrms

For square waves, it is necessary to calculate the root-
and mean-square values manually.

To do this, first square each straight section of the
square wave and plot a new graph with the values.
Then, calculate the mean of these values, which is the
area under the graph divided by the total time.

(12>_%T><112+%T><122 3

T 4

1

:—E+Zg

For sinusoidal waves, there are some special equations to help us calculate root-
mean-square values. Tcurrentf

I = I;sin wt
12 = I2 sin? wt

I 17

21
I —210(1 cos 2wt)

Plotting this graph, we obtain the following:

0
\/T \/2T
I, —pmmmmene-

I* =17 sin*ot = %[02(1 — cos 2wt)

time ¢

2T
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.1
Hence, we can see that the mean-square value for I, is 513.
Hence, the root-mean-square value is

1 I
I = 2 = —
rms 2 0 \/7
Similarly,
Vo
| = _,2—
Then, for average power,
I \* 2R P,
P) = 12R=<—> R=—=—
(Py=("R = (7= =5
Hence, we can see that
Py = 2
2

These equations hold true only for a sinusoidal waveform.

7 Transformers
The reason why we use transformers in long-distance power transmission is due to
the issue of Joule heating, given by the formula:

— 72
Pdissipated =1 Rtransmisson wire
In order to reduce the current, for the same _
Primary Secondary

power, we can increase the voltage (P = VI). el i Circuit symbol:

This can be done using a transformer. .
Vs
' % %

Since D.C. currents are hard to step down or
up using a transformer, A.C. current is used

An alternating voltage V, applied to the primary coil causes an alternating current I,
to flow inside the coil.

for long-distance power transmission.
The high voltage reduces the energy loss as

heat generation in the cables.

This generates an alternating magnetic flux ¢ (through ¢ = BA = (uynl)A) in the soft
iron core.

Assuming no flux leakage (transformer is ideal), the same flux passes through the
primary and secondary coils.

This alternating magnetic flux passing through the secondary coil induces an
alternating voltage in the secondary coil.

Completing the circuit (i.e. by connecting a load) will allow an induced current to low
through the load.

Hence, the transformer transfers electrical power from an input voltage of I, to an

output voltage of V.

soft-iron core
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Primary coil Same magnetic flux Secondary coil
(No.oftums =N, ¢ links both primary  (No. of turns = N,
Resistance =ry) and secondary coils.  Resistance = r)

For an ideal transformer, the relationship between the primary (input) voltage V}, and

the secondary (output) voltage V% is:
Vi N .
— = — = turns ratio
b Ny

If Ny > N, then V; >V, and the transformer is a step-up transformer.

If Ny < N,, then V; <V, and the transformer is a step-down transformer.

Assuming no power loss (ideal transformer),

Volp = Vsl
Hence,
Vi I
b

8 Non-ideal transformers

While an ideal transformer transfers 100% of power supplied to the primary coil to
the secondary coil, in reality, all transformers lose some amount of energy within the
transform.

The efficiency of a transformer is:
power output from secondary coil

efficiency = . - -
power input to primary coil

Below are the reasons for this inefficiency.

Reason Explanation

Eddy currents The alternating magnetic flux in the core will also induce circular
currents in the soft iron core, called eddy currents.

To reduce the effect of eddy currents, transformer cores are
usually laminated, which means they are made from thin sheets
of soft iron separated by layers of insulation. This prevents the
formation of large eddy currents and the associated energy
loss.

Joule heating A small amount of energy will be lost as heat in the primary and
secondary coils due to Joule heating.

P=1I%
where r is the resistance of the coil.
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Heating within The soft iron core will retain some of the magnetism caused by
soft core due to | the magnetic field. Hence, when the magnetic field is reversed,
Hysteresis energy is needed to force the magnetic domains to reverse.
This energy is lost as heat generated in the core.

Hard magnetic materials cannot be used for the core because
they strongly retain their magnetisation. Hence, it takes a lot of
energy to reverse the magnetisation.

Magnetic flux In reality, the efficiency of flux coupling between the 2 coils
leakage cannot be perfect and there will be some flux leakage.

This limits the power that can be transferred from the primary to
the secondary coil (as the flux linkage is reduced).

9 Half-wave rectification of an alternating current

A diode is a circuit component that only allows current to flow one way through it.

If a potential difference applied in the direction that allows it to conduct current, the
diode is said to be forward-biased.

If a potential difference applied in the direction that causes it to block current, the
diode is said to be reverse-biased.

Hence, if a diode is connected in series with a sinusoidal alternating current, then the
diode will block the current during the half-cycle in which it is reverse-biased.

D
~l v
Vin o op

VOl

VOUT

LOAD

N

Hence, the diode is able to convert an A.C. current into a D.C. current. This process
is called rectification, and the diode is said to rectify the A.C.

Similar to full sinusoidal waveforms, we can calculate the root-mean-square values
for a rectified A.C.
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A\ current [
9.01--
" :Eimer
1 3 -
& -T T T 27
2 2

To find the root-mean-square values, we first need to get the graph of I? against
time.

Bt
81 4--

, 1
(72 )= ;@D =405 —> -

0

Fromt=0tot = %T, the graph obeys the equation I? = 9% sin? wt. Hence, the
average value (I?) is %102 = %(81) = 40.5.
Fromt = %T tot =T, the average current is simply O.

Hence, the mean value of the current (I?) for one entire cycle is:

%13 X%T+O><%T 1
(1?) = - =1 =2025A°

Hence, the root-mean-square current I, is:

1 I
Irms = ZIO ZEZ 45A
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Chapter 20: Quantum Physics 1

1 Introduction

We know that electromagnetic radiation (e.g. light) can behave as waves. However,
some phenomena cannot be explained by classical wave theory. For example, the
photoelectric effect is a phenomenon that cannot be explained classically.

2 Photoelectric effect

The photoelectric effect is the phenomenon of electrons being ejected from a given
meal surface when light about a certain minimum frequency falls upon its surface.

The photoelectric effect can be
demonstrated with an

electroscope.

!E «— UViamp

N

UV radiation

N

zinc plate

The gold leaf is initially

gold leaf

repelled due to electron
repulsion. When UV light

shines on the zinc plate, the
gold plate falls. This means
that electrons have been emitted.

These electrons are called photoelectrons.

3 Observations that result from the Photoelectric effect
The photoelectric effect results in a disagreement between predictions based on
classical theory and the actual observations. The table below lists three wrong

predictions and one correct prediction.

Prediction based on classical theory

Observation

Since intensity is a measure of energy, if we use
radiation of enough intensity, electrons would
absorb enough energy to escape.

Frequency of the light should be irrelevant.

Wrong prediction.
There is a threshold frequency, below which no
electrons are emitted, no matter the frequency.

Electrons can absorb the light energy over time.
Hence, a lower intensity light will take a longer
time to emit photoelectrons and vice versa.

Wrong prediction.
Photoelectrons are emitted immediately.

For a light of a frequency, a greater intensity
(and hence larger energy) of light should result
in the emitted photoelectrons having a greater
Kinetic energy.

Wrong prediction.
Max KE of electrons is independent of intensity
and dependent on frequency.

For light of any frequency, a greater intensity
should result in more emitted photoelectrons per
unit time.

Correct prediction.
In fact,
rate of emission of photoelectrons « intensity

Hence, Einstein came up with his Quantum Theory to explain the discrepancies,
which postulated that the energy carried by electromagnetic radiation might exist as

discrete packets called quanta.

Hence, incident light was not wave-like, but behaved like projectiles, subsequently
called photons, striking the surface of the metal.
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4 Photons
A photon is an indivisible quantum (or packet) of electromagnetic energy which is
emitted, transmitted and absorbed as a whole.

hc
A

where h = 6.63 x 1073* Js = planck constant and
E is the energy of one photon.

E=hf=

The energy of photons is often expressed in electron-volts, as it is easier to read and
write.

The electron-volt is the amount of kinetic energy that an electron gains when it is
accelerated through a potential difference of one volt.

1eV=16x%x10"1]

With the formula E = hf, we can calculate values such as the rate of emission /
arrival of photons in light.
Suppose a lamp has power P and emits light of wavelength A.
The energy of one photon in the light is:
hc
1

If the lamp produces P ] of energy in 1 second, then the number of photons per
second can be deduced:

E

Ener
P =— &Y
time

Nh

p =
t
N_P
t hf

Hence,

N
number per second = T

| o

We can also prove the relationship of intensity, frequency and photons.

Since intensity is defined as

Power P NE A
= = — X Area
Area Area t

Intensity =

Substituting E = hf,

. Number of photons X hf
Intensity = ” X Area
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Hence

hf
Area
assuming that the area of incident light is constant.

n
Intensity = (?) X

Assuming that frequency is constant, doubling the intensity will double the rate of

photons.
Assuming that intensity is constant, doubling the frequency of light will halve the rate

of photons.

5 Work function

When a photon hits an free electron in the metal, the photon must be able to transfer
sufficient energy to the electron such that it is able to overcome the electrostatic
forces of attraction keeping the electron in the metal.

The minimum amount of energy a photon must have is given by the work function of
the metal.

The work function (¢) of a metal is the minimum amount of energy required for an
electron to escape from the surface.

To find the work function, we can form this equation:
Ephoton = Lmetal + Eelectron
Since the work function is the minimum energy an electron must possess, from the
equation, this is only possible if E.jectron IS Z€r0, i.€. KE joctron = 0.
Hence,
Epnoton = work function
¢ = hfy
where f, is the threshold frequency.
This is the minimum frequency where surface electrons are ejected with zero KE.
Below this frequency, no electrons will be emitted.

6 Energy of photoelectrons
In order to measure the energy of photoelectrons, we can make an experimental set-

up.
Incident Light

vacuum
£ } Micro ammeter
Emitter Collector

)
e

-9 @
_ Adjustable p.d.
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Imagine that the adjustable p.d. is set such that
the collector is of a lower potential than that of
the emitter, where A is the emitter and B is the
collector. S fseaas Mbeans e
In order to reach the collector (B), since the Al

R BT B W N SN A R
electron “TrTriTLT
RO T T

plate is of negative potential, the electron must IW
I

have sufficient kinetic energy to convert into
electric potential energy such that it has KE = 0
at plate B.

+5.0V +H0V

From electric fields, we know that E = gAV. In the case of an electron,

E =eAV
Since we know that the electron must have enough kinetic energy to convert into
electric potential energy,

Eelectron - EEPE =0

1
Emevﬁmx —eAV =0

Hence, the potential that stops the most energetic electron is when

eAV; = Emevrznax

Higher potentials cause the value of E,;..tron — Egpr 10 be less than 0. Hence, the
electron will not reach the collector, resulting in 0 current.

This potential that stops the most energetic photoelectron is called the stopping
potential V.

The stopping potential is the minimum value of the retarding voltage which will just
stop even the most energetic photoelectrons from reaching the collector, indicated
by current just dropped to zero as measured in a micro-ammeter.

On the other hand, if the collector is at a higher potential than that of the emitter, this
means that electrons experience an attractive force towards the emitter. Hence, all
photoelectrons emitted will reach the collector.

This also means that the current will be a constant value regardless of the potentials
of the emitter and the collector.

Hence, we can obtain this graph:

~

vV, 0 Vv

where V; is the stopping potential.

Earlier, we showed how the rate of photons is dependent on intensity on light. Here,
we will prove how the rate of photoelectrons is also dependent on the intensity of
light.
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The photoelectric current I is a measure of the number of photoelectrons emitted
per second.

Iow = = =
PE t t

¢_texe, (b,

Since intensity is proportional to the rate of arrival of photons, this should increase
the rate of emission of photoelectrons as more photons are striking the metal surface
per unit area per unit time and thus more photoelectrons will be emitted.

One photoelectron is emitted when approximately 10¢ photons have struck the
surface of the metal.

7 Einstein’s photoelectric equation
The equation E,poton = Emetar + Eetectron 1S fOr a general situation of the photelectric
effect. However, Einstein’s equation is the study of one particular energy situation,
where minimum energy is used to overcome the forces of attraction of the metal and
the KE of the photoelectron is the maximum. Hence,

Ephoton = Work function of metal + Maximum KE of electron

1 2
hf =¢ + Emevmax
where m, = 9.11 x 1073 kg

8 Various graphs

. 1 .
Since eV, = Emevﬁm, we can rewrite the - VA

equation as
hf =eVs+ ¢

This allows us to see that by varying the
frequency of light shone on one particular
metal, different stopping potentials V; is %
needed to reduce the measured current to Vs Vo ¥a 0 viv
zero.

-

We can also rewrite the equation as

h . ¢
i=-f-2
This allows us to plot a graph of I, against f.

Connecting the points, we get a straight line where the
gradient is g and the y-intercept is — d

e




Page 93

When the light is at the threshold frequency, electrons emitted have 0 KE. Hence, 0
EPE is needed to stop these electrons. By EPE = eAV, the stopping potential will be

Zero.

V &

The gradient of every V; — f graph will be the same, asg Cs K Be

is a universal constant. However, different metals have

¢

_1
e

different work functions. Since the y-intercept is —
different metals will have different y-intercepts.

We can also consider the |-V graph for light of various

frequencies, while keeping the intensity constant.
This means that the rate of arrival of photons will be

constant for each frequency, meaning that they will all

have the same saturation current. Additionally, by
E = hf, different frequencies of light will have a
different stopping potential, since ¢ = hf,.

If we consider the I-V graph for light of varied
intensities instead of frequency, keeping frequency
constant, we can see that since the rate of arrival of
photons is different, the rate of emission of
photoelectrons will also be different, and hence the

saturation current will be different. This is because

Intensity = (%) X Ah—f and a change in intensity

rea’

without a change in frequency will change (%)

We can also consider the current-intensity graph for
light of constant frequency. Earlier, we proved that
intensity is related to the rate of emission of
photoelectrons. Hence, a larger intensity of light will
have a higher saturation current and vice versa.

M Az

Az

g

VY V%Y% 0 Vv

Current, 1

pee— Q (A)

P}

st

A constant

O intensity
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SUMMARY OF GRAPHS

- VA

-+

7< Ay A
Vs3 Vs?. Vs] 0 Vv

Current, 714

p— Q (A}

P(A)

D
aip WL O +V

Constant variables
Intensity
Type of metal

Varied variables (Independent)
Frequency

Affected variables (Dependent)
Stopping potential

Unaffected variables
Saturation current

Constant variables
Frequency
Type of metal

Varied variables (Independent)
Intensity

Affected variables (Dependent)
Saturation current

Unaffected variables
Stopping potential

“

Cs K Be

y SR A
A B C f

A constant

_ . .
O intensity

Constant variables
Intensity

Varied variables (Independent)
Type of metal
Frequency

Affected variables (Dependent)
Stopping potential

Constant variables
Wavelength (frequency)

Varied variables (Independent)
Intensity

Affected variables (Dependent)
Photoelectric current
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Constant variables
Intensity
Type of metal

Varied variables (Independent)
Frequency

Affected variables (Dependent)
Stopping potential
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Chapter 21: Quantum Physics 2

1 Wave-particle duality
Light can behave as both a particle (photon) or a wave. However, it will never be
both at the same time.

Wave characteristics: Interference, diffraction
Particle characteristics: Photoelectric effect
In actual fact, matter can also behave like waves. This is summed up by de Broglie’s
equation:
h h

A:—:—
p mv

where h is the Planck constant h = 6.63 x 1073% Js.

As a result, even though light is massless, it can exert a force, by Newton’s Second
Law:
h

14
h =
wherep =~

dp
2 Electron diffraction
In an experiment, electrons were observed to diffract. This effectively confirmed de

Broglie’s equation.

electron vacuum tube
heated filament electron gun be7m
T )
! 3 0 - ].
1 |
\ _;" it bade
anode — |
_||’ A thin graphite diffraction pattern
; sample of concentric rings
Acciertig pe on the fluorescent
screen

The filament (cathode, -) is heated and emits electrons via thermionic emission (not
photoelectric).

Electrons are then accelerated to the anode through a potential difference V. This
leaves them with an energy E;, = eV.

The electrons are then diffracted by the thin graphite sample using d sin 8 = nA.

The wavelength of the accelerated electrons can be calculated by using the alternate
formula for kinetic energy:
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By de Broglie’s equation,
h2
Ek = —AZ(Zm) =el
hZ

V= A2(2m)e

3 Energy levels
Each atom possesses discrete energy levels.
Electrons revolve around the nucleus with uniform motion due to

the coulomb force (F = —2L).

4mEgT?
Electrons can jump from an orbit of lower energy to one of higher
energy (E; to E,). This process is called excitation and requires
energy.
Electrons can also jump from an orbit of higher energy to one of lower energy (E, to
E,) This process is called de-excitation and releases energy in the form of a photon.

nucleus

Both processes are able to show evidence that discrete energy levels exist in an
atom. e

The ground state of an atom refers to the most stable, and
lowest energy state available.

The energy of a given level is usually expressed in electron-
volts. (1eV = 1.6 x 10719))

By convention, the energy of an electron at rest outside the
atom is taken to be 0. This means that all other energy levels
have negative values.

13.6

The energy level of a hydrogen atom is given by E,, = ——

E is also known as the ionisation energy, if the ground state is taken to be at 0
energy.

Any state above the ground state are known as excited states.

The excitation energy is the energy required to raise the atom from its ground state
to an excited state.

4 De-excitation
De-excitation occurs when an electron jumps from an orbit of higher energy to one of
lower energy. Energy does not need to be supplied to the atom.

Electrons in higher orbits are not stable and the atom will want to de-excite by
allowing the electron to jump back to the ground state.

Electrons can jump to any state that is lower energy than the current one. That is, it
can go from n=4 to n=3 or n=4 to n=2 or directly from n=4 to n=1.



n=4
E4 - : n=3
E;
E h 4 =2
2
v ) 4 ¢ =1
E
w5

The number of ways an electron can jump from the nt" state to the ground state is
given by:
number of ways = "C,

When an electron de-excites, it emits a photon equal to the energy difference
between the states:

Ez_Elzhf

This phenomena is used to produce unique spectral fingerprints, which are evidence
for the discrete energy levels.

The spectral fingerprints are produced by passing the photons emitted (light) from
de-excitation through a prism, which will produce an emission line spectrum.

The emission line spectrum consists of bright lines of definite wavelengths on a dark
background.

Continuous
| spectrum

Sodium

Ll Hydrogen
The hot gas contains electrons in
excited states. These electrons then de-
excite, emitting photons of definite
wavelengths, which are then diffracted Mgty ’ H
by the prism. ———————

4000 A 5000 6000

Calcium

5 Excitation

Excitation occurs when an electron jumps from an orbit of lower energy to one of
higher energy. As a result, energy needs to be supplied to the atom.

This can take the form of bombarding the atom with 1) electrons or 2) photons.

Particles of suitable energy will cause an electron to jump from a lower energy level
to one that is higher.
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Electrons of any energy that is higher than the minimum excitation energy will cause
an excitation. This is because incoming electrons can collide with electrons in the
atom and leave with any excess energy.

However, only photons whose energy equals to that of the excitation energy will
cause an excitation. This is because photons are indivisible and are absorbed as a
whole (Q Phy 1). This means that photons cannot leave with excess energy and all
energy must be transferred at once. This phenomenon can demonstrate the
existence of discrete energy levels through the production of unique spectral

fingerprints.

Instead of passing photons emitted from de-excitation through a prism, white light is
shone at a gas. Atoms in these gases then absorb photons whose wavelengths
exactly match the energy level difference. The light is then passed through a prism,
producing an absorption line spectrum.

The absorption line spectrum consists of a continuous spectrum crossed by dark
lines due to some missing wavelengths.

~E 1R awecre [ [ -

Photons of definite wavelengths are o TN | | [| 11 ||||= "
absorbed, leading to missing _

wavelengths in the spectrum. oo |t {1 1110 -

oo NN MR O O

Sun

Note: While the electrons excited by the light de-excite immediately, emitting the
same wavelength of photons they absorbed, these photons are emitted in all
directions. Hence, the intensity of that particular wavelength emitted in one direction
is very small relative to the rest of the wavelengths. Hence, dark lines are seen.
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6 Examples
An electron de-excites from n=2 (—10 eV) to n=1 (—6 eV). The photon emitted is of
wavelength A = Z—;:

6.63 x 1073* x 3 x 108

A= =311
[—6— (—10)] X 1.6 x 10-19 nm

Electrons accelerated by a potential difference bombard an atom which has energy
levels n=1 (=12 eV), n=2 (—10 eV) and n=3 (—6 eV).

a) What is the maximum wavelength the electron must have to cause an
excitation? Given m, = 9.11 x 10731 ms™1!

Minimum energy to cause excitation =[-10— (-12)] x 1.6 x 1071°
=3.2x10719]
pZ

£ =32x10""
2m

p =+/2m x3.2x10"1°

= 7.6357 X 1072° kgms™?
h

p
=8.68 X 1071%m

b) Instead of electrons, photons now bombard the atom. What is the maximum
wavelength of the photon to cause excitation?

Amax

Minimum energy to cause excitation = 3.2 x 1071%J

g e
i
C
Amax = F
_ 6.63x1073* x 3 x 108
N 3.2 x 1019
=6.21%x10"7m

c) Why is there a difference in the maximum wavelengths?

This is because we can assume that photons travel at the speed of light, while
electrons cannot be assumed to do so.
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7 X-rays
X-rays are ionising radiation with short wavelengths of about 10711 to 1078 m. They
can be diffracted by passage through crystals but cannot be focused by lenses.

X-rays can be used for medical therapy, research in crystal structures or used to
diagnose flaws in large welds and castings.

X-rays can be produced through a method similar to one demonstrating electron
diffraction.

Lead casing Glass envelope containing vacuum
L
Oil for heat / / \
conduction ~ |

/ Cathode

Anode

7 \
Target /1 \ \\ Window \ Focusing cup
X-ray beam Filament

The cathode (-) and anode (+) are connected to a large e.m.f. source.

The cathode is heated by the filament, producing electrons by thermionic emission.
These electrons are accelerated at high speed towards the anode through a
potential difference of about 10 kV to 1 MV.

The apparatus is evacuated of air so that the path of the electrons is unobstructed.

The target contains of atoms with a high atomic number such as tungsten which has
a high melting point.

The intensity of X-rays produced increases with the atomic number, as heavier
elements have a higher effective nuclear charge, resulting in stronger interactions
with electrons, making them lose more energy through braking.

8 Bremsstrahlung radiation (braking)
As electrons approach a nucleus, the electron

slows down and loses some kinetic energy, which Ky
is released as X-ray photon energy. Tate @ e
hc : s
Ki = Kp == e e Bl
hc K;
A‘m—@

As a variable amount of energy can be lost, a continuous range of wavelengths are
obtained during braking. This gives rise to the continuous spectrum.
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9 Continuous spectrum

Intensity

A
||||||

wavelength

The continuous spectrum is formed by a continuous range of wavelengths obtained
from billions of electrons losing different amounts of kinetic energy during braking.

When the electrical energy given to an accelerated electron is totally converted into
X-ray photon energy as the electron strikes the target in one single interaction, the
wavelength of the photon produced is the minimum wavelength as shown in the
graph.

v hc
e =
Amin
hc
min — %

This process is sometimes called the inverse photoelectric effect.
This equation is known as the Duane-Hunt Law. This minimum wavelength depends
only on the accelerating p.d. and is the same for all target materials.

10 Characteristic spectrum
Characteristic X-ray spectra are due to electron transitions deep within atoms of high
atomic numbers.

When incoming electrons dislodges u Ky seray N shell

electrons in a shell, that shell will have a

ray M shell

vacancy. Electrons in higher orbits can

then jump to that shell, releasing
photons with a definite wavelength.

Electron dichdged Ke Ks
from K-shell

K shell

There will then be a spike in intensity for %"
photons of that wavelength. &

The characteristic X-ray spectra are unique to each element.

Intensity (I) Ka

Ke high accelerating voltage

low accelerating voltage

Wavelength (i)
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While the spectra is the same for each element, the minimum wavelength depends
on the accelerating voltage as seen in the Duane-Hunt law.

10 Heisenberg’s Uncertainty Principle

Heisenberg’s Uncertainty Principle states that the product of the uncertainty Ax in the
position of a body at any instant and the uncertainty Ap in its momentum at the same
instant is greater than or approximately equal to the Planck constant.

AxAp = h

The more precisely one variable is known, the less precisely the other is known.
Hence, it is impossible to know the exact speed (mass can be exact) or exact
position of an object, as the uncertainty in the other would approach infinity.

One way to think of it as it is impossible to tell the speed of a car from a picture
(knowing its position exactly), likewise it is impossible to tell the exact position of a
car from a video (knowing its speed exactly).
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Chapter 22: Nuclear Physics 1
1 Nucleus
In Nuclear Physics, the atom is characterised as having an extremely small central
nucleus in which the positive charge and mass are concentrated.

The nucleus is composed of protons and neutrons (except the hydrogen nucleus). It

can be represented by the notation:

Ay

Z

where A is the atomic number (proton + neutron)
Z is the proton number (proton)
The number of neutrons can be calculated by A — Z.

Atoms of the same element can have a different atomic number. These elements are
known as isotopes.

Isotopes are atoms of the same element with the same number of protons but a
different number of neutrons.

The mass of a proton is marginally different from that of a neutron.

Myroton = 1.6726 x 1077 kg Mpeutron = 1.6749 x 10727 kg
Since the masses are only marginally different, we can define a separate unit which
can be thought of as the average weight of a nucleon (particle in the nucleus):

lu = 1.66 X 10~27 kg

where u is the unified atomic mass.

The unified atomic mass is equivalent to one-twelfth the mass of a carbon-12 atom.
The mass of an atom is often expressed in terms of the unified atomic mass. For
example, the mass of a carbon-12 atom is 12 u.

The mass of an atom can also be expressed by the relative atomic mass.
The relative atomic mass is defined as the ratio of the mass of the atom to the mass
of one-twelfth of the mass of the neutral carbon-12 isotope.

mass of atom

Relative atomic mass, 4, =

12
12 the mass of 6 C atom

2 Rutherford’s scattering experiment
This experiment, conducted in 1909, helped Rutherford to publish his model of the
atom In 1911, which is now accepted as the correct model.

Rutherford and his team fired a beam of alpha particles at a gold foil a few atoms (3-
4) thick in a special apparatus, shown below.
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Vacuum

~
Screen

Source of
w-particles

Alpha particles which are emitted with high energy bombard the thin gold foil and are
scattered due to Coulomb repulsion (electrostatic repulsion between nuclei).

/
; /
o / Center
E L— > O Atom
é:\ﬂ
. N
N
. AN s
[\ \\:/

Most alpha particles pass straight through. Some are deflected forwards (forwards
scatter), some are deflected backwards (back scatter) while some are deflected
directly backwards (back-tracking)

Scattered alpha particles are then detected Nogepelh
using the screen (fluorescent screen).

When the particles strike the screen, tiny
flashes of light are observed. This gives rise to
the following graph:

N Angular
o op° 170° position
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Rutherford and his team were able to use these observations and make deductions

about the model of the atom.

Observation Deduction
Most alpha particles passed straight The atom consists of mostly empty
through the atom. space.

Some alpha particles were deflected
forwards and backwards.

The nucleus is positively charged.

Very few alpha particles were
backtracked.

The nucleus is very small and has a
very large mass relative to the atom.

3 Nuclear reactions

Nuclear reactions can be represented in the following ways:

An equation where the total nucleon number and proton | 9 4 12 1
Be+ _He—-» ""C+ 'n
number are the same. 4 2 6 0
A symbolic expression of the form: 9Be (a,n) 12C
initial nuclide (incoming, outgoing) final nuclide 4 76
There are different types of particles involved in nuclear reactions.
Particle Representation

a-particle LZLHe
p-particle —Ole
Neutron (1)n

4 Conservation

Just like in Mechanics, nuclear reactions obey certain conservation laws.

Conserved quantity

Nucleon number

The sum of the mass numbers on both
sides of the equation are the same.

Proton number

The sum of the atomic numbers on both
sides of the equation is the same.

Momentum

The linear momentum of all the particles
in the system is conserved.

Mass-energy

Since mass and energy are
interchangeable, the total mass-energy
of the system remains constant.

Essentially, in balancing nuclear reactions, the total number of nucleons and total

proton number must remain constant.
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5 Einstein’s equation
Einstein’s famous equation was a result of special relativity. It stated that mass and
energy are equivalent:

AE = Amc?

where E is the energy of the object
m is the mass of the object
c is the speed of light.
This equation thus relates mass and energy. As a result, any mass has an
equivalent amount of energy.

This equation means that a loss of energy (e.g. in chemical reactions) should equate
to a loss in mass of an object.

In nuclear reactions, any object that has energy (e.g. KE) will have a larger mass
than at rest and any object that loses energy (e.g. nuclear fission) will have a smaller
product mass.

The mass of an object that is at rest is called its rest mass.

6 Consequences of E = mc?
In order to break up the nucleus by separating it into its individual components
(neutrons and protons), energy needs to be supplied to the nucleus.

EXTRA!
Energy needs to be supplied to overcome the strong nuclear force holding the
nucleons together. This force is only significant at very small distances (= 1 fm).

Range (fm)

Since AE = Amc?, the additional energy supplied will cause an increase in mass of
the neutrons and protons. Hence, the total mass of the nucleons will always be
greater than that of the nucleus.

Zmneutrons + ZmPTOtOTlS > mnucleus

The difference (Am) between the mass of the nucleons and that of the nucleus is
known as the mass defect.

The amount of energy needed to break up the nucleus into its constituent protons
and neutrons is known as the binding energy, and can be calculated by:

binding energy = (mass defect)c? = Amc?
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The binding energy of the nucleus is defined as the energy released when the
nucleus is first formed from its separate protons and neutrons.

The binding energy of the nucleus is also defined as the work done on the nucleus to
separate the nucleus into individual protons and neutrons.

This energy appears in the form of a y photon or kinetic energy.
The binding energy of a proton or neutron is zero.

The binding energy per nucleon is simply the binding energy of the nucleus divided
by the nucleon number. It is a measure of the stability of the nucleus.

7 Stability of nucleus

As mentioned earlier, the binding energy is a measure of the stability of the nucleus.
The higher the binding energy per nucleon, the more stable the nucleus and vice
versa.

The graph of binding energy per nucleon against the nucleon number can be plotted.

9 g “°Fe By 19gy

25T s,

Most stable nucleus

Fusion Fission

Region of very
stable nuclides

Binding energy per nucleon (MeV)

0
T 1 T 1 T 1 T 1
0 20 40 60 80 100 120 140 160 180 200 220 240
Mass number (A)

Note: it is not needed to memorise the peaks in the graph. A smooth curve can be
plotted instead.

From the graph, several observations can be made.
The average binding energy per nucleon is about 8 MeV, except for lighter nuclei.
Iron-56 is the most stable nuclide as it has the maximum binding energy per nucleon.

Nuclei with low mass numbers (< 56) may undergo fusion such that the final product
will have a higher binding energy per nucleon.

Nuclei with high mass numbers (> 56) may undergo fission such that the daughter
nuclei will have a higher binding energy per nucleon.
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EXTRA!
Why do we compare binding energy per nucleon and not total binding energy?
Stability is relative. If a daughter particle exists that has lesser total binding energy

, even though the binding

parent)

(e.g. %BEparent) and half the number of nucleons (A >

energy is less, the daughter particle is actually more stable as the binding energy per
nucleon is higher.

The peak of the graph at iron means that reactions that involve 1) fusion of low mass
number particles and 2) fission of high mass number particles will release energy.

In general,

Energy released = BEfinq; — BEinitial
Energy is taken in to break up the reactants (—BE;,;:iq;)- Energy is then released
when the final product is formed (BEf;, ).

Einstein’s equation can also be used to calculate the energy released.

8 Nuclear fission

Nuclear fission is the disintegration of a heavy nucleus into 2 or more lighter nuclei
when bombarded by a particle, usually a neutron, and in the process releasing more
neutrons.

Energy is released in the process as the total binding energy of the products is
higher than that of the reactants.

Using AE = Amc?, the mass defect Am is positive. Hence, energy is released.
This energy is released in the form of kinetic energy of the particles or y-radiation.

Example of a nuclear fission reaction:

235 1 144 90 3
92U+0n—> 56 Ba+36Kr+0n+energy

9 Nuclear fusion

Nuclear fusion occurs when 2 light nuclei combine to form a single more massive
nucleus leading to a release of an enormous amount of energy.

This is because the increase in binding energy per nucleon for fusion particles is
greater (left side of graph is steeper), a greater amount of energy per nucleon is
released.

Fusion is difficult to achieve because of the strong electrical repulsion (proton and
proton) between the nuclei. Hence, the reaction needs to occur at extremely high
temperatures (about 100 million K). Even then, the probability of the reaction
occurring is small.

Example of a nuclear fusion reaction:

2 3 4 1
1H+1H—>2He+0n
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Chapter 23: Nuclear Physics 2

1 Radioactivity

Radioactivity or radioactive decay is the spontaneous and random disintegration of
heavy unstable nuclei into more stable products through the emission of radiation
such as alpha particles, beta particles and gamma rays.

Radioactivity is spontaneous because it occurs on its own accord and is not affected
by external factors.

This means that physical factors (e.g. temperature, pressure) and chemical factors
(e.g. state; aqueous, liquid) do not influence the process of decaying.

Radioactivity is random because it is not possible to predict which nucleus will decay
or when it will decay.

Radioactivity can be measured using a Geiger-Muller tube connected to a ratemeter.
The Geiger-Muller tube displays the radioactivity in counts per minute or counts per
Second ) count rate/s—1

Using the Geiger-Muller tube, the random nature of i
radioactivity can be shown from the uneven and random “o T
peaks and troughs in the count rate.

20

The Geiger-Muller tube does not detect the true amount : : o
of radiation that the source gives off. Instead, it only 6 50 100 150 200 230 30 350 400 450 e
detects what enters the tube.

Decays in all
directions
(activity)
Decays recorded by
detector
(count rate)

Geiger tube

Radicactive source

The count rate follows an inverse square law, that is:

Area
count rate = 2

X Activi
r? ty

1
count rate < —
72



Page 111

2 Background radiation
Even when there are no explicit radioactive sources present, there will still be
background radiation, for example from cosmic rays or the decay of radon.

The background radiation ranges from 20 to 50 counts per minute, or 0.333 to 0.833
counts per second.

In experiments where the emission rate from radioactive sources is large, the
background radiation is negligible and hence can be ignored.

In experiments where the emission rate from radioactive sources is small, the
background radiation is not negligible. Hence, the actual emission rate can be
calculated by subtracting the background radiation.

3 lonising radiation
lonising radiation refers to radiation that has enough energy to strip electrons from
an atom, thus producing free electrons and ions.

lonising radiation can be electromagnetic or nuclear (alpha, beta, gamma) in nature.

When an atom is ionised, energy is absorbed. Hence, the radiation loses energy.
This is why alpha particles are stopped by a few cm of air (see below).

Gamma rays, X-rays, and radiation in the higher part of the ultraviolet spectrum are
considered ionising.

Non-ionising lonising

_ Infrared
Radio —J

7 Ultraviolet

Extremely low frequency !

Microwave X-ray
— . 1
Visible

Gamma
Light Rays

I I

EXTRA!

The lower energy limit for radiation to be considered ionising is 10 eV.
FromE = h—;

(6.63 x 1073*) x (3 x 108)

10 x (1.6 x 10719) =

Amax

Amax = 124 nm

When exposed to ionising radiation, there will be short-term and long-term effects.
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Short-term effects include blistering of the skin, nausea, vomiting, radiation sickness,
loss of hair, emaciation, and even death.
Long-term effects include anaemia, leukaemia, cancer, sterility and genetic mutation.

Safety precautions can be taken, both in the lab and in the real world to prevent this.
In the real world, workers should take precautions such as:

Storing radioactive materials in lead containers to stop radiation
Handling samples by remote control or at a safe distance

Using shielding from equipment producing or scattering radiation
Wearing radiation badges which can inform the user of radiation levels

In the lab, students should observe the following procedures:

Handle radioactive substances with tongs rather than fingers to prevent accidental
ingestion

Hold radioactive substances at a distance, pointing away from the body and from
other people

Wearing rubber gloves

4 Alpha particles
Alpha particles are identical to the helium nuclei. That is,

alpha particle = ;a = ;He

Alpha particles have a +2 positive charge.

Alpha particles have a rest mass of 4 u.

Alpha particles have a speed of about 0.1 ¢

Alpha particles have high ionising power because it moves relatively slowly and
easily ionises atoms and molecules in their way.

Alpha particles have low penetrating power because it loses its energy quickly due to
ionisation of other particles.

They can be stopped by 0.1 mm of paper or 0.01 mm of aluminium foil and travel only
about 2 cm in air.

Alpha particles are deflected slightly by electric and magnetic fields because of their
high mass and charged state.

Alpha particles are always emitted with a definite kinetic energy as governed by the
Principle of Conservation of Momentum (and energy).




Page 113

5 Beta particles
Beta particles are electrons. That is,

.. _0,_ 0
beta particle = _1,8 = _1°

When a nucleus has too many neutrons, it disintegrates by converting a neutron into
a proton and electron.

Beta particles have a -1 negative charge.

Beta particles have a speed of about 0.9 c.

Beta particles have lower ionising power compared to alpha particles as they are
small and fast moving.

Beta particles have high penetrating power.
They can be stopped by 5 mm of aluminium foil and travel about 5 m in air.

Beta particles are easily deflected by electric and magnetic fields as they are 7300
times lighter than alpha particles.

Beta particles are emitted with a range of kinetic energies due to the production of
neutrinos. Neutrinos are needed to fulfil the conservation laws.

6 Gamma rays
When a nucleus decays, it is often left in an excited energy state. It can then decay
to its ground state by emitting a photon, also called a gamma (y) ray.

Gamma rays are electromagnetic radiation.

Gamma rays have no charge and no mass.

Gamma rays have a speed of 1 c.

Gamma rays cause relatively little ionisation as they have no charge.

Gamma rays have the greatest penetrating power as they travel very far.
They can only be stopped with about 5 cm of thick lead or about 10 m of thick
concrete and travel about 500 m in air.
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INCREASING KINETIC ENERGY

INCREASING PENETRATION

7 Half-life (symbol t, ;)
Half-life is defined as the time taken for half the number of nuclei of a radioactive
element to decay.

8 Activity (symbol A, units becquerel = Bq)
The activity of a radioactive material is the number of disintegrations of its atoms per
unit time.

9 Decay Constant (symbol A, units s™1)

The decay constant is the probability that a radioactive nuclide of an isotope in a
sample would decay in one second.

10 Decay Law

The rate of radioactive decay A = —“;—IZ is directly proportional to the number N of the
radioactive nuclei present.

dN_;{N
at

10 Equations

where x can be activity A
number of undecayed particles N
count rate C
mass of undecayed material m



From L AN,
dt
! dN = —Adt
AN =
N 1 t
—dN=f —Adt
N _ t
[In N]N0 = [—xlt]0
1 N At
nNO =
N = Nye ™
Generally,
x = xpe M

where x can be activity A
number of undecayed particles N
count rate C
mass of undecayed material m

Relating half-life and the decay constant:

In 2
2=
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EXTRA!
Deriving ty,, = lnTZ:
When t= t1/2

/1t1/2 = _ln_

tijg =—
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NOTES




Base Quantities

L}
examples

Quantity  |Unit
Mass kg
Time s
Mole mol

Current A

Distance | m

Temperature| K

are all

Scalars

manipulated
using

Arithmetic

Annex 1: Mind maps

Homogeneity in

an equation
Numerical .
check for Units
values
T | b
conslist of
Chapter 1
can be Physical Quantities and
Measurements
Derived Quantites
can be either
Vectors
manipulated
using Vector
diagram
Vector usin
addition 9
Vector

resolution

examples

v

Prefix|Symbol|Quantity
pico| p 10712
nano| n 1072
micro| u 108
milli m 10-3
centi c 102
deci d 1071
kilo k 10°
mega| M 108
giga| G 10°
tera T 1012
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| taking averages |

T

correct by

Random

1

calibration

T

correct by

Systematic

h)

Addition and Subtraction

I

can be
|

Experimental
errars

|

result in

R=Rq+Ry e,

AR = AR{ + AR,

Multiplication and Division
R = R1 x R2
AFURzzﬂFh/R14'AFhJR2

Chapter 2

Measurements
(Uncertainties)

W

Precise

»{ Accurate

)

T
uses

\ 4

Instruments

1
that have
h 4

“€—using— Estimation

“C—requires—

can be

Absolute
AR

Uncertainty

First Principles
value =
(maximum - minimum ) / 2
uncertainty =

(maximum - minimum) / 2

can be

Fractional
AR/R

Percentage
AR/R x 100
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Area under
velocity-time graph

A

Area under
accleration-time
graph
Gradient of
displacement-time
graph

Gradient of
velocity-time graph

A

4

Displacement
S

Velocity
v = ds/dt

Acceleration
a = dv/dt

i

A

)

Quantities

X

involves

Chapter 3
Kinematics

can be described
using

Formula
s = (1/2)(u+v)t
s=ut+1/2at?
v=u+at
v2 = u? + 2as
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™M
=
1}

c

Contact

Hooke's Law

F = kx

(within the proportional

limit)

Friction

Normal

that follow
|

Viscous

Springs

store

calculated )
using

Principle of Flotation
U=mg

Upthrust

neéds
Equilibrium
Chapter 4
Forces
[
can be
|
Non-contact
Gravitational
Electrical
E = 1/2 kx?
E =1/2 Fx
E=F2/2k

Weight of liquid
displaced
U =pVg
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Newton's 15! Law

Newton's 2" Law

Newton's 3™ Law

p.o.c.0.m.

Principle of Conservation of

Momentum

(Inertia) (F = dp/dt) (Fap = Fpa)
A
II 1 object |
of
|
Momentum
p=mv Chapter 5 :
Impulse | Dynamics
I =Ap "

must

IH.

2 objects

can undergo

ﬁ

Collisions

can be

obey

follows

‘

v

)

Uq - Up = Vp -V
r.s.a. =rs.s

Case 3: Perfectly Inelastic
Pi = Pt
KE; # KEs
Final v, = v

Case 2: Inelastic

Pi = Ps
KE; # KE;

Case 1: Elastic
Pi = Pt
KEi =S KEf
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Kinetic Energy
KE = 1/2 mv?

l

GPE = mgh

EPE = 1/2 kx2

EPE = qV

3

Potential Energy

J

Work
W=F x d”

“¢—is the ability to do

rate of doing work

Power
P = dw/dt
P=Fv

can be

Chapter 6

Work, Energy, Power

leads to

\ 4

Obeys———»

Principle of
Conservation of
Energy

[

states

4

Efficiency

n = (useful output energy / total input energy) x 100

Energy can not be

created or destroyed.

The total amount of
energy in an isolated
system is constant.
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Angular velocity

Tangential velocity

w = de/dt V= 1
w = 27f = 21/T
Angular dl_splacement » Rotation Terms N Centnpgtal acceleratzlon
0 =sir a=vir=vw=rw
includes
I
Chapter 7

Motion in a Circle

satisfies

F = mve/r = mrw

2
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Geostationary Orbit

A satellite in such an orbit will have a period

equal to that of the Earth.

Kepler's Third Law
T2 = 4m2rIGM

Energy
ET = EK + Ep

-GMm/2r = 1/2 mv2 - GMm/r

7 3
Chapter 8 follows
Gravitational Field C.OE.
|
includes key terms
Force Field
(—F =
F = -GMm/r? mg———> g = -GM/2
F = -dU/dr g= -d¢/dl‘
Energy _ Potential
U=-GMmir |~ Usmé——> 6 = -GMr
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Duration of collisions is negligible
Attractive forces are negligible

Volume of molecules relative to the container is negligible

Elastic collisions

pV = nRT
pV = NkT

“€——obey

f

assumptions

Ideal Gas

1

approximates gases as

obey—>|

Laws

Boyle's law
p o« 1/V
M, T constant

Charles' law
VT
M, p constant

Chapter 9
Temperature and
Ideal Gases

Y

Triple point of water
273.16K

Gay-Lusaac's law

pxT
M, V constant

L

Avogadro's law
Veen
p, T constant
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Specific Heat Capacity ¢ Specific Latent Heat |

Q = mcAT

Q=ml

calculated by

calculated by

Heating /
Cooling

Change of
Phase

T

T

during—— Change in Energy [——during

*

involves

I

Chapter 10
Thermodynamics

First Law of Thermodynamics

AU = Qg + W,

««——follows

T
involves

AWy, = area

| under p-V graph

) 4
Internal Ener »| Isothermal
&y 3 7| ConstantT
ich i ; Isobaric
which is only determined =
by Constant P
¢ Isochoric
> Constant V
Temperature . :
U=32KT=32nRT| |\ Adlalzauc
Q;=0
Cylic
> AU =0
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Light damping

displacement / m

“displacement in ane
direction only. No
oscillations

/ Heavy damping

Time

Ex = 1/2 mw?(xy? - x

2

Ep=1/2 mw?x?

ET =1/2 mw2x02

2)

Displacement

Ek =1/2 mwzxozcoszwt
Ep = 1/2 mw?x?sin®wt
ET =1/2 m(JJ2X02

displacement / m

Amplitude of
response of driven
system

frequency response

™ !
£x
(= OO SR

(

J

r <« Light
time /s
B Heavy or can be_ | Damped
Crical damping € critical [« oscillations
%
from the loss
of energy
Forced from the Chapter 11
oscillations supply of energy Oscillations

with respect to

Energy
considerations

described through

Simple Harmonic
Motion

described through

Motion

with reépect to

{

|
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Time

2

X = Xpsin(wt)
vV = wXgcos(wit)
= -wxpsin(wt)

Displacement
No equation for x
v = xw(xg? - x9)

= -wx




Point source
| = P/(4TIr?)
Intensity
Water wave » \ | = P/A
| = P/(2Tr) B ( | oc A2
Extended (line) th/e
source e
1 = P/(21rL)
Chapter 12
Waves
Frequency [&—— T
can be described
using
Wavelength  &«——
Velocity I —
>— Terms Graphs
Period —
Amplitude  «—
Phase )
difference

can be

Malus' Law
1= I0c0329

X

according to

can be

Transverse

Longitundinal

Displacement-time
(cf one particle)

Displacement-distance
(of many particles)
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FEW PAW
Frequency is » .| Waveform does not
constant [ g advance
Amplitude is largest
No transfer of Energy at node, 0 at antinode
Wavelength is 2x Phase difference of 0
distance between |« »| in same segment,
nodes / antinodes has characteristics 180° in opposite

Stationary waves

¢

produces
Constructive
Principle of Superposition AX = nA

The resultant wave displacement
is given by the vectorial sum of the €« follows Chapter 13 Interference

individual wave displacements at Superposition :::

the point where the waves meet. Destructive

Ax = (n + 1/2)A
fro|m
\ 1
| Diffraction ‘
in the case of
Rayleigh's criterion J l
Bmin = Ma e tojust Single slit Double slit Diffraction grating
where 8, is the angle |~ resolve, sin(8) = nh/a Ay = AD/d dsin(8) = nA
between the incident rays




| = nAvg
where n = N/V
3
is the flow
| = Q/t=Ngft [«—ofcharged
particles

Ohm's Law
Vool
provided physical

conditions are constant

X

obeys

Chapter 14

Current of Electricity

Y

Resistance
R =V/l
R = pL/A

Electromotive force
E = W/Q

E=V+Ir

requires—— >

Potential Difference
V= W/Q
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Lines of force

can be represented

—which must<

E = AV/d

>

Have an arrow

Perpendicular to surface

Cannot cross

Be symmetrical

Point charge

Zero inside the

Charged sphere

sphere
Follows point charge

b|y
for parallel Chapter 15 J
T plates Electric Fields of a]
T
represented by
Force Field
F = Qq/4meyr? € FEaE—> Eo Qamregr?
F = -dU/dr E = -dV/dr
Energy _ Potential
U=Qqémegr |[© YV v=Quamegr

formula outside
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| is constant V is constant
V=V1+V2+...+Vn |=V1+V2+...+Vn
R=R;{+Ry+..+Rp 1/R=1/Rq + ... + 1/Rpy
3 A
Series Parallel
Y
can be
|
Chapter 16
D.C. Circuits

A
{ |

Conservation of Conservation of
Charge Energy
Y A4
Kirchhoff's 15t law Kirchhoff's 2" Jaw

Zlin = Zlgyt 2e=2V




Magnetic force
F = Bqvsin(8)

T
whose direction is

determined by

Electromagnetism

Chapter 17

individual charges
maving in a B-field

Magnetic force
F = BILsin(0)

Fleming's Left
Hand rule

whose direction is
determined by

is about

flowing through a

placedin __|
a B-field Conductor
produces
Magnetic field

whose dilrection is
determined by

Right Hand Grip

applications————»

Velocity selector
Bgv =gqE
v=E/B

rule
A
v v
B = pgnl B = pgNI/2r

v

B = pgNI/2Tr




Fleming's Right
Hand rule

whose direction is
determined by

Faraday's Law
€ = |dd/di|

Induced current

if circuit is complete

Induced e.m.f.

“—results in

Lenz's Law
€ = -dP/dt

follows

Chapter 18

Electromagnetic Induction

results from a change

of flux

® = BAcos(®)

Electromagnetic

braking

results in—> Eddy currents

useful

not useful

Energy loss in
transformer
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¢

v

Straight conductor moving
across a uniform B-field at

constant speed
€ =Blv

Rotating disk in B-field
£ = Brrf

AC Generator
€ = BAwNsIn(B)

Y

Lamination of
the soft iron
core




Rectification using a
diode that only allows
current to flow in 1
direction

The value of a direct current
that dissipates heat at the
same rate in a resistor.

definition

can be converted to D.C.

1) Square the graph
2) Find area in 1 period
3) Divide area by 1 period
4) Take the square root

Root-mean-square value

|

uses

Chapter 19
Alternating Current

whose voltage can be
stepped up or down using

Transformer
VSIVp = NS/Np = Il[,/'lS

method to
calculate

produces Power

Average
_ _ 2
P = Vimslims = Vims™/R
=1 2R
rms

ry

Maximum
P = Vgl = Vo2/R = 15°R
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Intensity

Energy of a

I = (n/t) x hf/Area

photon
E = hf = he/A

T

is about

Chapter 20
Quantum Physics 1

is about the
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$ = hfpmin = hc/Amay

T

Photons and
Electrons

Photoelectric

which results in

Observations that do &
do not agree with
classical wave theory

where
Conservation of _
» hf=¢ + KE
Ener‘gy > ¢ max
where
KEmax = €Vs

i ( A )
disagree disagree disagree agree
v \ 4
Max

KE of electrons is
independent of intensity
and dependent on

frequency.

Immediate emission of
electrons.

Threshold frequency
below which no electrons
are emitted.

Rate of emission of
photoelectrons is
proportional to intensity.
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Excitation
Absorption line Only by incoming Emission line spectra
spectra particles of energy P

Continuous spectrum | | equal to the energy DEREIMES R [eizfi:

crossed by dark lines | | gap between energy REchiRRE
7 levels B
white light passing hot gas
through cold gas emitting light
leads to :
Heisenberg's
Hydrogen " Uncegi:izt)z'ffri]mime de Broglie's equation
= I oms = = =
n = -13.6/n° specifically = Ll = tfime
A A .
of
Discrete energy . Chapter 21 . Wave-particle A = ho/Ve
el involves A Physics 2 involves duality min :
| J | . | A = hc/AKE When the electrical
eacs lo involves C energy given to an
i ¢ accelerated electron
is totally converted
Electron transitions roduced roduced Bremstrahlung into X-ray photon
between energy levels P — X-rays P radiation energy as the
. . through through . ;
during X-ray production (braking) electron strikes the
target in one
[ | single interaction
results in results in
i' Electrons in higher orbits Billions of electrons l' from the case of
i |d JUTEATG SE & Sl irese losing different amounts . —
Characteristic |94€_|electron has been knocked I : due | Continuous | has Minimum
to . . of kinetic energy during
spectrum out by an incoming braking, resulting in a to spectrum a wavelength
electron, causing a spike range o,f wavelengths
in intensity
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Higher BE/n
is more stable
A
L — can be used
M defect
Binding energy Nuclear Binding < Eis E = mc? to caloulate > ass defec
per nucleon Energy energy released Mnucleons - Mnucleus
A
h 4 is about
Highest BE/n |
is I[ron-56
8.8 MeV Chapter 22
Nuclear Physics 1
Notation is about the
AX . described hose struct .| Rutherford's Scatteri
escribe whose structure utherford's Scattering
Ais che mass by Nucleus was revealed by Experiment
number
(number of nucleons) Important|results
Ve
most a particles very few o particles
some d
| Do not deflect | particles | Backtrack |
deflect forward
and backwards
A 4 h 4
Atoms are mostly Small and
empty space massive nucleus

Positive nucleus




| He nucleus H—are{ a-particles

| Electrons }(—are-l B-particles

C.0.E. and
PO.C.OM.

|
€obey <«—also produces

(172)" = x/xg €

forn

Gamma rays €

Spontaneous

Random

half-lives |

t1/o is the half-life
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™ M
L
™ ™
~
Radiation
A
Chapter 23
Radioactivity A
=$N
A = -dN/dt
A 4 |
is Radioactive decay d cbeys dN/dt = -AN
ecay law
| N, number of
leads to radioactive nuclei
m, mass
A, activity
when )
N =172 N N = Nge™ C, count rate
T
<<—where— A =1In2/ty;» in general,
hen
X112 o] x=xge™ where x can be
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Physical Quantities and Units (1) Kinematics (3) Dynamics (4) Forces (5)
R = /A2 + B2+ 24B cos 6 v=u+at p=mv F = kx
1 dp 1 1 1 1
= - —_ [pp— + J— -
s > (u+v)t F « 7 Koy K K Ty

t+1 t?
S=Uu —a
2

tz
Impulse =f F dt

t1

Ap F?
v? =u? + 2as E._=— — _Fx = — = — Jkx?2
avg = 77 EPE 2Fx ok ka
X2
myu; + myu, = myv; + myv, W = F dx
X1
U — Uy =V — Vg t=F xd/
1 p = pgh
Emluf + Emzug = §m11712 + Emzvz2

Upthrust = pLgA
(ph1g)A — (ph,9)A
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Work, energy, power (6)

Motion in a circle (7)

Gravitational field (8)

S GMm GM
W = F cosf (A 0 == = - =-—
cos 6 (Ax) " F — é .
do F GM GMm
P dt 9= r? T 2r
1 2 GM du
Ek=§mv2 w=T=2nf Vory = |— =-—
3|GMT? do
GPE = mgh vV=rw Toeosat = g=—-——
) 472 dr
AW v? 42
= a=vw=rw2=7 T2=Wr30rTzocr3
muv? 42 (R, + R,)3
P=Fv = = 2 T; : =
FC r mrw binary \/ G(Ml + MZ)
_ useful power output GMm
= power input Ty
2GM
Vescape =
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Temperature and ideal gases

©)

Thermodynamics (10)

Oscillations (11)

U=KE + PE a=——x T:g,r%
O _ XX Q = CAT AT T =21 |—
= = = mc = 47T |—m
100 X, —X; pAg
X°C = K + 273.15 C =mc x = xg sin(wt)
dx
pV = nRT = NKT Q =m¢ V== 00X cos(wt) v=1tw [x§— x?
R dv _ 2
k=— AU = AQ + AW, a=—=—w?x,sin(wt) a=-wx
Ng dt
— 2 1
Crms < ¢ > Vf 1 EK = Emwz(xg - xz)
€12 + % + o+ o2 Wbyzf p dV = pAV Ex :Emv2 = —mw?(xf — x?)
= N Vi = Emwzxg sin?(wt)
1
1 Ep = Emwzxz
p=5p<c’> Ep =5 kx? = omw’x? 1

2

= —mw?x3 cos?(wt)

3
< KE >= EkT

Er=E,+E —lma)zx2
r=Ex +Ep =3 0
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Wave Motion (12)

Superposition (13)

Current of Electricity (14)

Electric Fields (15)

F
t +q
(x ) constructive interference: 0
y =Asin|= X 21 Ax =nA I = nAv,q = >
A wheren c Z* Ameor
_ . AQ = 2nm W Q102
y = —4sin(wt) where n c Z* V= Q _ Amer?
destructive interference:
Ax 1 w Q10>
_ —_— = —_ E = —_— el
A9 1 X 21 Ax (n + 2)/1 0 dmegr
wheren c 7t
At AP = (2n+ D7 4 _w
AQS_?XZH wheren c Z* R_T Vc_q
ni pL Q
Intensity o« (Amplitude)? ing = — = V. =
ntensity o« (Amplitude) sin 6 - R y ¢ = Imegr
1 w
I = 210 tan @ = D Vierminar = € — Ir U=Vq
) A
I =1,cos“0 Omin = — IR,y = € —1Ir AU = qAV
a
A _AD P=VI=1I?R v E= v
Y= TR TR - ar
dUu
dsinf = nl F=——
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D.C. Circuits (16)

Electromagnetism (17)

Electromagnetic Induction (18)

Alternating Current (19)

F = BILsin@
Z I;=0 F ¢ = B,A=BAcos I =Isinwt
junction . B = IL sin O . .
AW A pair of current-carrying wires 2 12 4 12
£=— L1, ® =N¢ = NBAcos @ (12)=11+12+ + I
q F ' n
AW A current-carrying rectangular dd
AV = — |OOQ &= d_| Lims = <12>
q 7 = BIAN t
Z AV =0 F =B,qu=Bsinfqu _ 2 _d9 £
junction 14 1 dt dt (P) = r;ns = IﬁmsR = Vemslrms
Series £ = Bimd PR
Reff =R+ Ry + - +R, 2mm Straight conductor moving mse 2
Parallel across uniform B-field v
t _ 1.1t .. .1 | Curentinalong, straight wire € =Blv Vims = ——
Ry R Ry TRy V2
1 Hol Py
V=e—1Ir B « - B =— . o . p) =—
T 27T Rotating disk in B-field (P) 2
Ry R, . : ¢ = Bnr*f Vs N .
vV, = x =—xV Current in a solenoid — = — = turns ratio
Ry + Ry Ry W Np
lag |/
Vig = —=*V, B « nl B = ugnl ===
AB T, 0 Ho AC generator v, I
. ) . & = NBAw sin wt
Current in a circular coil Half-wave rectification:
Iy
NI NI I ==
B o« — B = Ho rms )
T 2r
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Quantum Physics 1 (20)

Quantum Physics 2 (21)

Nuclear Physics 1 (22)

Nuclear Physics 2 (23)

he h h A= mass of atom 1
— —_ = —_ = — r T JR—
E=hf = 2 A >~ mo 1_12 the mass of 162C atom count rate < =
2 2 dN
1eV=1.6x10"19 E, = 1 . ) _ p° Ymp, + Ymy > Mupyciens 8 N
2 2m 2m dt
n hf 1\"
Intensity = (=) X AxAp = h BE = Amc? = (_)
ntensity (t) Treq p x={5) %
Ephoton = Emetar t Eetectron AE = BEfinal — BEiitiai X = xoe_/‘lt
In2

1 2
hf =¢ +Emevmax
hf =eVs+ ¢

_h,. ¢
Vs—;f—;
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Annex 3: Definitions

Word Definition
= Homogeneity | A physical equation is homogeneous if every term in the equation has the same units.
O
» Systematic error | Systematic errors are errors of measurements that occur according to some ‘fixed rule or pattern’ such
2 that they yield a consistent overestimation or underestimation of the true value.
]
% Random error | Random errors are errors with different magnitudes and signs in repeated measurements.
O
@ Displacement | the shortest distance from the initial to final position of a body along a specific direction.
IS
§ Velocity | the rate of change of displacement with respect to time
s
% Acceleration | the rate of change of velocity with respect to time
O

Inertia | the reluctance of a body to change its state of motion or rest.

Q Mass | Mass is the amount of matter in a body.
€
g Newton’s First law | Every body continues in its state of rest or uniform motion in a straight line unless an unbalanced
o (resultant) force acts on it to change its state.
o Newton’s Second | The rate of change of momentum of a body is proportional to the unbalanced (resultant) force acting on
2 law | it, and occurs in the direction of the force.
8 | Newton’s Third law | If body A exerts a force (action) on body B, then body B will exert an equal and opposite force
O

(reaction) on body A.

Impulse

the integral of the force over the time interval in which the force acts.
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Chapter 6: Work

Conservation of
Energy (c.o0.e.)

Impulse- | impulse is equal to the change in momentum.
momentum
theorem
Principle of | the total momentum of a system is conserved provided no external unbalanced force acts on the
Conservation of | system.
Momentum
(p.0.c.0.m)
Hooke'’s law | Within the proportional limit, the extension e, produced in a material is directly proportional to the force
@ F applied.
§ Moment | the product of the force and the perpendicular distance from the line of action of the force to the pivot.
5
I Couple | 2 equal and opposite forces whose lines of action do not coincide.
o
© Principle of | For an object in rotational equilibrium, the sum of the anticlockwise moments about the pivot is equal to
moments | the sum of clockwise moments about the same pivot.
Work done | The work done by a constant force on an object is defined as the product of the magnitude of the
displacement and the component of the force parallel to the displacement.
Principle of | energy can neither be created nor destroyed, but can be converted from one form to another. The total

energy in a closed system is always constant.

Efficiency

the percentage ratio of useful power output to power input.
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Radian

the angle subtended at the centre of a circle by an arc of equal length to the radius.

Angular velocity

the rate of change of angular displacement.

CH8: Gravitational field | CH7: Circular motion

Gravitational field
strength

the force per unit mass acting on any mass placed at that point.

Gravitational
potential energy

With infinity being taken as the zero reference, the GPE at a point is the work done by an external
agent in bringing a test mass from infinity to the point without a change in kinetic energy.

Gravitational

the work done per unit mass by an external agent in bringing an object from infinity to the point.

gas is constant.

potential
Temperature | A measure of the degree of hotness or coldness of an object.

§ Boyle’s law | Pressure of a fixed mass of gas is inversely proportional to its volume if the temperature is constant.
5

= Charles’ law | Volume of a fixed mass of gas is proportional to its thermodynamic temperature if the pressure of the
(©))

T

O

Gay-Lusaac’s law

Pressure of a fixed mass of gas is proportional to the thermodynamic temperature if its volume is
constant.
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Chapter 10: Thermodynamics

Heat

the energy that is transferred from one body at a higher temperature to one at lower temperature.

Heat capacity

The heat capacity of a body is defined as the quantity of heat energy required to raise its temperature
by 1 K.

Specific heat
capacity

The specific heat capacity of a body is defined as the heat required to raise the temperature of 1 kg of
the substance by 1 K.

Specific latent heat
of fusion

The specific latent heat of fusion is of a substance is defined as the amount of heat energy needed to
change a unit mass of the substance from solid to liquid state without a change in temperature.

Specific latent heat

The specific latent heat of vaporisation is of a substance is defined as the amount of heat energy

of vaporisation | needed to change a unit mass of the substance from liquid to gaseous state without a change in
temperature.
First law of | The first law of thermodynamics states that the internal energy of a system depends only on its state,

thermodynamics

and that the increase in internal energy of the system is the sum of the heat supplied to the system and
the external work done on the system.

Chapter 11: Oscillations

Amplitude

maximum displacement of the oscillating body

Period

the time taken for one complete oscillation

Frequency

the total number of oscillations per second

Angular frequency

the product of 2 and the frequency

Wavelength

the distance between 2 consecutive particles in the wave who are in phase with one another

Simple harmonic
motion

an oscillating system where (1) there must be a restoring force proportional to the displacement but
directed opposite to it and (2) the acceleration of the system must be proportional to the displacement
but directed opposite to it

Light damping

oscillations still occur, but the amplitude of the oscillation decreases with time
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Heavy damping

there are no oscillations. When the system is displaced from the equilibrium position, it takes a long
time to return to the equilibrium position

Critical

there are no oscillations. When the system is displaced from the equilibrium position, it returns to the
equilibrium position in the shortest possible time

Resonance

when the driving frequency is very close to the natural frequency of a system, the system will oscillate
at maximum amplitude

Chapter 12: Wave Motion

Transverse waves

the direction of vibration of the wave particles is perpendicular to the direction of propagation of the
wave

Longitudinal waves

the direction of vibration of the wave particles is parallel to the direction of propagation of the wave

Progressive waves

the wave profile moves in the direction of propagation of the wave. Progressive waves transfer energy
in the direction of the wave velocity

Intensity

intensity is the energy transmitted per unit time across a unit area of a surface perpendicular to the
direction of the energy flow

Chapter 13: Superposition

Principle of
Superposition

the principle of superposition states that the resultant wave displacement (and hence the amplitude) is
given by the vectorial sum of the individual wave displacements (amplitude) at the point where the
waves meet

Standing wave

a standing or stationary wave is one which the wave profile does not travel in the direction of the wave
velocity, though the wave particles still execute oscillatory motion (SHM) about their rest positions

Diffraction

diffraction refers to the spreading of waves when they encounter an aperture or obstacle whose linear
dimension (e.g. width of aperture) is comparable to the wavelength of the waves

Interference

interference refers to the phenomenon of two or more waves of the same type meeting at a point in
space to produce a resultant wave disturbance given by the superposition of individual waves at that
point.




Page 151

Constructive
interference

the amplitude of the resultant wave at a given time or position is greater than that of either individual
wave

Destructive
interference

the amplitude of the resultant wave at a given time or position is smaller than that of either individual
wave

Chapter 14: Current of Electricity

Electric current

the current / is the rate of flow of electric charge Q through a given cross-section of a conductor

Electric charge

the charge Q which flows past a given cross section is the product of the steady current / that flows
past the section and the time during which the current flows.

Coulomb

the coulomb C is the amount of electrical charge that passes through a given cross section of a circuit
when a steady current of one ampere flows in one second

Charge density

the charge density n is the number of charge carriers per unit length, surface area, or volume in a
conductor

Potential
difference

the potential difference between two points in a circuit is the amount of electrical energy converted to
other forms of energy per unit charge passing from one point to another

Volt

the volt is the potential difference between two points in a circuit if one joule of electrical energy is
converted to other forms of energy per coulomb of charge passing from one point to the other

Electromotive
force

the electromotive force (e.m.f.) of any source of electrical energy is the total energy converted into
electrical energy per unit charge supplied

Resistance

Resistance of a conductor is the ratio of potential difference across the conductor to the current flowing
through it.

Ohm’s law

the current flowing through a conductor is directly proportional to the p.d. across it, providing
temperature and other physical conditions are constant
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Resistivity

Resistivity is a property of the material, independent of the shape and size of the conductor.

Chapter 15: Electric fields

Electric field

an electric field is a region of space where a charged particle will experience an electric force

Electric field
strength

the electric field strength E at a point is the electric force acting per unit positive charge placed at that
point

Coulomb’s law

Coulomb’s Law states that the electric force between two point particles carrying charges Q, and Q,
separated by a distance r apart is proportional to the product of the two charges and inversely
proportional to the square of their distance apart

Electric potential

the electric potential at a point in an electric field is the work done per unit positive charge by an
external agent in bringing a small test charge from infinity to that point without a change in kinetic
energy

Chapter 16: D.C. Circuits

Kirchhoff’'s Current
law

Kirchhoff’'s Current Law states that the algebraic sum of the currents at a junction of a circuit is zero.

Electromotive
force

Electromotive force (symbol €) of a cell is the amount of energy converted from non-electrical to
electrical form per unit charge that moves from one terminal of the cell to the other outside of the cell.

Potential
difference

Potential difference (symbol V') across a circuit component is the amount of energy converted from
electrical to non-electrical forms per unit charge that flows through the component.

Kirchhoff’'s Voltage
law

Kirchhoff’s Voltage Law states that the algebraic sum of all electrical potential changes around any
closed loop is zero.

Potential-divider
rule

The Potential-Divider rule states that if a voltage exists across several resistors connected in series,
then the voltage across each resistor is proportional to the total resistance.
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Magnetic flux

Magnetic flux density is defined as the force acting per unit length of a conductor which carries unit

E density / magnetic | current and is of right angles to the magnetic field.
~ field strength
5 Tesla | The Tesla is the unit of magnetic flux density equivalent to a force of 1 N experienced by a straight
‘% conductor of length 1 m and carrying a current of 1 A when it is placed perpendicular to the magnetic
< field.
&
Magnetic flux | The magnetic flux passing through the surface area A is defined as the product of the component of the
magnetic field normal to the plane of the surface and the area of the surface.
s Weber | The weber is the flux of a uniform magnetic field B of flux density 1 T, through a plane surface of area A
g of 1m?, placed normally to the B field.
3 Faraday’s law | Faraday’s law states that when the magnetic flux linkage with a circuit is changed, an induced e.m.f. is
_§ set up whose magnitude is proportional to the rate of change of flux linkage.
(&)

Lenz’'s law

Lenz’s law states that the direction of the induced e.m.f. (and hence current flow in a closed circuit) is
always such as to opposite the change in flux causing it.

CH19: A.C.

Root-mean-square

The root-mean-square value of an alternating current (a.c.) is that value of the direct current (d.c.) that
would produce thermal energy at the same rate in a resistor.
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Chapter 20: Quantum Physics 1

Photoelectric effect

The photoelectric effect is the phenomenon of electrons being ejected from a given meal surface when
light about a certain minimum frequency falls upon its surface.

Photon

A photon is an indivisible quantum (or packet) of electromagnetic energy which is emitted, transmitted
and absorbed as a whole.

Electron-volt

The electron-volt is the amount of kinetic energy that an electron gains when it is accelerated through a
potential difference of one volt.

Work function

The work function (¢) of a metal is the minimum mount of energy required for an electron to escape
from the surface.

Stopping potential

The stopping potential is the minimum value of the retarding voltage which will just stop even the most
energetic photoelectrons from reaching the collector, indicated by current just dropped to zero as
measured in a micro-ammeter.

Emission line

o The emission line spectrum consists of bright lines of definite wavelengths on a dark background.
2 spectrum
8 Absorption line | The absorption line spectrum consists of a continuous spectrum crossed by dark lines due to some
o spectrum | missing wavelengths.
N
% Heisenberg’s | Heisenberg’s Uncertainty Principle states that the product of the uncertainty Ax in the position of a body
e Uncertainty | at any instant and the uncertainty Ap in its momentum at the same instant is greater than or
© Principle | approximately equal to the Planck constant.
Isotope | Isotopes are atoms of the same element with the same number of protons but a different number of
— neutrons.
D.c>_‘ Unified atomic | The unified atomic mass is equivalent to one-twelfth the mass of a carbon-12 atom.
> mass
& Relative atomic | The relative atomic mass is defined as the ratio of the mass of the atom to the mass of one-twelfth of
g mass | the mass of the neutral carbon-12 isotope.
o Mass defect

The difference (Am) between the mass of the nucleons and that of the nucleus is known as the mass
defect.
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Binding energy

The binding energy of the nucleus is defined as the energy released when the nucleus is first formed
from its separate protons and neutrons.

The binding energy of the nucleus is also defined as the work done on the nucleus to separate the
nucleus into individual protons and neutrons.

Chatper 23: Nuclear Physics 2

Radioactivity

Radioactivity or radioactive decay is the spontaneous and random disintegration of heavy unstable
nuclei into more stable products through the emission of radiation such as alpha particles, beta
particles and gamma rays.

lonising radiation

lonising radiation refers to radiation that has enough energy to strip electrons from an atom, thus
producing free electrons and ions.

Half-life

Half-life is defined as the time taken for half the number of nuclei of a radioactive element to decay.

Activity

The activity of a radioactive material is the number of disintegrations of its atoms per unit time.

Decay constant

The decay constant is the probability that a radioactive nuclide of an isotope in a sample would decay
in one second.

Decay Law

The rate of radioactive decay A = _Z_IZ is directly proportional to the number N of the radioactive nuclei
present.




ANNEX 4: SUMMARY OF KEY QUANTITIES, SYMBOLS AND UNITS

The following list illustrates the symbols and units that will be used in question papers.

Quantity Usual symbols

Base Quantities

mass

length

time

electric current
thermodynamic temperature
amount of substance

:,\'&.HNS

Other Quantities

distance

displacement

area

volume

density

speed

velocity

acceleration

acceleration of free fall
force

weight

momentum

work

energy

potential energy

kinetic energy

heating

change of internal energy
power

pressure

torque

gravitational constant
gravitational field strength
gravitational potential
angle

angular displacement
angular speed

angular velocity

period

frequency

angular frequency
wavelength

speed of electromagnetic waves
electric charge
elementary charge
electric potential

electric potential difference
electromotive force
resistance

resistivity

electric field strength
permittivity of free space
magnetic flux

magnetic flux density
permeability of free space
force constant

<
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Usual unit

kg
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Quantity

Celsius temperature
specific heat capacity
molar gas constant
Boltzmann constant
Avogadro constant
number

number density (number per unit volume)
Planck constant

work function energy
activity of radioactive source
decay constant

half-life

relative atomic mass
relative molecular mass
atomic mass

electron mass

neutron mass

proton mass

molar mass

proton number

nucleon number
neutron number

Usual symbols

0
c
R

n, m

§T3zz>

> >
N

333322
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Usual unit

°C

JK kg™
JK " mol™
JK™



ANNEX 5: DATA AND FORMULAE

Data
speed of light in free space
permeability of free space

permittivity of free space

elementary charge

the Planck constant

unified atomic mass constant
rest mass of electron

rest mass of proton

molar gas constant

the Avogadro constant

the Boltzmann constant
gravitational constant

acceleration of free fall

Formulae

uniformly accelerated motion

work done on/by a gas
hydrostatic pressure
gravitational potential

temperature
pressure of an ideal gas

mean translational kinetic energy of an ideal gas
molecule
displacement of particle in s.h.m.

velocity of particle in s.h.m.

electric current
resistors in series
resistors in parallel

electric potential

alternating current/voltage

magnetic flux density due to a long straight wire

magnetic flux density due to a flat circular coil

&
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3.00 x 10®ms™

4n x107"Hm™
8.85x 10" F m™
(1/(36m)) x 10°F m™
1.60 x 107°C

6.63 x 10°*Js

1.66 x 10" kg

9.11 x 10°"kg

1.67 x 10" kg

8.31 J K" 'mol™

6.02 x 10* mol™
1.38 x 102 J K™
6.67 x 107""Nm? kg™
9.81ms™
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magnetic flux density due to a long solenoid

radioactive decay

decay constant
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