Chapter 10: Thermal Physics

Heat and temperature govern countless everyday phenomena, from the warmth
of sunlight to the chill of a cold drink. This chapter explains thermal expansion in
solids, liquids, and gases; specific heat capacity and why water's large specific
heat matters; how substances change state; evaporation and its cooling effect;
latent heat; and the special phenomenon of superconductivity.

Understanding these principles explains how refrigerators, car cooling systems,
thermometers, and bridges are designed, and even helps explain Earth's climate
and coastal weather patterns.

Learning Objectives

* Describe qualitatively the thermal expansion of solids (linear and volumetric)
and explain thermal expansion of liquids (real and apparent) and gases

* Discuss gas pressure and its changes in terms of particle collisions with
container walls

* Discuss applications and consequences of thermal expansion in real life

* Define and calculate specific heat capacity for solids and liquids, and discuss
the everyday effects of water's large specific heat

* Describe the changes in state between solids, liquids, and gases, and
compare relative magnitudes of thermal expansion

* Describe evaporation in terms of particle behaviour and discuss how
temperature, humidity, surface area, and air movement affect it

* Explain how evaporation causes cooling, and describe CFC-free refrigeration

* Define latent heat of fusion and vaporization, and describe how they are
determined experimentally using a temperature-time graph

* Describe superconductivity and state that certain materials exhibit it near
absolute zero



Key Concepts

10.1 Thermal Expansion

Thermal expansion is the change in length, area, or volume of a substance when
it is heated; as temperature rises, particles gain kinetic energy, move faster, and
spread apart, causing expansion. Cooling causes the reverse: thermal
contraction, as particles lose energy and move closer together.

For solids, linear thermal expansion describes the change in length: AL = aLoAT,
where a is the coefficient of linear expansion (unit K1), Lo is original length, and
AT is the temperature change; rearranged, L = Lo(1 + aAT). Volume thermal
expansion in solids follows AV = BVoAT, where B is the coefficient of volume
expansion; rearranged, V = Vo(1 + BAT). In solids, tightly packed atoms vibrate
more vigorously when heated and, having no room to move inward, push the
structure outward.

In liquids, heating increases molecular speed, causing liquid to spread apart and
take up more volume; since liquids have no fixed shape, they expand freely in all
directions, following AV = BVoAT. In a heated flask, the glass container expands
first (apparent decrease, AB), then the liquid's real expansion (BC) exceeds it,
with the visible level rise being the apparent expansion (AC); real expansion is
always greater than apparent expansion, and BC = AC + AB.

In gases, increasing temperature increases particle kinetic energy, causing more
frequent, forceful collisions with container walls; in a flexible container, volume
expands instead of pressure rising, consistent with Charles' law (volume «
temperature at constant pressure). Gas expansion powers hot air balloons
(heated air becomes less dense and rises) and can also be dangerous, as in
exploding aerosol cans exposed to heat.

10.2 Consequences of Thermal Expansion in Real Life

Thermal expansion has many practical applications and consequences:
thermometers use liquid expansion in a narrow tube to measure temperature;
small gaps are left in railway tracks to prevent 'sun kinks' (bending from
unaccommodated summer expansion); bridges include expansion joints to allow
safe expansion and contraction; running warm water over a stuck metal jar lid



makes it expand and loosen; gas containers like aerosols can explode from heat-
induced pressure buildup, hence warning labels and pressure relief valves; water
pipes use flexible joints and loops to absorb expansion and prevent bursts; and
hot air balloons intentionally use heated, expanded (less dense) air to generate
lift.

10.3 Specific Heat Capacity

The heat energy needed to warm a material depends on its mass, the
temperature change required, and the nature of the material itself, expressed as
Q = mcAT, where Q is heat energy, m is mass, c is specific heat capacity, and AT
is temperature change. Specific heat capacity is the heat energy needed to raise
the temperature of 1 kg of a substance by 1°C (or 1 K), with Sl unit J kg=* K-1.

Materials with high specific heat capacity (such as wood and rubber) need more
heat to warm up, making them useful for insulation and cooking utensil handles;
metals like steel and copper have low specific heat capacity, heating and cooling
quickly, making them suitable for kettles, radiators, and heat engines. Water has
an especially high specific heat capacity of 4200 | kg—* K-1, letting it absorb large
amounts of heat with only small temperature rises — this is why large water
bodies moderate coastal climates (soil heats up roughly five times faster than
water under the same heat input, since dry soil's specific heat capacity is only
about 810 ) kg=* K-*) and why water is used in automobile cooling systems,
circulating through engine jackets to absorb heat, then releasing it via the
radiator with the help of a thermostat and fan.

10.4 Change in State

When a substance absorbs or loses energy, the kinetic energy of its particles
changes, which can cause a change of state. Absorbing energy increases particle
motion and spacing, causing melting (solid—liquid) or boiling (liquid—gas). Losing
energy decreases particle motion and spacing, causing condensation
(gas—liquid) or solidification (liquid—solid). Intermolecular forces are strongest in
solids (least particle separation) and weakest in gases (greatest separation),
which is why gases show the greatest relative thermal expansion and solids the
least.



10.5 Evaporation

Evaporation is a natural process by which a liquid changes into a gas at its
surface without boiling; it occurs at all temperatures (faster at higher ones) since
some surface particles gain enough energy to escape as vapour, without
requiring the whole liquid to be heated. Evaporation is affected by several
factors: higher temperature speeds evaporation (more energetic molecules);
larger surface area speeds evaporation (more liquid exposed to air); greater air
movement carries away vapour molecules, preventing saturation and speeding
evaporation; higher humidity slows evaporation (air already holds more
moisture); the liquid's nature affects its rate (alcohol evaporates faster than
water, needing less energy to escape); and lower atmospheric pressure
enhances evaporation (less resistance to molecules escaping).

During evaporation, the escaping higher-energy molecules take heat away from
the remaining liquid, cooling it — this is why sweat cools our bodies and why wet
clothes dry (and cool) faster on hot days. Modern refrigeration systems use
environmentally friendly refrigerants (instead of ozone-depleting CFCs) that
evaporate at low temperatures inside cooling coils, absorbing heat from the
refrigerator's interior; the vapour is then compressed and condensed back to
liguid outside the cooling compartment, enabling a continuous evaporation-
condensation cooling cycle.

10.6 Latent Heat

Latent heat is the heat energy required to change the state of a substance
without changing its temperature; this energy breaks or forms bonds between
particles rather than increasing their motion. Latent heat of fusion is the heat
energy needed to convert 1 kg of a solid into a liquid at its melting point at
constant temperature, given by Q = mLf, where Lf is the latent heat of fusion. For
example, ice absorbs heat at 0°C but stays at 0°C until fully melted; the latent
heat of fusion of ice is 3.36 x 10° ] kg~1.

Latent heat of vaporization is the heat energy needed to change 1 kg of a liquid
into gas at its boiling point at constant temperature, given by Q = mLv. The
latent heat of vaporization of water is 2.26 x 10° ] kg1, meaning that much
energy converts 1 kg of water into steam at 100°C without any temperature rise.



These values can be determined experimentally by heating ice steadily,
recording temperature against time (or heat supplied), and plotting the resulting
graph, which shows flat plateaus at the melting point (0°C) and boiling point
(100°C) where temperature stays constant despite continued heating — these
plateaus correspond to the latent heats of fusion and vaporization respectively.

10.7 Superconductivity

Superconductivity is a special property in which certain materials exhibit zero
electrical resistance when cooled below a critical temperature (Tc); in this state,
electric current flows without any energy loss, since there are no collisions to
resist the flow of electrons. A graph of electrical resistivity against temperature
shows a superconductor's resistivity dropping abruptly to zero below Tc, while a
normal metal's resistivity decreases only gradually. Examples include mercury
(superconducting below 4.2 K), lead (below 7.2 K), and high-temperature ceramic
superconductors (working at temperatures as high as 135 K). Superconductors
are used in MRI machines (generating strong magnetic fields for medical
imaging), maglev trains (levitating above tracks to eliminate friction), and
particle accelerators (used to study fundamental particles).

Important Definitions

What is thermal expansion?
The change in length, area, or volume of a substance when it is heated, caused
by increased particle motion and spacing.

Define the coefficient of linear expansion (a).
The fractional increase in length per unit original length per degree rise in
temperature: a = AL/(LoAT), with SI unit K=1.

Define specific heat capacity.
The amount of heat energy needed to raise the temperature of 1 kg of a
substance by 1°C (or 1 K); Sl unit ) kg=* K-1.

What is evaporation?
A natural process in which a liquid changes into a gas at its surface, at any
temperature, without boiling.

Define latent heat.



The heat energy required to change the state of a substance without changing its
temperature, used to break or form bonds between particles.

Define latent heat of fusion.
The heat energy required to convert 1 kg of a solid into a liquid at its melting
point while temperature stays constant: Q = mLf.

Define latent heat of vaporization.
The heat energy required to convert 1 kg of a liquid into a gas at its boiling point
while temperature stays constant: Q = mLv.

What is superconductivity?
A property in which certain materials exhibit zero electrical resistance when
cooled below a critical temperature, allowing current to flow without energy loss.

Key Formulas

Topic Formula

Linear thermal expansion AL = aLoAT, L = Lo(1 + aAT)

Volume thermal expansion AV = BVoAT, V = Vo(1 + BAT)

Heat energy (specific heat) Q = mcAT

Latent heat of fusion Q = mLf

Latent heat of vaporization Q = mLv

Specific heat capacity of water c(water) = 4200 ) kg~ K-?

Latent heat of fusion of ice Lf = 3.36 x 10°) kg*

Latent heat of vaporization of water Lv = 2.26 x 106 ] kg~*
Diagrams

Linear Thermal Expansion of a Rod: A metal rod before and after heating,
showing the increase in length AL and the linear expansion formula

Changes of State: Solid, liquid, and gas states with the named processes
(melting, boiling, condensation, solidification) connecting them



Heating Curve: Ice to Water to Steam: Temperature vs heat supplied graph
showing flat plateaus at the melting and boiling points, corresponding to latent
heat

Short Questions & Answers

What factors influence the thermal expansion of solids?

The original length (or volume) of the solid, the temperature change, and the
material's coefficient of expansion (a or B), which depends on the nature of the
material.

What is latent heat of fusion?
The heat energy required to convert 1 kg of a solid into a liquid at its melting
point without any change in temperature, given by Q = mLf.

Why do different materials show different thermal expansion?

Because each material has its own characteristic expansion coefficient (a or B),
determined by its atomic/molecular structure and the strength of bonds between
its particles.

How does evaporation contribute to cooling in everyday life?

As higher-energy molecules escape the liquid surface during evaporation, they
carry heat away with them, cooling the remaining liquid — this is why sweating
cools the body and wet surfaces feel cold.

What is latent heat of vaporization, and how is it calculated?
The heat energy required to convert 1 kg of a liquid into gas at its boiling point
without a change in temperature, calculated using Q = mLv.

Why does metal feel colder than wood at the same temperature?

Metal is a good conductor and quickly conducts heat away from your hand, while
wood is a poor conductor (insulator) and conducts heat away much more slowly,
so it feels warmer even though both are at the same temperature.

What is superconductivity?
A state in which certain materials, cooled below a critical temperature, exhibit
zero electrical resistance, allowing current to flow without any energy loss.

Why is water's high specific heat capacity important for climate?



Because water absorbs and releases large amounts of heat with only small
temperature changes, coastal areas near oceans or large lakes experience
milder, less extreme seasonal temperature swings than inland areas.

Long Questions & Answers

Explain thermal expansion in solids, liquids, and gases, and describe
how each is quantified.

In solids, heating causes increased vibration of tightly packed atoms, which
pushes the material's structure outward since there is no room for inward
movement; linear expansion (change in length) follows AL = aLoAT, and volume
expansion follows AV = BVoAT, where a and 3 are material-specific expansion
coefficients. In liquids, since there is no fixed shape, heating causes molecules to
move faster and spread apart in all directions, following the same volume
expansion formula AV = BVoAT; a heated liquid in a flask shows real expansion
(BC) exceeding apparent expansion (AC) because the container itself also
expands (AB), with BC = AC + AB. In gases, heating increases particle kinetic
energy, causing molecules to collide with container walls more forcefully and
frequently; in a flexible container this causes volume to increase (following
Charles' law, volume « temperature at constant pressure), while in a rigid
container it instead causes pressure to rise. Overall, gases show the greatest
relative thermal expansion, followed by liquids, with solids expanding the least,
because intermolecular forces are weakest in gases and strongest in solids.

Describe the effects of water's high specific heat capacity, with
reference to climate and engineering applications.

Water has a specific heat capacity of 4200 J kg—* K-%, far higher than most
substances (dry soil, for instance, has only about 810 J kg=* K-') — meaning
water can absorb or release a large quantity of heat energy while its own
temperature changes only slightly. This property has major climatic effects: large
bodies of water like oceans and lakes absorb heat during the day and release it
slowly at night, moderating nearby land temperatures and giving coastal regions
milder, less extreme seasonal climates compared to inland areas, which heat up
and cool down far more quickly. This property is also exploited in engineering:



automobile cooling systems circulate water through jackets around hot engine
cylinders, where it absorbs heat; a thermostat then regulates whether this
heated water is sent to the radiator, where a fan cools it with outside air before it
returns to the engine to absorb more heat, in a continuous protective cycle that
prevents engine overheating.

Explain what latent heat is, and describe how the latent heat of
fusion of ice could be determined experimentally.

Latent heat is the heat energy required to change the state of a substance
without any change in its temperature; instead of increasing particle motion (and
hence temperature), this energy is used to break the intermolecular bonds
holding particles in their current state. To determine the latent heat of fusion of
ice experimentally, small pieces of ice are placed in a beaker with a
thermometer, and the beaker is heated steadily; as the ice melts, the
temperature is observed to remain constant at 0°C until all the ice has turned to
water, and the time taken for this complete melting is recorded. Further heating
then raises the water's temperature from 0°C toward 100°C, and this time is also
recorded. Plotting a graph of temperature against time (or against heat supplied,
if a known constant heating rate is used) produces a curve with a flat plateau at
0°C, corresponding to the melting process; using the known mass of ice, the rate
of heat supply, and the time spent on the plateau, the latent heat of fusion Q =
mLf can be calculated by solving for Lf.

Describe superconductivity, how it differs from normal electrical
conduction, and its practical applications.

Superconductivity is a special state in which certain materials, when cooled
below a specific critical temperature (Tc), exhibit exactly zero electrical
resistance — unlike normal metals, whose resistivity decreases only gradually as
temperature falls but never reaches zero. In a superconductor below its critical
temperature, electrons no longer experience the collisions that normally cause
electrical resistance, so electric current can flow indefinitely without any loss of
energy. Examples of superconducting materials include mercury (below 4.2 K),
lead (below 7.2 K), and certain high-temperature ceramic superconductors that
work at temperatures up to around 135 K, which is far easier to achieve than
temperatures near absolute zero. Superconductors have important practical



applications: MRl machines use them to generate the very strong, stable
magnetic fields needed for medical imaging; maglev trains use superconducting
magnets to levitate above their tracks, eliminating friction and enabling very
high speeds; and particle accelerators use them to generate the powerful
magnetic fields needed to guide and study fundamental particles.

Multiple Choice Questions (MCQs)

When the temperature of a copper rod is increased, its length: (A)
remains the same (B) increases (C) decreases (D) becomes double
Correct answer: (B) increases. Heating a solid causes thermal expansion,
increasing its length according to AL = aLoAT.

The increase in unit length of a material per degree rise in temperature
is called the coefficient of: (A) cubic expansion (B) volume expansion (C)
linear expansion (D) none of these

Correct answer: (C) linear expansion. This defines the coefficient of linear
expansion, a, used in AL = aLoAT.

A liquid that evaporates turns into: (A) Gas (B) Water vapour (C) Air (D)
Both (a) and (b)

Correct answer: (D) Both (a) and (b). Evaporation converts a liquid into its
gaseous form, commonly referred to as vapour — both descriptions are correct.

The property that determines how much heat a solid can absorb before
its temperature changes significantly is: (A) Density (B) Specific heat
capacity (C) Colour (D) Hardness

Correct answer: (B) Specific heat capacity. Specific heat capacity determines how
much heat energy is needed to produce a given temperature change in a
substance.

High-temperature superconductors typically involve which type of
material? (A) Pure metals (B) Organic compounds (C) Ceramics (D)
Liquid crystals

Correct answer: (C) Ceramics. Certain ceramic materials have been found to
exhibit superconductivity at relatively higher temperatures (up to around 135 K).



The formula Q = mLf is used to calculate: (A) Specific heat capacity (B)

Heat energy for latent heat of fusion (C) Heat energy for latent heat of

vaporization (D) Coefficient of expansion

Correct answer: (B) Heat energy for latent heat of fusion. Q = mLf calculates the
heat energy required to melt a mass m of a solid at its melting point (latent heat
of fusion).

Water's specific heat capacity is approximately: (A) 810 ) kg-* K-* (B)
1000 J kg * K-* (C) 2260 ) kg * K-* (D) 4200 ) kg * K*

Correct answer: (D) 4200 J kg=t K=1. Water's specific heat capacity is 4200 J kg—*
K-=1, notably higher than most common substances.

During evaporation, the liquid that remains becomes: (A) Hotter (B)
Cooler (C) Unchanged in temperature (D) Instantly frozen

Correct answer: (B) Cooler. The escaping high-energy molecules carry heat away,
so the remaining liquid cools down.

A gas in a rigid, non-flexible container that is heated will show a rise in:
(A) Volume only (B) Pressure (C) Mass (D) Density only

Correct answer: (B) Pressure. Since the container's volume cannot change,
increased particle collisions instead raise the pressure inside.

Which of these correctly ranks relative thermal expansion from greatest
to least? (A) Solids > Liquids > Gases (B) Gases > Liquids > Solids (C)
Liquids > Gases > Solids (D) Gases > Solids > Liquids

Correct answer: (B) Gases > Liquids > Solids. Gases have the weakest
intermolecular forces and expand the most; solids have the strongest forces and
expand the least.

Quick Revision Summary

* Thermal expansion: solids AL=aLoAT (linear), AV=BVoAT (volume); liquids
expand freely (real > apparent expansion); gases follow Charles' law

* Consequences: railway gaps, bridge expansion joints, jar lid trick, aerosol
warnings, flexible pipe joints, hot air balloons

» Specific heat: Q = mcAT,; water's high c (4200 J/kg-K) moderates coastal
climate and cools car engines



Change of state: melting/boiling (energy absorbed), condensation/

solidification (energy released)

* Evaporation: surface-only, all temperatures; affected by temperature, surface
area, air movement, humidity, liquid type, pressure

* Evaporation causes cooling (sweating, CFC-free refrigeration cycles)

* Latent heat: Q=mLf (fusion), Q=mLv (vaporization); temperature stays
constant during phase change (heating curve plateaus)

* Superconductivity: zero resistance below critical temperature Tc; used in MR,

maglev trains, particle accelerators

Exam Tips

* Always convert temperature changes to Kelvin or consistent units before
substituting into AL=aLoAT or AV=BVoAT

* Remember real expansion = apparent expansion + container expansion (BC =
AC + AB) for liquid-in-flask problems

* Distinguish clearly between 'heat' (Q, energy) and 'temperature’ (T) in written
answers — a very common source of lost marks

* Memorise the key constants: c(water)=4200 J/kg-K, Lf(ice)=3.36%x10% J/kg,
Lv(water)=2.26x10° J/kg

* For heating-curve questions, identify the flat (plateau) regions as phase
changes — temperature does not rise while latent heat is being absorbed

* Link each thermal expansion ‘consequence' (bridges, railways, jar lids, pipes)
to whether it accommodates or prevents expansion



Chapter 11: Transfer of Thermal Energy

Heat is an essential form of energy that plays a role in cooking, maintaining body
temperature, and driving countless industrial processes. Whenever two objects
at different temperatures come into contact, thermal energy flows from the
hotter object to the cooler one until thermal equilibrium is reached. This chapter
explores the three fundamental methods by which this thermal energy travels:
conduction, convection, and radiation.

Understanding these three heat transfer mechanisms explains everyday
phenomena such as why metal spoons heat up faster than wooden ones, why
sea breezes blow during the day, how a thermos flask keeps drinks warm, and
how the greenhouse effect regulates Earth's temperature and connects to global

warming.

Learning Objectives

* Explain thermal conduction in solids in terms of lattice vibrations and the
movement of free electrons in metals

* Analyze everyday applications of conduction, convection, and radiation

* Explain convection in liquids and gases in terms of density changes, and
describe experiments illustrating convection

* Explain the role of convection in seawater in supporting marine life

* Describe how land and sea breezes maintain moderate coastal climates

* Explain how birds and gliders stay aloft for hours using thermal currents

* Describe radiation as heat transfer via electromagnetic waves that does not
require a medium

* Describe the effect of surface colour and texture on emission, absorption, and
reflection of infrared radiation

* Explain qualitatively how the rate of radiation emission depends on surface
temperature and surface area

* Analyze the consequences of heat radiation in the greenhouse effect and its
link to global warming



Key Concepts

11.1 Conduction

Conduction is the process by which heat is transferred through direct contact
between particles in a material, without any actual movement of the material
itself. It happens when fast-moving (hotter) particles collide with slow-moving
(cooler) particles, transferring their kinetic energy. Conduction is most efficient in
solids, especially metals, because their particles are densely packed and freely
moving electrons help transfer energy quickly.

In solids, atoms and molecules are tightly packed and constantly vibrate about
their mean positions. When one end of a solid is heated, particles there vibrate
more vigorously, colliding with and transferring energy to neighbouring particles,
which in turn pass energy further along — heat gradually spreads through the
solid, though this transfer is generally slow. Metals conduct heat far better than
non-metals because they contain free (delocalized) electrons that move quickly
through the material, carrying energy from hot regions to cooler regions much
faster than lattice vibrations alone could.

11.2 Convection in Liquids and Gases

Liquids and gases are poor conductors of heat, but heat can still travel through
them by convection — the transfer of heat through the actual movement of
molecules from a hot area to a cold area. When a liquid or gas is heated, it
becomes less dense and expands, so the heated fluid rises above the heat
source while cooler, denser fluid moves in to take its place; this cooler fluid is
then heated in turn, setting up a continuous convection current.

This can be demonstrated by heating water in a beaker and dropping in
potassium permanganate crystals: coloured streaks rise above the flame and
flow back down along the sides, tracing the convection current, and these
currents stop once the burner is removed since there is no more heating to
sustain the density difference. In gases, the Sun heats the Earth's surface,
warming the air close to the ground; this warm air becomes lighter and rises,
cools and becomes denser as it rises, then sinks back down — this repeating



cycle creates the convection currents responsible for winds, sea breezes, and
broader weather patterns.

11.3 Convection in Nature: Land and Sea Breezes, and Gliding

Land and sea breezes are caused by convection resulting from the different
specific heat capacities of land and water. During the day, land heats up faster
than the sea (since land has a lower specific heat capacity); the warm air above
the land rises, and cooler air from the sea moves in to replace it, creating a sea
breeze. At night, the land cools down faster than the sea; the air above the now-
relatively-warmer sea rises, and cooler air from the land moves out to sea,
creating a land breeze.

Gliders — engineless small aircraft — and soaring birds such as eagles, hawks,
and vultures make use of thermals, which are rising currents of warm air created
by convection. By circling within these rising air currents, gliders and birds can
gain altitude and stay aloft for extended periods with little or no need to flap
wings or use an engine.

11.4 Convection Applications: Marine Life, Rooms, and Hot-Water
Systems

Convection plays a vital role in seawater and supports marine life: sunlight heats
the ocean surface, and this warmer, lighter water stays near the top while cooler,
denser water sinks, setting up convection currents that continuously mix oxygen
from the surface into deeper layers and carry nutrients from the ocean floor
upward — without this mixing, deep water would lack oxygen and surface water
would lack nutrients, harming marine ecosystems.

Indoors, gas heaters warm the air near them; this warm, less dense air rises
toward the ceiling while cooler, denser air sinks to take its place, gradually
warming the whole room through a convection current — the same principle, in
reverse, applies to air conditioning in summer. In a household hot-water storage
system, cold water enters the tank and is heated by an electric element or gas
burner; as it heats, it becomes less dense and rises to the top of the tank, while
cooler, denser water remains at the bottom, so hot water is always drawn from
the top of the tank while a thermostat controls the heating element to maintain a
set temperature.



11.5 Heat Transfer through Radiation

The Sun is the main source of heat for Earth, yet this heat does not reach us via
conduction or convection, since there is no medium (matter) between the Sun
and Earth's atmosphere for particles to collide through. Instead, heat travels as
radiation — energy transferred across space in the form of electromagnetic
waves, which requires no medium at all. This same principle explains why a
fireplace can warm a person across a room even though the air in between is a
poor conductor of heat.

All objects in a room continuously radiate heat while also absorbing heat radiated
by their surroundings. If an object's temperature is higher than its surroundings,
it radiates more heat than it absorbs and so cools down over time; if its
temperature is lower than its surroundings, it absorbs more heat than it radiates
and so warms up — in both cases, the object's temperature moves toward
equilibrium with its surroundings.

11.6 Surface Properties and Radiation

Leslie's cube is a metal box with faces made of different materials — a shiny
silver surface, a dull black surface, a white surface, and a coloured surface —
used to compare how different surfaces emit and absorb radiation. When the
cube is filled with hot water, the dull black surface is found to be the most
effective emitter of heat radiation; the dull black surface is also the fastest
absorber of heat, while a polished silver surface absorbs (and emits) heat much

more slowly.

The colour and texture of a surface strongly affect how it interacts with infrared
radiation: dull, dark-coloured, and rough surfaces are excellent absorbers and
emitters of infrared radiation, while shiny, light-coloured, and smooth surfaces
are poor absorbers and emitters, instead reflecting most radiation away — this is
why polished metals stay cooler in sunlight than dark surfaces, and why solar
panels are made black to maximize absorption.

11.7 Factors Affecting Radiation, and Applications of Heat Transfer

The rate at which an object emits radiation depends on two key factors: surface
temperature and surface area. A hotter object radiates more energy than a



cooler one at the same surface area, and an object with a larger surface area can
emit or absorb heat faster than one with a smaller area at the same temperature
— this is why heating radiators are built with many thin fins, maximizing surface
area within a compact space to transfer heat more efficiently.

Heat transfer principles have many everyday applications. An infrared
thermometer measures an object's temperature without contact by detecting the
infrared radiation it emits, useful for checking body temperature, ovens,
machinery, or hazardous materials. Cooking with kitchen pans relies on
conduction, as the metal pan quickly absorbs and spreads heat from the stove.
Thermal insulation, such as in a thermos flask, uses a vacuum between double
walls to block conduction and convection, a silvered inner coating to reflect
radiation back inward, and insulating outer casing — keeping liquids hot or cold
for hours. Similarly, buildings use thick curtains, wall insulation, double-glazed
windows, and false ceilings to reduce unwanted heat transfer by all three
methods, lowering heating and cooling costs.

11.8 The Greenhouse Effect

The greenhouse effect is the process by which Earth's atmosphere traps some of
the Sun's heat, maintaining a temperature suitable for life; without it, the planet
would be far too cold to support life as we know it. Inside a physical greenhouse,
transparent glass or plastic lets in short-wavelength sunlight, which warms
objects inside; these objects then re-emit the absorbed energy as longer-
wavelength infrared radiation, which the glass or plastic blocks from escaping,
trapping heat inside and keeping the greenhouse warm.

Earth's atmosphere works similarly, with gases such as carbon dioxide and water
vapour trapping heat much like a greenhouse's glass, keeping the planet warm
enough to sustain life. In recent decades, rising atmospheric carbon dioxide from
human activities has strengthened this natural greenhouse effect, trapping
additional heat and raising Earth's average temperature — a phenomenon known
as global warming, which carries significant consequences for global climate
patterns.



Important Definitions

What is conduction?

The transfer of heat through direct contact between particles in a material, via
particle collisions and (in metals) free electron movement, without any overall
movement of the material.

What is convection?

The transfer of heat through the actual movement of molecules from a hot area
to a cold area, occurring in liquids and gases as heated fluid rises and cooler fluid
sinks to replace it.

What is radiation (heat transfer)?
The transfer of heat energy across space in the form of electromagnetic waves,
without requiring any medium.

What is thermal equilibrium?
The state reached when two objects (or an object and its surroundings) reach the
same temperature, so that net heat transfer between them stops.

What is Leslie's cube?

A metal cube with faces of different surface materials (shiny, dull black, white,
coloured), used to compare the emission and absorption of heat radiation by
different surfaces.

What is thermal insulation?
Material or design (such as a vacuum, reflective coating, or insulating casing)
used to reduce the transfer of heat by conduction, convection, and/or radiation.

What is the greenhouse effect?

The process by which a planet's atmosphere (or a greenhouse's glass/plastic)
traps outgoing long-wavelength infrared radiation, warming the space or planet
below.

What is an infrared thermometer used for?
A device that measures an object's temperature without contact by detecting the
infrared radiation it emits.



Key Formulas

Topic Formula

Heat transfer via particle collisions and free-electron

Conduction ) )
movement; needs a medium and direct contact
_ Heat transfer via bulk movement of heated fluid (liquid/
Convection ) . _ _
gas); needs a fluid medium, no direct contact required
o Heat transfer via electromagnetic waves; needs no
Radiation

medium, works through a vacuum

Metals (free electrons); diamond is an exceptional non-
Best conductors
metal conductor, 4-5x better than copper

Best emitters/
o Dull, black, rough surfaces
absorbers of radiation

Poor emitters/ , ,
o Shiny, light-coloured, smooth surfaces (good reflectors)
absorbers of radiation

Rate of radiation Increases with higher surface temperature and larger
emission surface area

Short-wavelength sunlight passes in; long-wavelength
Greenhouse effect , , ,
infrared is trapped, warming the surface below

Diagrams

Three Modes of Heat Transfer: Side-by-side comparison of conduction
(particle collisions in a solid), convection (rising warm fluid and sinking cool
fluid), and radiation (electromagnetic waves travelling through empty space)

Land and Sea Breeze Cycle: Daytime sea breeze (warm air rises over land,
cool sea air moves in) compared with night-time land breeze (warm air rises over
sea, cool land air moves out)

Greenhouse Effect Mechanism: Short-wavelength sunlight passing through
the atmosphere, warming Earth's surface, and long-wavelength infrared radiation
being trapped by greenhouse gases



Short Questions & Answers

What are the three primary types of heat transfer?
Conduction, convection, and radiation.

Why does heat travel faster in metals compared to non-metals?

Metals contain free (delocalized) electrons that move quickly through the
material, carrying energy rapidly from hot to cool regions, in addition to particle-
collision conduction.

How does convection transfer heat in liquids and gases?

Heated fluid becomes less dense and rises, while cooler, denser fluid sinks to
take its place; this cooler fluid is then heated in turn, setting up a continuous
convection current that carries heat through the fluid.

What natural phenomenon causes land and sea breezes?
Convection currents caused by the different specific heat capacities of land and
sea, which heat and cool at different rates during the day-night cycle.

How do birds and gliders take advantage of convection currents?

They ride rising columns of warm air called thermals, circling within them to gain
altitude and stay aloft for long periods with little or no wing-flapping or engine
use.

What is radiation, and how does it transfer heat?

Radiation is the transfer of heat energy through electromagnetic waves; unlike
conduction and convection, it requires no medium and can travel through empty
space, as it does from the Sun to the Earth.

Why does a dull black surface emit and absorb more radiation than a
shiny silver surface?

Dull, dark, rough surfaces are much more effective at both emitting and
absorbing infrared radiation than shiny, light-coloured, smooth surfaces, which
instead reflect most radiation away.

How does the greenhouse effect help regulate Earth's temperature?
Greenhouse gases in the atmosphere (like carbon dioxide and water vapour)
allow short-wavelength sunlight to pass through but trap outgoing long-
wavelength infrared radiation, keeping the planet warm enough to support life.



Long Questions & Answers

Explain thermal conduction in solids, and describe why metals
conduct heat better than non-metals.

Conduction is the transfer of heat through direct contact between particles,
without any overall movement of the material itself. In a solid, atoms and
molecules are tightly packed and constantly vibrate around fixed mean positions;
when one end of the solid is heated, particles there vibrate more vigorously and
collide with neighbouring particles, transferring kinetic energy to them. These
neighbouring particles then vibrate more and pass energy to particles further
along, so heat gradually spreads through the solid via this chain of collisions —
though in most materials this process is relatively slow. Metals conduct heat far
more effectively than non-metals because, in addition to this lattice-vibration
mechanism, metals contain free (delocalized) electrons that can move freely
through the material; these fast-moving electrons carry thermal energy quickly
from hot regions to cooler regions, which is why a metal spoon handle in hot
water heats up quickly while a wooden spoon handle does not — wood lacks
these free electrons and relies only on the much slower particle-vibration
mechanism.

Describe how convection occurs in fluids, and explain how it
produces land and sea breezes.

Convection is the transfer of heat through the actual bulk movement of
molecules within a fluid (liquid or gas), from a hot area to a cold area. When part
of a fluid is heated, its molecules move faster and spread further apart, making
that region of fluid less dense; this less dense, heated fluid rises, while cooler,
denser fluid from the surroundings sinks or flows in to take its place. The newly
arrived cooler fluid is then heated in turn, setting up a continuous circulating
convection current that keeps transferring heat as long as a temperature
difference is maintained. This exact mechanism produces land and sea breezes:
during the day, land heats up faster than the sea because land has a much lower
specific heat capacity; the warm air above the land becomes less dense and
rises, and cooler air from over the sea flows in to replace it, creating a sea breeze
blowing from sea to land. At night, the pattern reverses — land loses its heat



faster than the sea, so the relatively warmer air above the sea now rises, and
cooler air from the land flows out toward the sea, creating a land breeze.

Explain heat transfer by radiation, and describe how surface colour
and texture affect the absorption and emission of radiation.

Radiation is the transfer of heat energy through electromagnetic waves, and
unlike conduction and convection, it requires no medium at all — it can travel
through the vacuum of space, which is how the Sun's heat reaches the Earth. All
objects continuously emit and absorb radiation; an object's temperature changes
over time depending on the balance between the radiation it emits and the
radiation it absorbs from its surroundings, moving toward thermal equilibrium.
The colour and texture of a surface strongly influences how effectively it
interacts with infrared radiation. Dull, dark-coloured, and rough surfaces are
excellent absorbers and emitters of infrared radiation — Leslie's cube
experiments confirm that a dull black surface heats up fastest when absorbing
radiation and cools down fastest when emitting it. In contrast, shiny, light-
coloured, and smooth surfaces are poor absorbers and emitters, instead
reflecting most incoming radiation away; this is why polished metal surfaces and
light-coloured clothing stay cooler in sunlight than dark, dull-textured ones, and
why solar panels are deliberately made black to maximize the radiation they
absorb.

Describe the greenhouse effect and explain its connection to global
warming.

The greenhouse effect is the natural process by which a planet's atmosphere
traps some of the heat radiated by the Sun, keeping the surface warm enough to
support life. The Sun emits short-wavelength radiation, including visible light and
ultraviolet rays, which passes relatively easily through the atmosphere (or
through the glass/plastic of a physical greenhouse) and is absorbed by the
surface below. This absorbed energy is then re-emitted by the surface as longer-
wavelength infrared radiation; however, greenhouse gases in the atmosphere —
such as carbon dioxide and water vapour (or the glass/plastic sheets of a
greenhouse) — do not allow this longer-wavelength radiation to escape as easily,
so much of it is trapped and re-radiated back toward the surface, creating a net
warming effect. This natural greenhouse effect is essential for life, since without



it Earth's average temperature would be far too cold. However, human activities
over the past century have significantly increased the concentration of carbon
dioxide and other greenhouse gases in the atmosphere, strengthening this heat-
trapping effect beyond its natural level; the result is that more heat is retained
than before, causing Earth's average temperature to rise steadily — a
phenomenon known as global warming, which has serious and far-reaching
consequences for global climate patterns, sea levels, and ecosystems.

Multiple Choice Questions (MCQs)

Which method of heat transfer requires direct contact between
particles? (A) Convection (B) Radiation (C) Conduction (D) Evaporation
Correct answer: (C) Conduction. Conduction transfers heat through direct
particle-to-particle contact and collisions within a material.

What causes convection currents in liquids and gases? (A) The
continuous movement of particles in all directions (B) The rising of
warm regions and sinking of cooler regions (C) The conduction of heat
through the medium (D) The reflection of heat waves

Correct answer: (B) The rising of warm regions and sinking of cooler regions.
Convection currents arise because heated fluid becomes less dense and rises,
while cooler, denser fluid sinks to replace it.

The natural phenomenon caused by convection currents in the
atmosphere is: (A) earthquakes (B) land and sea breezes (C) magnetic
fields (D) solar eclipses

Correct answer: (B) land and sea breezes. Land and sea breezes result directly
from convection currents driven by the different heating/cooling rates of land and
sea.

How does heat transfer occur through radiation? (A) Through direct
contact between objects (B) Through the movement of heated fluid (C)
Through electromagnetic waves without needing a medium (D) Through
the absorption of water molecules

Correct answer: (C) Through electromagnetic waves without needing a medium.
Radiation transfers heat as electromagnetic waves and, unlike conduction or
convection, needs no medium.



The surface which absorbs and emits the most radiation is: (A) smooth
and shiny surfaces (B) dark and rough surfaces (C) transparent and thin
surfaces (D) polished and white surfaces

Correct answer: (B) dark and rough surfaces. Dull, dark, rough surfaces are the
most effective absorbers and emitters of infrared radiation, as shown by Leslie's
cube.

What is the role of the greenhouse effect in Earth's temperature
regulation? (A) It allows all heat to escape into space (B) It blocks heat
from entering the atmosphere (C) It traps heat to maintain a stable
temperature (D) It causes immediate cooling of Earth's surface

Correct answer: (C) It traps heat to maintain a stable temperature. The
greenhouse effect traps outgoing infrared radiation, keeping Earth's surface at a
temperature suitable for life.

The Sun's heat reaches the Earth: (A) through conduction between air
particles (B) through convection in space (C) through radiation via
electromagnetic waves (D) through reflection by the moon

Correct answer: (C) through radiation via electromagnetic waves. Since there is
no medium between the Sun and Earth's atmosphere, heat can only travel by
radiation.

A thermos flask reduces heat loss mainly by: (A) increasing conduction
(B) using a vacuum to block conduction/convection and a silvered
coating to reflect radiation (C) painting the outside black (D) removing
the lid

Correct answer: (B) using a vacuum to block conduction/convection and a
silvered coating to reflect radiation. The vacuum between the flask's walls blocks
conduction and convection, while the silvered inner coating reflects radiation
back in.

Diamonds are notable among heat conductors because they: (A)
conduct heat poorly, like wood (B) conduct heat better than most
metals, including copper (C) only conduct heat when cooled (D) conduct
heat only by radiation

Correct answer: (B) conduct heat better than most metals, including copper. A
high-quality diamond can conduct heat 4-5 times better than copper, making it
an exceptional conductor despite being a non-metal.



Radiators used to heat rooms are often built with many thin fins mainly
to: (A) reduce their weight (B) increase surface area and so emit heat
faster (C) make them look decorative (D) reduce their surface
temperature

Correct answer: (B) increase surface area and so emit heat faster. A larger
surface area allows an object to emit (or absorb) radiant heat more quickly at a
given temperature.

Quick Revision Summary

* Conduction: heat transfer via particle collisions and (in metals) free-electron
movement; needs direct contact and a medium

* Convection: heat transfer via bulk movement of heated fluid; heated fluid
rises (less dense), cooler fluid sinks to replace it

* Land breeze (night, air rises over sea) vs sea breeze (day, air rises over land)
— caused by land's lower specific heat capacity

* Gliders and birds use rising thermals (convection currents) to stay aloft
without flapping/engine power

* Radiation: heat transfer via EM waves, needs no medium — the only way the
Sun's heat reaches Earth

* Leslie's cube: dull black surfaces are the best emitters/absorbers; shiny
surfaces are the poorest (best reflectors)

* Rate of radiation emission increases with higher surface temperature and
larger surface area

* Greenhouse effect: short-wavelength sunlight passes in, long-wavelength IR is
trapped by greenhouse gases — essential for life, but excess CO2 causes
global warming

Exam Tips

* Always name all three heat transfer methods together first (conduction,
convection, radiation), then specify which applies to the scenario in the
question

» Radiation is the only method of heat transfer that works through a vacuum/
empty space — a frequently tested distinguishing fact



* Link dull/black/rough surfaces to '‘good absorber AND good emitter' — both
properties go together, not just one

* For land/sea breeze questions, always explain via specific heat capacity (land
heats/cools faster than water) as the root cause

* Remember thermos flasks combine all three defences: vacuum (blocks
conduction & convection) + silvered coating (reflects radiation)

* For greenhouse effect answers, be precise: short-wavelength radiation enters,
long-wavelength (infrared) radiation is what gets trapped



Chapter 12: Waves

Waves are all around us, from small ripples on a quiet lake to the loud sound of
thunder in the sky. A wave transfers energy from one place to another without
transferring matter — this single idea explains phenomena as different as sound,
light, ocean swells, and earthquakes. This chapter explores the nature of waves,
their main types (mechanical and electromagnetic, transverse and longitudinal),
key wave parameters (wavelength, frequency, period, amplitude, speed), the
wave equation v = fA, and how waves behave through reflection, refraction, and
diffraction.

The chapter closes with seismic waves and the powerful, sometimes devastating,
tsunami waves generated by underwater earthquakes — connecting classroom
wave theory to real natural disasters and the importance of early-warning

science.

Learning Objectives

* Prove that waves transfer energy without transferring matter

* Describe wave motion as illustrated by vibrations in ropes and springs and by
water wave experiments

» State the two types of waves: transverse and longitudinal

* Describe the features of a wave: wave front, wavelength, frequency, time
period, crest, trough, compression, rarefaction, amplitude, and wave speed

* Define frequency, wavelength, and amplitude, and apply the wave equation v
= fA

* lllustrate that in a transverse wave, vibration is at right angles to the direction
of energy transfer, with examples

* lllustrate that in a longitudinal wave, vibration is parallel to the direction of
energy transfer, with examples

* Describe how waves undergo reflection, refraction, and diffraction, using the
ripple tank

* Describe how wavelength and slit size affect diffraction



* Analyze how tsunamis form and grow in frequency and amplitude as they
reach shallow water

Key Concepts

12.1 Waves and the Nature of Waves

As waves travel through a medium, they cause the particles within it to vibrate,
and these vibrations allow energy to be transferred from one particle to the next
— but the particles themselves do not travel along with the wave; they simply
oscillate around their original positions. When a twig is dropped into still water,
ripples spread outward carrying energy, yet the water and the twig remain
mostly in place. Waves transfer energy from one place to another without
transferring matter.

The same principle appears in sound: when a guitar string is plucked, it vibrates
and creates sound waves that travel through the air, but the air particles do not
move all the way to our ears — they simply vibrate in place, passing the energy
forward. A ripple tank (a shallow tray of water with a motor-driven vibrating bar)
is @ common classroom setup for generating and studying these wave patterns
directly.

12.2 Types of Waves: Mechanical and Electromagnetic

There are two main types of waves. Mechanical waves require a material
medium — such as air, water, or a solid — to travel, since they rely on the
vibration of medium particles to pass energy along; they cannot travel through a
vacuum. Examples include sound waves, water waves, vibrations on a rope or
spring, and seismic waves from earthquakes.

Electromagnetic waves, in contrast, do not need a material medium and can
travel through empty space (vacuum) — this is how sunlight reaches Earth
across space. Examples include radio waves, microwaves, infrared rays, visible
light, ultraviolet rays, X-rays, and gamma rays; despite differing in wavelength
and frequency, all travel at the same speed in vacuum, approximately 3 x 108 m/
s, the speed of light. The full range of these waves is called the electromagnetic
spectrum.



12.3 Transverse and Longitudinal Waves

Mechanical waves are further divided by how particles vibrate relative to the
wave's direction of travel. In transverse waves, particles vibrate at right angles
(perpendicular) to the direction of wave travel; holding one end of a rope and
moving it up and down produces a transverse wave, with crests (highest points)
and troughs (lowest points). Water waves and electromagnetic radiation (light,
radio waves, X-rays) are also transverse, with fields or particles oscillating
perpendicular to the direction of energy propagation.

In longitudinal waves, particles vibrate parallel to the direction of wave travel,
creating regions of compression (particles close together) and rarefaction
(particles spread apart). Sound waves are the most familiar example: when a
hand clap produces a sound, nearby air molecules are first pushed together into
a compression, then spread apart into a rarefaction, and this pattern travels
outward as sound without the air itself moving permanently from source to
listener.

12.4 Key Wave Terms and Parameters

Several terms describe a wave's shape and behaviour. The crest is the highest
point of a transverse wave (above the mean/rest position), and the trough is its
lowest point (below the mean position). In a longitudinal wave, a compression is
a region where particles are close together (high pressure), and a rarefaction is a
region where particles are spread apart (low pressure). Amplitude is the
maximum displacement of a point on the wave from its rest position, and it
indicates the energy carried by the wave — larger amplitude means more
energy.

Wavelength (A) is the distance between two corresponding points on adjacent
waves (crest to crest, or compression to compression), measured in metres.
Frequency (f) is the number of complete wave cycles passing a fixed point in one
second, measured in hertz (Hz), where 1 Hz = 1 wave per second. Wave period
(T) is the time taken for one complete wave to pass a fixed point, measured in
seconds, and is the inverse of frequency: T = 1/f. A wave front is an imaginary
surface joining all points vibrating with the same phase, representing the leading
edge of the wave as it travels.



12.5 The Wave Equation (v = fA)

Wave speed is the rate at which a wave propagates through a medium. Since
speed = distance / time, and for a wave the distance travelled in one period is
one wavelength (A) while the time taken is one period (T), wave speed v = A/T.
Since 1/T = f (frequency), this simplifies to the wave equation: v =f X A, where v
is wave speed (m/s), fis frequency (Hz), and A is wavelength (m). This equation
is used to calculate wave speed whenever frequency and wavelength are known,
or to find one quantity given the other two.

Worked Example: A wave takes 5 seconds to complete 10 cycles, and its
wavelength is 1.2 m. Frequency f = number of cycles / time = 10/5 = 2 Hz.
Usingv=fx A:v=2x 1.2 =2.4 m/s. This two-step approach — first find
frequency from cycles and time, then apply v = fA — is the standard method for
wave speed problems.

12.6 Reflection and Refraction of Waves

Reflection occurs when waves strike a surface and bounce back into the same
medium; this can be observed in a ripple tank when straight water waves strike a
barrier and reflect off it. The angle of incidence (angle at which waves approach
the barrier) always equals the angle of reflection (angle at which they bounce
back) — this is the law of reflection. Reflection is common to all wave types,
including water waves, sound waves (echoes), and light waves (mirrors).

Refraction occurs when waves pass from one medium into another and change
direction due to a change in speed. In a ripple tank, water waves slow down and
bend as they cross from deep water into a shallower region, because waves
travel faster in deeper water and slower in shallow water; the wavelength
becomes shorter in the shallow region, while the frequency stays the same
throughout. This change in speed and wavelength at an angle is what causes the
wave to bend, or refract.

12.7 Diffraction of Waves

Diffraction is the bending and spreading of waves as they pass through a narrow
slit or move around an obstacle. When the slit is much wider than the
wavelength, waves pass through mostly straight, with only slight bending at the



edges. When the slit size is close to the wavelength, waves spread out more and
appear almost circular beyond the slit. When the slit is smaller than the
wavelength, waves show maximum diffraction, forming strong circular patterns
— so diffraction increases as slit size approaches or falls below the wavelength.

A familiar example is hearing someone speak from behind a wall: sound waves
have relatively long wavelengths, so they diffract strongly around corners and
obstacles, letting the sound reach us even without a direct line of sight.

12.8 Seismic Waves and Tsunamis

Seismic waves travel through the Earth and are typically produced by
earthquakes, volcanic eruptions, or explosions; seismometers detect them,
helping scientists study the Earth's interior. Primary waves (P-waves) are the
fastest seismic waves and the first detected during an earthquake; they can
travel through solids, liquids, and gases, moving by compressing and expanding
material in the same direction as wave travel — a longitudinal motion much like
a pushed-and-pulled slinky.

Tsunamis are extremely large, powerful ocean waves triggered by sudden
undersea disturbances such as earthquakes, volcanic eruptions, or landslides
that abruptly shift the ocean floor and push a huge volume of water upward. In
deep ocean water, tsunami waves travel very fast (up to about 800 km/h) but are
often just a few centimetres high and go unnoticed. As they approach shallow
coastal water, their behaviour transforms dramatically: wave speed decreases as
the wave touches the ocean floor, wavelength shortens, frequency increases
(more waves arrive per unit time), and amplitude increases sharply as energy
compresses into a smaller space — producing towering waves that can exceed
30 metres, causing severe flooding and destruction. The 2004 Indian Ocean
tsunami, triggered by a massive undersea earthquake near Sumatra, struck
Indonesia, Sri Lanka, India, and Thailand with waves over 15 metres high in
places, causing the loss of more than 230,000 lives.

Important Definitions

What is a wave?



A disturbance that transfers energy from one place to another without
transferring matter, as the medium's particles vibrate about fixed positions.

Define amplitude.
The maximum displacement of a point on a wave from its undisturbed (rest)
position; it indicates the energy carried by the wave.

Define wavelength (A).
The distance between two corresponding points on adjacent waves, such as crest
to crest or compression to compression; Sl unit is the metre (m).

Define frequency (f).
The number of complete wave cycles that pass a fixed point in one second,;
measured in hertz (Hz), where 1 Hz = 1 wave per second.

Define wave period (T).
The time required for one complete wave to pass a fixed point, measured in
seconds; T = 1/f.

What is a wave front?
An imaginary surface on which all points share the same phase of vibration,
representing the leading edge of an advancing wave.

What is diffraction?
The bending and spreading of waves as they pass through a narrow slit or move
around an obstacle.

What is refraction (of waves)?
The change in a wave's direction that occurs when it passes from one medium
into another at an angle, caused by a change in speed and wavelength.

Key Formulas

Topic Formula
Wave equation v=FfXxA
Wave speed from distance/time v=A/T

Frequency from period f=1/T



Period from frequency T=1/f

Speed of light (EM waves in
c=3x108mst?
vacuum)

Law of reflection Angle of incidence = Angle of reflection
Frequency from cycles and time = f = number of cycles / time taken

10 cyclesin5s, A=12m->f=2Hz v=FfxA=

Worked example
24 ms?

Diagrams

Anatomy of a Transverse Wave: A labelled transverse wave showing crest,
trough, wavelength (A), and amplitude relative to the rest position

Reflection and Refraction of Water Waves: Ripple-tank style diagrams
showing straight water waves reflecting off a barrier (equal angles) and
refracting (bending, shortening wavelength) as they enter shallow water

Tsunami Wave Transformation Approaching Shore: A tsunami wave in deep
ocean (low amplitude, long wavelength, high speed) transforming as it nears the
shallow coast (higher amplitude, shorter wavelength, lower speed)

Short Questions & Answers

What do waves transfer from one place to another?
Waves transfer energy from one place to another without transferring matter; the
medium's particles vibrate about fixed positions but do not travel with the wave.

Name any two examples of mechanical waves.
Sound waves and water waves (other acceptable examples include vibrations on
a rope or spring, and seismic waves).

Which type of wave can travel through vacuum?
Electromagnetic waves, since they do not require a material medium; examples
include light, radio waves, and X-rays.

What is the difference between transverse and longitudinal waves?



In transverse waves, particles vibrate at right angles to the direction of wave
travel (e.g., water waves, light); in longitudinal waves, particles vibrate parallel
to the direction of wave travel, creating compressions and rarefactions (e.qg.,
sound waves).

What is meant by wavelength?
The distance between two corresponding points on adjacent waves, such as from
one crest to the next crest, measured in metres.

Write the definition of frequency.
The number of complete wave cycles that pass a fixed point in one second,
measured in hertz (Hz).

What causes a tsunami in the ocean?

A sudden disturbance under the sea — such as an underwater earthquake,
volcanic eruption, or landslide — that abruptly shifts the ocean floor and pushes
a huge volume of water upward, generating powerful waves.

What happens to a wave's speed and wavelength during refraction, and
what stays the same?

Both speed and wavelength change as the wave enters a new medium (e.qg.,
water waves slow down and shorten in shallower water), but the wave's
frequency remains unchanged throughout.

Long Questions & Answers

Explain how waves transfer energy without transferring matter,
using examples from daily life.

As a wave travels through a medium, it causes the particles of that medium to
vibrate about their fixed rest positions, and each particle passes energy to its
neighbour through this vibration — but no particle actually travels along with the
wave itself. When a twig is dropped into still water, ripples spread outward across
the surface carrying energy away from the point of impact, yet the water
molecules themselves (and the twig) remain roughly in place, simply moving up
and down as the ripple passes. Similarly, when a guitar string is plucked, it
vibrates and sets up sound waves in the air; the air molecules near the ear
vibrate back and forth to pass the energy along, but they do not travel all the



way from the guitar to the ear. A stretched spring pushed and released shows the
same principle for longitudinal waves — compressions and rarefactions travel
along the spring's length, transmitting energy, while the spring's coils
themselves only oscillate around their original positions rather than moving
forward with the disturbance.

Describe the difference between mechanical and electromagnetic
waves, with suitable examples.

Mechanical waves require a material medium — solid, liquid, or gas — to travel,
because they rely on the vibration of the medium's own particles to carry energy
from place to place; they cannot pass through a vacuum. Examples include
sound waves (which need air, water, or a solid to travel through), water waves
(which need water), vibrations on a rope or spring, and seismic waves generated
by earthquakes (which travel through the rock and other layers of the Earth).
Electromagnetic waves, by contrast, consist of oscillating electric and magnetic
fields and do not need any material medium at all — they can travel through the
vacuum of space, which is how sunlight and other radiation from the Sun reach
the Earth. Examples include radio waves, microwaves, infrared rays, visible light,
ultraviolet rays, X-rays, and gamma rays; although these differ enormously in
wavelength and frequency, they all travel at the same speed in vacuum,
approximately 3 x 108 m/s (the speed of light), and together make up the
electromagnetic spectrum.

Explain transverse and longitudinal waves, describing the motion of
particles in each and giving examples.

In a transverse wave, the particles of the medium vibrate at right angles
(perpendicular) to the direction in which the wave itself travels. This can be
demonstrated by moving one end of a rope up and down: the wave moves
horizontally along the rope, but each segment of rope moves only vertically,
creating alternating high points (crests) and low points (troughs). Water waves
are a good example, since water molecules move mostly up and down as a wave
passes across the surface rather than travelling forward with it; electromagnetic
waves are also transverse, since their electric and magnetic fields oscillate
perpendicular to the direction the wave carries energy. In a longitudinal wave,
particles instead vibrate parallel to the direction of wave travel, moving back and



forth along the same line the energy is flowing. This creates alternating regions
of compression, where particles bunch close together, and rarefaction, where
particles spread further apart. Sound waves are the clearest example: when a
source like a clap or a speaker vibrates, it pushes nearby air molecules together
into a compression, which is immediately followed by a rarefaction as those
molecules spread out again, and this repeating pattern of compressions and
rarefactions travels outward through the air as sound, without the air itself
moving permanently from source to listener.

Discuss the properties of waves — reflection, refraction, and
diffraction — supporting your answer with examples.

Reflection occurs when a wave strikes a surface and bounces back into the same
medium it came from, obeying the law of reflection: the angle of incidence
always equals the angle of reflection. This can be seen with water waves
reflecting off a barrier in a ripple tank, with echoes of sound waves bouncing off a
distant wall, and with light waves reflecting off a mirror. Refraction occurs when a
wave passes from one medium into another and changes direction because its
speed changes; in a ripple tank, water waves slow down and bend as they move
from deep into shallow water, and their wavelength shortens accordingly, while
their frequency stays constant throughout the process — the same principle
explains why light bends when passing from air into glass or water. Diffraction is
the bending and spreading of waves as they pass through a narrow opening or
move around an obstacle; the amount of diffraction depends on how the size of
the gap compares to the wavelength — a slit much wider than the wavelength
causes only slight edge-bending, while a slit close to or smaller than the
wavelength causes strong spreading into circular wave patterns. This is why we
can still hear someone talking from behind a wall: sound waves have relatively
long wavelengths and diffract strongly around obstacles and corners, allowing
sound energy to reach us even without a direct line of sight, whereas light — with
its much shorter wavelength — diffracts far less noticeably around everyday-
sized objects.



Multiple Choice Questions (MCQs)

The direction of vibration in a longitudinal wave is: (A) at right angles
to the wave direction (B) in circular motion (C) opposite to the wave
direction (D) in the same direction as the wave travels

Correct answer: (D) in the same direction as the wave travels. In longitudinal
waves, particles vibrate parallel to (in the same line as) the direction of wave
travel, creating compressions and rarefactions.

Which part of a transverse wave is the lowest point? (A) Crest (B)
Compression (C) Rarefaction (D) Trough

Correct answer: (D) Trough. The trough is the lowest point of a transverse wave,
below the mean/rest position.

Which of the following wave types requires a medium to travel? (A) X-
rays (B) Light waves (C) Radiowaves (D) Sound waves

Correct answer: (D) Sound waves. Sound waves are mechanical waves and need
a material medium (like air, water, or a solid) to travel; the other options are
electromagnetic waves that can travel through vacuum.

The property of a wave which indicates how much energy it carries is:
(A) crest (B) amplitude (C) wavelength (D) speed

Correct answer: (B) amplitude. Amplitude — the maximum displacement from
the rest position — indicates the energy carried by a wave; larger amplitude
means more energy.

A wave front is: (A) the distance between two crests (B) a region of high
pressure in a wave (C) a line joining points that vibrate in phase (D) the
outer edge of a wave medium

Correct answer: (C) a line joining points that vibrate in phase. A wave front is an
imaginary surface (or line, in 2D) joining all points that vibrate with the same
phase, representing the leading edge of the wave.

The wave phenomenon which occurs when waves change direction due
to a change in speed is: (A) diffraction (B) reflection (C) absorption (D)
refraction

Correct answer: (D) refraction. Refraction happens when a wave changes speed
(and therefore direction) while passing from one medium into another.



What happens to wave speed and wavelength when a tsunami
approaches shallow water? (A) Speed increases, wavelength increases
(B) Speed decreases, wavelength shortens (C) Speed remains the same,
wavelength shortens (D) Speed increases, wavelength stays constant
Correct answer: (B) Speed decreases, wavelength shortens. As a tsunami nears
shallow water, it slows down (speed decreases) and its wavelength shortens,
while its amplitude and frequency increase.

Which wave behaviour explains how sound is heard around a corner?
(A) Reflection (B) Refraction (C) Interference (D) Diffraction

Correct answer: (D) Diffraction. Diffraction is the bending/spreading of waves
around obstacles or through openings, which allows sound to reach listeners
without a direct line of sight.

A wave completes 10 cycles in 5 seconds. Its frequency is: (A) 0.5 Hz (B)
2 Hz (C) 5 Hz (D) 10 Hz
Correct answer: (B) 2 Hz. Frequency = number of cycles /time = 10/5 = 2 Hz.

If a wave has a frequency of 50 Hz, its time period is: (A) 0.5 s (B) 0.2 s
(C)0.02s (D) 2s
Correct answer: (C) 0.02s. T=1/f =1/50 = 0.02 s.

Quick Revision Summary

* Waves transfer energy without transferring matter — particles vibrate about
fixed positions

* Mechanical waves need a medium (sound, water waves); electromagnetic
waves need no medium (light, radio, X-rays) and travel at c = 3x10% m/s in
vacuum

* Transverse waves: vibration 1L wave direction (water, light) — crest/trough;
Longitudinal waves: vibration || wave direction (sound) — compression/
rarefaction

» Key terms: amplitude (energy), wavelength A (m), frequency f (Hz), period T =
1/f (s), wave front (line of equal phase)

* Wave equation: v = f X A — the single most important formula in this chapter

» Reflection: angle of incidence = angle of reflection, same medium. Refraction:
speed & wavelength change, frequency stays constant, wave bends



 Diffraction increases as slit size approaches or falls below the wavelength;
long-wavelength sound diffracts more than short-wavelength light

* Tsunamis: fast (~800 km/h) and low in deep ocean; near shore, speed !,
wavelength !, frequency T, amplitude T sharply — can exceed 30 m in height

Exam Tips

* Memorise v = fA and be ready to rearrange it for f or A given the other two
guantities

* Always state units: vin m/s, fin Hz, A in m, T in s — mixing units is a common
source of lost marks

* In refraction problems, remember frequency never changes — only speed and
wavelength change between media

* For diffraction questions, connect wavelength-vs-slit-size reasoning directly to
the amount of spreading observed

* For tsunami questions, list all four changes together: speed !, wavelength!,
frequency T, amplitudeT — examiners often want all four

* Distinguish clearly between mechanical waves (need medium) and
electromagnetic waves (no medium needed) with at least one example of
each



Chapter 13: Sound

Sound is produced by vibrating objects — from vocal cords and guitar strings to
tuning forks — and travels through air, water, or solids as a longitudinal wave of
compressions and rarefactions. This chapter explores how sound is produced and
propagated, why it needs a medium and cannot travel through vacuum, the
characteristics that let us distinguish one sound from another (loudness, pitch,
and quality), and how sound reflects (echo), refracts, and diffracts.

The chapter also covers the audible frequency range of the human ear (20 Hz to
20,000 Hz) and the fascinating worlds beyond it — infrasound, used by elephants
and whales for long-distance communication and by scientists to detect
earthquakes, and ultrasound, used in medical imaging and SONAR for
underwater exploration — before closing with how acoustic design keeps
buildings comfortable to listen and speak in.

Learning Objectives

* Describe the production of sound and the longitudinal nature of sound waves

» State the approximate range of frequencies audible to humans as 20 Hz to
20,000 Hz

* Justify why sound waves cannot travel in a vacuum, including demonstrating
experiments

* Describe how changes in amplitude and frequency affect the loudness and
pitch of sound

* Describe how different sound sources produce sound waves of different
quality, referencing oscilloscope traces

* Describe an echo as the reflection of sound waves and justify experiments
demonstrating it

* lllustrate a method for determining the speed of sound in air using distance
and time measurements

» State that the speed of sound in air is approximately 330-350 m/s, and
describe how it varies across solids, liquids, and gases



* Define ultrasound (above 20 kHz) and infrasound (below 20 Hz), and analyze
their real-world uses

* Analyze the effects of noise pollution and justify the importance of acoustic
protection in building design

Key Concepts

13.1 Production and Propagation of Sound

Sound is produced by vibrating objects: when an object vibrates, it makes the
surrounding air vibrate too, and these air vibrations travel outward and
eventually reach our ears, causing the eardrum to vibrate and creating the
sensation of sound. In a guitar, sound comes from vibrating strings; in the human
voice, from vibrating vocal cords; a tuning fork struck with a rubber hammer
vibrates audibly, and touching its prong to a hanging table-tennis ball or dipping
it in water visibly demonstrates these vibrations.

Sound needs a medium — air, water, or a solid — to travel, because it
propagates as alternating compressions (regions of high pressure, where
particles are pushed together) and rarefactions (regions of low pressure, where
particles spread apart). This is a longitudinal wave: air particles vibrate back and
forth in the same direction as the wave's energy transfer, rather than
perpendicular to it. A classic bell-jar experiment demonstrates this medium
requirement: as air is pumped out of a jar containing a ringing electric bell, the
sound grows weaker and eventually inaudible, even though the bell keeps ringing
— proving that sound cannot travel through a vacuum.

13.2 Speed of Sound

The speed of sound depends strongly on the medium: sound travels roughly 5
times faster in liquids and about 15 times faster in solids than in gases, because
particles are packed more tightly and can transmit vibrations more efficiently in
denser, more rigid materials. In air, temperature and humidity also affect speed
— at room temperature (21°C) sound travels at about 343 m/s, and speed
increases with higher temperature and humidity. Approximate values include air
at 0°C (330 m/s), air at 25°C (346 m/s), distilled water (1498 m/s), and steel
(5960 m/s) — clearly showing gases < liquids < solids.



Like all waves, sound obeys the wave equation v = fA, where v is speed (m/s), fis
frequency (Hz), and A is wavelength (m). Worked Example: for a sound wave of
speed 340 m/s and wavelength 2.0 m, frequency f = v/A = 340/2.0 = 170 Hz.
This equation is central to nearly every quantitative sound problem, whether
finding frequency, wavelength, or speed.

13.3 Characteristics of Sound: Loudness, Pitch, and Quality

Loudness lets us distinguish loud sounds from faint ones, and depends on several
factors: greater amplitude of the vibrating source produces louder sound
(plucking a guitar string harder, or striking a drum harder); a larger vibrating
area produces louder sound (a big drum, or a tuning fork placed on a resonating
bench, is louder than a small one or one held in air); and loudness decreases as
distance from the source increases, since amplitude diminishes with distance.
Loudness as perceived depends partly on the listener's hearing, while intensity is
the equivalent physical, measurable quantity independent of the listener.

Pitch lets us distinguish a shrill (high) sound from a deep/grave (low) one, and is
directly related to frequency: higher frequency gives higher pitch, lower
frequency gives lower pitch — this is why women's and children's voices (higher
frequency) sound higher-pitched than men's voices (lower frequency). Quality (or
timbre) lets us distinguish two sounds that share the same loudness and pitch
but come from different sources, because each source produces its own
distinctive waveform shape — a violin, trumpet, flute, and oboe each show a
different, characteristic trace on an oscilloscope even when playing the same
note at the same volume.

13.4 Musical Sounds, Noise, and Noise Pollution

Sounds with controlled, regular pitch and quality — like those from a guitar,
violin, recorder, or drum — are called musical sounds and are generally pleasant
to hear. Sounds from irregular, sudden vibrations — such as traffic, slamming
doors, or machinery — are classified as noise, an unpleasant and potentially
harmful form of pollution affecting both humans and animals.

Excessive noise from industrial machinery, vehicle horns, alarms, and
construction can cause stress, poor concentration, hearing loss, sleep
disturbance, aggression, and hypertension. The recommended safe noise level is



85-90 dB for a maximum eight-hour workday. Noise pollution can be reduced by
using quieter, eco-friendly machinery, installing sound barriers, wearing hearing
protection devices, and planting trees, which together help create a healthier
acoustic environment.

13.5 Reflection of Sound (Echo)

When sound waves hit a surface and bounce back into the same medium, the
effect is called an echo (or reflection of sound) — this is why clapping or shouting
near a tall building or mountain produces a repeated sound after a brief delay.
The human brain retains sound for about 0.1 seconds, so a distinct echo requires
the reflected sound to arrive at least 0.1 seconds after the original; given sound's
speed of about 340 m/s in air, this means the total distance travelled (there and
back) must be at least 34 m, so the reflecting surface must be at least 17 m
away.

The speed of sound can be measured experimentally using the echo method:
standing a known distance from a flat wall, clapping rhythmically, and timing
several claps against their returning echoes lets us calculate speed from distance
and time using S = vt. Worked Example: if a flash of lightning is seen 2 seconds
before thunder is heard, and the speed of sound is 332 m/s, the distance to the
cloudisS = vt =332 X 2 =664 m.

13.6 Refraction and Diffraction of Sound

Refraction of sound occurs when sound waves change direction due to a change
in the medium's properties (such as density or temperature), since the speed of
sound differs between media; for example, sound travels faster in water than in
air, causing it to bend when passing between the two, which is part of why a
submerged swimmer hears underwater sounds clearly while someone above the
surface may not. On a cool morning, sound refracts through layers of air at
different temperatures and can bend back toward the ground, which is why
distant train horns or bird calls often sound clearer at dawn.

Diffraction of sound occurs when sound waves bend around obstacles or spread
out after passing through narrow openings, allowing sound to be heard even
when its source is not directly visible — this is why we can hear someone



speaking from behind a wall or around a corner, and why sound travelling
through an open doorway spreads to fill an entire room.

13.7 Audible Frequency, Infrasound, and Ultrasound

The human ear can detect sound within the audible frequency range of about 20
Hz to 20,000 Hz (20 kHz); sounds below 20 Hz or above 20,000 Hz are inaudible
to humans, and hearing ability for high frequencies declines with age. Infrasound
refers to waves below 20 Hz, which humans cannot hear but may feel as
vibrations; it is produced by natural events (earthquakes, volcanic eruptions),
industrial processes, and human activities, and travels very long distances —
elephants and whales use infrasound for long-range communication, sensing it
partly through their feet and trunks, while scientists use infrasound sensors to
detect earthquakes and monitor volcanoes as an early-warning system.

Ultrasound (or ultrasonics) refers to sound with frequency above 20,000 Hz, also
inaudible to humans. In medicine, ultrasonic waves reflect differently from
different body tissues, and these reflections are converted into images in a
process called ultrasonography, widely used for monitoring pregnancies (prenatal
scanning), and imaging organs such as the heart, liver, kidneys, and thyroid —
entirely non-invasively. Ultrasound is also used in industry to detect cracks in
turbines, ship engines, and airplane parts, and to destroy bacteria in liquids using
high-intensity waves.

13.8 SONAR and Acoustic Protection of Buildings

SONAR (Sound Navigation and Ranging) uses ultrasonic waves to measure ocean
depth and locate underwater objects: a pulse is sent into the water, and the time
taken for its echo to return is used to calculate distance using Distance = (speed
of sound in water x time) / 2 — the result is divided by two because the pulse
travels to the object and back. Worked Example: if a sonar pulse returns after 3.2
s and the speed of sound in water is 1600 m/s, the total distance travelled is
1600 x 3.2 = 5120 m, so the depth to the seafloor is 5120/2 = 2560 m.

Acoustic protection in buildings uses soft, porous materials such as carpets and
curtains to absorb sound and reduce unwanted echo, while hard, smooth
surfaces reflect more sound; too much absorption, however, can weaken
audibility, so auditoriums, lecture halls, and theatres require a careful balance



between reflection and absorption to avoid excessive reverberation (multiple
overlapping reflections that distort sound) while still ensuring clarity. Reflective
surfaces placed behind a stage, along with curved ceilings and soundboards,
help direct and evenly distribute sound so that even listeners in the back row can
hear clearly.

Important Definitions

What is sound?
A longitudinal mechanical wave produced by vibrating objects, travelling through
a medium (solid, liquid, or gas) as alternating compressions and rarefactions.

What is an echo?

The repeated sound heard when sound waves reflect off a surface and return to
the listener, requiring the reflecting surface to be far enough away (at least 17 m
in air) for the echo to be distinct.

Define loudness.

The property of sound that allows us to differentiate between loud and faint
sounds; it depends on amplitude, the vibrating area, and distance from the
source.

Define pitch.
The characteristic of sound that lets us distinguish a shrill (high) sound from a
deep (low) one; pitch is directly related to frequency.

What is the quality (timbre) of sound?
The characteristic that lets us distinguish two sounds of the same loudness and
pitch, arising from the distinctive waveform shape each sound source produces.

Define infrasound.

Sound waves with frequency below 20 Hz, inaudible to humans but usable by
animals like elephants and whales, and by scientists to detect earthquakes and
volcanic activity.

Define ultrasound.
Sound waves with frequency above 20,000 Hz (20 kHz), inaudible to humans,
used in medical imaging, industrial crack detection, and SONAR.

What is reverberation?



The persistence of sound in a space due to multiple overlapping reflections,
which can distort clarity if not balanced with sound absorption in building
acoustic design.

Key Formulas

Topic
Wave equation for sound

Speed of sound in air (room
temperature)

Relative speed of sound

Distance from time delay (echo/
thunder)

Minimum distance for a distinct

echo
SONAR distance/depth

Audible frequency range (humans)

Formula

v=Ff XA

v =343 ms-tat 21°C (approx. 330-350 m s71)

solids > liquids (~5x%) > gases (~15x slower
than solids)

S=vxt

= 17 m (reflecting surface), since brain retains
sound ~0.1s

Distance = (Speed of sound in water x Time) / 2

20 Hz to 20,000 Hz (20 kHz)

Ultrasound / Infrasound thresholds @ Ultrasound > 20 kHz; Infrasound < 20 Hz

Diagrams

Longitudinal Sound Wave: Compression and Rarefaction: A vibrating
tuning fork or speaker producing alternating regions of compression (particles
close together) and rarefaction (particles spread apart) travelling through air

Loudness vs Pitch: Amplitude and Frequency: Waveform comparisons
showing how greater amplitude produces louder sound, and higher frequency
produces higher pitch, using paired low/high traces

SONAR: Measuring Ocean Depth by Echo: A ship sending an ultrasonic pulse
to the seafloor and receiving its echo, with the round-trip time and speed of
sound used to calculate depth



Short Questions & Answers

How does the medium affect the speed of sound?

Sound travels fastest in solids, slower in liquids, and slowest in gases, because
particles are packed more tightly and transmit vibrations more efficiently in
denser, more rigid media; in air, speed also increases with higher temperature
and humidity.

Do sound waves show reflection?
Yes — when sound waves strike a surface, they bounce back into the same
medium, a phenomenon known as reflection of sound or echo.

What factors influence the loudness of sound?
The amplitude of the vibrating source, the area of the vibrating surface, and the
distance between the source and the listener.

Why do we hear an echo when we clap near a building?

The sound waves from the clap reflect off the building's surface and return to our
ears after a short delay; since the brain retains sound for about 0.1 seconds, a
distinct echo is heard if the building is at least 17 metres away.

What is ultrasound, and how is it used in medicine?

Ultrasound is sound with frequency above 20,000 Hz, inaudible to humans; in
medicine, ultrasonic waves reflect differently from body tissues, and these
reflections are converted into images (ultrasonography) used to monitor
pregnancies and examine organs like the heart, liver, and kidneys.

What is the difference between loudness and pitch?

Loudness depends on amplitude and lets us tell loud sounds from faint ones,
while pitch depends on frequency and lets us tell shrill (high) sounds from deep
(low) ones — they describe different, independent properties of a sound.

Why can't sound travel through a vacuum?

Sound is a mechanical wave that needs a medium with particles to vibrate and
pass energy along; in a vacuum there are no particles, so sound cannot
propagate, as demonstrated by the bell-jar experiment.

What is the safe noise level recommended for an eight-hour workday?



85-90 decibels (dB) is the recommended maximum safe noise level for an eight-
hour workday, beyond which hearing damage and other health effects become
more likely.

Long Questions & Answers

Explain how sound is produced and propagated, and describe how
the bell-jar experiment proves that sound needs a medium.

Sound is produced whenever an object vibrates — a guitar string, vocal cords, or
a struck tuning fork — and these vibrations push and pull the surrounding air,
creating alternating regions of compression (where air particles are pushed close
together, raising pressure) and rarefaction (where particles spread apart,
lowering pressure). This repeating pattern of compressions and rarefactions
travels outward as a longitudinal wave, meaning the air particles vibrate back
and forth in the same direction that the sound's energy is travelling, rather than
side to side. When these compressions and rarefactions reach a listener's ear,
they cause the eardrum to vibrate, which the brain interprets as sound. Because
sound relies entirely on the vibration of particles in a medium, it cannot travel
through empty space. This is elegantly demonstrated by the bell-jar experiment:
an electric bell is suspended inside a sealed glass jar sitting on a vacuum pump,
and when the bell is switched on, its ringing is clearly audible. As a vacuum
pump gradually removes the air from the jar, the sound grows steadily weaker
and eventually becomes inaudible, even though the bell can be seen still
vibrating and ringing inside — proving that with no air particles left to vibrate
and carry the sound waves, no sound can reach the listener. When air is let back
into the jar, the sound returns, confirming that a material medium is essential for
sound propagation.

Describe the difference between loudness, pitch, and quality of
sound, and explain how each is determined.

Loudness, pitch, and quality are three distinct characteristics that together let us
fully describe and distinguish sounds. Loudness allows us to tell a loud sound

from a faint one, and depends on the amplitude of the vibrating source (a harder
pluck or strike produces greater amplitude and a louder sound), the surface area



of the vibrating object (a larger vibrating surface, like a big drum or a tuning fork
resting on a bench, produces a louder sound than a small one), and the listener's
distance from the source (loudness decreases as distance increases, since the
wave's amplitude spreads out and diminishes). Pitch allows us to tell a shrill, high
sound from a deep, low one, and is directly determined by frequency: higher-
frequency vibrations produce higher-pitched sound, which is why women's and
children's voices (generally higher frequency) sound higher-pitched than men's
voices (generally lower frequency). Quality, or timbre, allows us to distinguish
between two sounds that share exactly the same loudness and pitch but come
from different sources — for example, a violin and a flute playing the identical
musical note at the same volume still sound distinctly different, because each
instrument produces its own unique, characteristic waveform shape, visible as
different traces on an oscilloscope, arising from the instrument's particular
construction and how it vibrates.

Explain how an echo occurs, and describe how it can be used to
measure the speed of sound.

An echo occurs when sound waves travel outward from a source, strike a hard,
distant surface (such as a wall, building, or mountainside), and reflect back into
the same medium, eventually reaching the listener's ear as a repeated sound
after the original. Because the human brain retains a sound impression for about
0.1 seconds, a distinct, separately-heard echo requires the reflected sound to
arrive at least 0.1 seconds after the direct sound; since sound travels at roughly
340 m/s in air, this means the total round-trip distance must be at least 34
metres, so the reflecting surface itself must be positioned at least 17 metres
from the source and listener — closer surfaces produce reflections too rapid to be
perceived as separate from the original sound. This principle can be used
experimentally to measure the speed of sound: standing a precisely known
distance from a flat wall capable of producing a clear echo, a person claps
rhythmically while timing a fixed number of claps against their returning echoes
using a stopwatch; knowing the total distance the sound travelled (there and
back) and the total time taken allows the speed of sound to be calculated directly
using the relationship S = vt, rearranged to find v = S/t.



Discuss what infrasound and ultrasound are, and describe their
major real-world applications.

Infrasound and ultrasound are both sound frequencies that lie outside the human
audible range of roughly 20 Hz to 20,000 Hz, yet each has important natural and
technological uses. Infrasound consists of waves below 20 Hz — too low-pitched
for humans to hear, though sometimes felt as vibration. It occurs naturally from
earthquakes and volcanic eruptions, and is used deliberately by animals such as
elephants and whales for long-distance communication, since elephants can
sense these deep rumbles through their feet and trunks as well as their ears, and
blue whales' infrasonic calls can travel across entire ocean basins. Because
infrasound travels extremely long distances with little loss of energy, scientists
also use infrasound sensors to detect earthquakes before strong shaking begins,
monitor volcanic eruptions, and even track nuclear explosions, functioning as
valuable early-warning systems. Ultrasound, by contrast, consists of waves
above 20,000 Hz — also inaudible to humans, but with entirely different practical
uses. In medicine, ultrasonic waves reflect differently off different body tissues,
and capturing these reflected waves allows doctors to build real-time images of
internal organs (ultrasonography) — used extensively and safely for monitoring
pregnancies and examining organs like the heart, liver, kidneys, and thyroid, all
without any invasive surgery. In underwater exploration, SONAR systems send
ultrasonic pulses into water and time how long the echo takes to return, using
the known speed of sound in water to calculate ocean depth or the distance to
submerged objects via Distance = (speed x time)/2. Industrially, ultrasound is
also used to detect hidden cracks in machine parts like turbine blades and
aircraft components, and to destroy bacteria in liquids using high-intensity
ultrasonic waves.

Multiple Choice Questions (MCQs)

What is required for the production of sound? (A) A vacuum (B)
Vibrations of a medium (C) Only air (D) Light waves

Correct answer: (B) Vibrations of a medium. Sound is produced by the vibration
of an object, which sets the surrounding medium's particles vibrating too.



An echo is produced due to: (A) refraction of sound waves (B) reflection
of sound waves (C) diffraction of sound waves (D) absorption of sound
waves

Correct answer: (B) reflection of sound waves. An echo is the reflection of sound
waves off a surface, returning to the listener after a delay.

An example of a longitudinal wave is: (A) light wave (B) water wave (C)
sound wave (D) radiowave

Correct answer: (C) sound wave. Sound is a longitudinal wave, with particles
vibrating parallel to the direction of energy transfer, unlike light, water, and radio
waves, which are transverse.

In which medium does sound travel the fastest? (A) Gases (B) Liquids
(C) Solids (D) Vacuum

Correct answer: (C) Solids. Sound travels fastest through solids, due to their
tightly packed, rigid particle structure; it cannot travel through vacuum at all.

What is the approximate speed of sound in air? (A) 150 m/s (B) 330-350
m/s (C) 500 m/s (D) 1,000 m/s

Correct answer: (B) 330-350 m/s. The speed of sound in air at normal room
conditions is approximately 330-350 m/s.

Why is acoustic protection important in building design? (A) To increase
noise pollution (B) To reduce echo and improve sound quality (C) To
amplify sound (D) To increase the speed of sound

Correct answer: (B) To reduce echo and improve sound quality. Acoustic
protection balances sound absorption and reflection to reduce unwanted echo
and reverberation, improving clarity.

For a normal person, the audible frequency range for sound waves lies
between: (A) 10 Hz and 10 kHz (B) 20 Hz and 20 kHz (C) 25 Hz and 25
kHz (D) 30 Hz and 30 kHz

Correct answer: (B) 20 Hz and 20 kHz. The typical human audible frequency
range is 20 Hz to 20,000 Hz (20 kHz).

A sound wave has a wavelength of 0.5 m and travels at 340 m/s in air.
Its frequency is: (A) 17 Hz (B) 170 Hz (C) 680 Hz (D) 1700 Hz
Correct answer: (C) 680 Hz. f = v/A = 340/0.5 = 680 Hz.



Sound waves below 20 Hz, used by elephants for communication, are
called: (A) Ultrasound (B) Infrasound (C) Radiowaves (D) White noise
Correct answer: (B) Infrasound. Infrasound refers to frequencies below 20 Hz,
used by elephants and whales for long-distance communication.

In a SONAR system, the measured distance is divided by 2 because: (A)
the ultrasound loses half its energy (B) the pulse travels to the object
and back, covering the distance twice (C) water absorbs half of the
signal (D) sound travels twice as fast underwater

Correct answer: (B) the pulse travels to the object and back, covering the
distance twice. The recorded time covers the round trip (to the object and back),
so dividing the total distance travelled by 2 gives the one-way distance/depth.

Quick Revision Summary

* Sound: longitudinal mechanical wave, needs a medium (solid/liquid/gas),
cannot travel in vacuum (bell-jar experiment)

* Speed of sound: solids > liquids (~5%) > gases (~15x slower than solids);
~343 m/s in air at 21°C

* Wave equation applies to sound too: v =f x A

* Loudness «x amplitude, vibrating area, and inversely with distance; Pitch «
frequency; Quality = unique waveform shape (timbre)

* Echo: reflecting surface must be =17 m away (brain retains sound ~0.1 s);
distance = v x t

» Refraction: sound bends with medium/temperature change; Diffraction: sound
bends around obstacles/through openings

* Audible range: 20 Hz-20 kHz; Infrasound <20 Hz (elephants, earthquakes);
Ultrasound >20 kHz (medical imaging, SONAR)

* SONAR: Distance = (speed x time)/2; Acoustic design balances absorption
(soft materials) and reflection to control reverberation

Exam Tips

* Always double-check whether a SONAR/echo problem wants total distance
(vxt) or depth/one-way distance (vxt/2) — this is the most common error



* Memorise the audible range 20 Hz-20 kHz precisely, and know infrasound is
below it, ultrasound above it

* Loudness = amplitude; Pitch = frequency — never mix these two up in exam
answers

* For echo minimum-distance questions, remember the 0.1 s brain retention
time and the resulting ~17 m minimum surface distance

» State clearly that sound speed ranking is solids > liquids > gases, and be
ready to explain why (particle spacing/rigidity)

* For numericals, write out the wave equation v = fA and rearrange
algebraically before substituting numbers, to avoid careless errors



Chapter 14: Light

Light is a form of energy that travels as waves and allows us to see the world
around us. This chapter explores how light reflects from mirrors, refracts (bends)
when passing between different materials, and how lenses shape light to form
images. Key topics include the laws of reflection and refraction, Snell's law and
refractive index, total internal reflection and the critical angle, and how optical
fibres exploit this principle for high-speed telecommunications.

The chapter also covers thin lenses (converging and diverging), ray diagrams,
real versus virtual images, linear magnification, and everyday optical devices
such as magnifying glasses, cameras, slide projectors, and photograph enlargers.
It closes with how the human eye forms images, the causes and correction of
short-sightedness and long-sightedness, the dispersion of white light into a
spectrum by a prism, and two fascinating extensions of lens principles —
gravitational lensing in astronomy and acoustic lenses for sound.

Learning Objectives

* Define and use the terms normal, angle of incidence, and angle of reflection

* Describe an experiment to find the position and characteristics of the image
formed by a plane mirror

* Apply the law of reflection, and the qualitative principle of refraction toward/
away from the normal, to solve simple problems

* Define refractive index as n = ¢/vand as n =sini/sinr (Snell's law), and
apply it to solve problems

» Define critical angle and total internal reflection, and derive and apply n = 1/
sin C

* Evaluate the use of optical fibres in telecommunications and state their
advantages

* Analyze the action of converging and diverging lenses on parallel light, and
define focal length, principal axis, and principal focus

* Draw ray diagrams for image formation by a converging lens, differentiate
real and virtual images, and calculate linear magnification



* Describe the use of convex lenses in magnifying glasses, cameras, projectors,
and photographic enlargers

* Explain dispersion of light by a prism, describe image formation and defects of
the eye and their correction, and state that gravity can bend light
(gravitational lensing)

Key Concepts

14.1 Reflection of Light

Reflection of light occurs when light strikes a surface and bounces back instead
of passing through it, typically on smooth, shiny surfaces like mirrors. Regular
(specular) reflection happens on smooth surfaces, reflecting light in one direction
and forming a clear image; diffused (irregular) reflection happens on rough
surfaces, scattering light in many directions so no clear image forms. The laws of
reflection state that the incident ray, reflected ray, and normal all lie in the same
plane, and that the angle of incidence always equals the angle of reflection (4£i =
Lr).

A plane mirror forms an image with four key properties: it is erect (upright, like
the object); it is the same size as the object (di = do); it is laterally inverted (left
and right sides appear reversed, as with the letter 'D'); and it is virtual (cannot
be captured on a screen, since it forms behind the mirror where light rays only
appear to meet, not actually converge). These properties can be verified
experimentally by placing an object in front of an upright mirror, tracing the
reflected rays using the law of reflection, and extending them backward to locate
the image position.

14.2 Refraction of Light and Snell's Law

Refraction occurs when light changes direction as it passes from one medium
into another, such as from air into water or glass, because light travels at
different speeds in different media. Light bends toward the normal when entering
a denser medium (where it slows down), and bends away from the normal when
entering a rarer medium (where it speeds up); if the angle of incidence is zero,
light continues straight without bending. Refraction explains everyday effects like



a pencil appearing bent in water, the working of lenses, and the formation of
rainbows.

The laws of refraction state that the incident ray, refracted ray, and normal lie in
the same plane, and that Snell's law holds: sin i/ sin r = n, a constant for a given
pair of media, where n is the refractive index of the second medium relative to
the first. Worked Example: light enters water (n = 1.33) from air at an angle of
incidence of 40°; using sin r = sin 40°/1.33 = 0.483, the angle of refraction r =
sin=1(0.483) = 28.9°.

14.3 Refractive Index, Critical Angle, and Total Internal Reflection

The refractive index n of a medium measures how much light bends when
entering it, defined as n = c/v, the ratio of the speed of light in vacuum/air (c =
3x108 m/s) to its speed in that medium (v); denser media slow light down more
and have higher refractive indices. Worked Example: for water (n = 1.33), the
speed of light v = c¢/n = (3x108)/1.33 = 2.26x108 m/s. As the angle of incidence
increases when light travels from a denser to a rarer medium, the angle of
refraction increases faster; at the critical angle C, the refracted ray grazes along
the boundary at 90°.

If the angle of incidence exceeds the critical angle, no light refracts out at all —
instead, it reflects entirely back into the denser medium, a phenomenon called
total internal reflection. Starting from Snell's law (n1 sin i = n2 sin r) and setting
the refraction angle to 90° at the critical angle C gives sin C = nz2/n1; when the
second medium is air (n2 = 1), this simplifies to n = 1/sin C, which relates a
denser medium's refractive index directly to its critical angle. Worked Example:
for water (n = 1.33), C = sin~%(1/1.33) = sin~%(0.752) = 48.8°.

14.4 Optical Fibres

An optical fibre is a thin, hair-like strand of glass or plastic that uses total internal
reflection to transmit light — and the data it carries — over long distances with
minimal loss. It has two parts: the core (inner part, higher refractive index,
carries the light) and the cladding (outer layer, lower refractive index, causes
total internal reflection at the core-cladding boundary). Light entering the core
strikes this boundary at an angle greater than the critical angle, reflecting
repeatedly back into the core and travelling the fibre's full length.



Compared to traditional copper cables, optical fibres offer several advantages
central to modern telecommunications: much higher bandwidth (more data per
second), lower power consumption and longer lifespan, faster speed (light pulses
travel near the speed of light), reliable long-distance transmission (ideal for
undersea and intercontinental cables) without significant signal loss, and strong
resistance to electrical interference, since they use light rather than electrical
signals.

14.5 Lenses: Types and Key Terms

A lens is a transparent object with at least one curved surface that refracts light
to form an image. A convex (converging) lens is thicker at the centre than at the
edges and brings parallel light rays together at a point; a concave (diverging)
lens is thinner at the centre than at the edges and spreads parallel light rays
apart. Key terms include: focal length (f) — the distance from the lens to the
principal focus, positive for converging lenses and negative for diverging lenses;
principal axis — the imaginary straight line through the lens centre along which
light does not bend; principal focus — the point where parallel rays converge
(converging lens) or appear to diverge from (diverging lens); optical centre — the
lens's geometric middle, through which light passes undeviated; and centre of
curvature — generally located at twice the focal length from the lens.

The lens/mirror formula relates focal length (f), object distance (p), and image
distance (q): 1/f = 1/p + 1/q, used to determine image position for both lenses
and mirrors. For a convex lens, parallel rays bend toward the principal axis and
converge at the focal point; for a concave lens, parallel rays bend away from the
principal axis and appear (when extended backward) to diverge from a virtual
focal point on the same side as the incoming light. The power of a lens is the
reciprocal of its focal length, P = 1/f, measured in diopters (D), where 1 D =1
m~1; convex lenses have positive power, concave lenses negative power, and
higher power means stronger light-bending.

14.6 Image Formation by Lenses and Linear Magnification

For a convex lens, three simple rules construct ray diagrams: a ray parallel to the
principal axis refracts through the focal point F; a ray through the optical centre
continues straight, undeviated; and a ray through F on the way in emerges



parallel to the principal axis. Where the object sits relative to F and 2F
determines the image: beyond 2F gives a real, inverted, diminished image; at 2F
gives a real, inverted, same-size image; between F and 2F gives a real, inverted,
enlarged image; at F gives an image at infinity; and between the lens and F gives
a virtual, upright, enlarged image (as in a magnifying glass) — the last case is
the only one producing a virtual image with a convex lens.

A real image forms where light rays actually converge, can be projected onto a
screen, and is always inverted; a virtual image forms where rays only appear to
diverge from (never actually meeting), cannot be projected on a screen, and is
always upright. Linear magnification is the ratio of image height to object height:
M = hi/ho, indicating how much larger or smaller the image is compared to the
object (a negative value indicates an inverted image). Worked Example: an 8 cm
tall object forms an image with magnification M = -2; hi=M X ho =-2 X 8 = -16
cm, meaning the image is inverted and twice the object's height.

14.7 Optical Devices: Magnifying Glass, Camera, Projector, and
Enlarger

A magnifying glass is simply a convex lens used with the object placed closer
than its focal length (p < f); refracted rays don't actually meet but appear to
originate from behind the lens, creating a virtual, upright, magnified image —
this basic setup is also called a simple microscope. A camera is a light-proof box
with a convex lens at the front and a light-sensitive sensor or film at the back,
fixed at the lens's focal length; with the object placed beyond 2F, it forms a real,
inverted, diminished image on the sensor.

A slide projector uses a light source with a concave mirror (to produce parallel
rays), a condenser lens system (to spread light evenly across the slide), and a
projection convex lens; the slide is placed upside down between F and 2F, and
the projection lens forms a real, magnified, inverted image on the screen —
correctly oriented because the lens itself inverts the already-inverted slide. A
photograph enlarger works similarly, placing a photographic negative between F
and 2F to project a real, inverted, enlarged image onto photographic paper,
allowing small negatives to be printed as large photographs.



14.8 The Human Eye and Vision Defects

In a healthy (normal) eye, light rays from an object pass through the cornea and
lens and focus directly onto the retina, forming a sharp, clear image — this
closely resembles how a convex lens forms a real image. The near point, the
closest distance at which the eye can see clearly, is about 25 cm for a normal
person. Short-sightedness (myopia) is a condition where a person sees nearby
objects clearly but distant objects appear blurry, because the eye lens bends
light too strongly (or the eyeball is too long), causing the image to form in front
of the retina; it is corrected using concave (diverging) lenses, which spread the
light out before it enters the eye so the eye's own lens can focus it correctly on
the retina.

Long-sightedness (hypermetropia) is the opposite condition, where distant
objects appear clear but nearby objects appear blurry, because the eye lens is
too weak (or the eyeball is too short), causing the image to form behind the
retina; it is corrected using convex (converging) lenses, which bend light more
strongly before it enters the eye so it focuses directly on the retina rather than
behind it.

14.9 Dispersion of Light, Gravitational Lensing, and Acoustic Lenses

Dispersion of light is the splitting of white light into its seven constituent colours
(red, orange, yellow, green, blue, indigo, violet — the visible spectrum) when it
passes through a prism, because each wavelength of light refracts at a slightly
different angle: shorter wavelengths (violet, blue) bend more, while longer
wavelengths (red, orange) bend less. Beyond visible light, prisms also disperse
infrared and ultraviolet radiation, invisible to the human eye but detectable using
instruments like infrared thermometers, which measure the infrared radiation
emitted by an object to determine its temperature without contact.

Gravitational lensing occurs when the strong gravitational field of a massive
object, such as a black hole or galaxy, bends the path of light passing near it —
acting much like an optical lens and causing distant objects to appear magnified,
distorted, or even duplicated into multiple images; astronomers use this effect to
study distant galaxies, dark matter, and the structure of the universe. Acoustic
lenses apply the same wave-manipulation principle to sound instead of light,



using materials shaped to focus or spread sound waves — used in medical
ultrasound imaging, SONAR systems, and noise control, focusing sound to a point
or spreading it over an area as needed.

Important Definitions

Define the normal, angle of incidence, and angle of reflection.

The normal is a line drawn perpendicular to a surface at the point light strikes it;
the angle of incidence is the angle between the incident ray and the normal; the
angle of reflection is the angle between the reflected ray and the normal.

Define refractive index.

A measure of how much light bends entering a medium, defined as n = c/v
(speed of light in vacuum/air divided by speed in the medium), or equivalently n
= sin i/sin r via Snell's law.

Define critical angle.

The angle of incidence in a denser medium for which the angle of refraction is
exactly 90°, i.e., the refracted ray travels along the boundary between the two
media.

Define total internal reflection.

The complete reflection of a light ray back into a denser medium when it strikes
the boundary with a rarer medium at an angle of incidence greater than the
critical angle.

Define focal length.
The distance from a lens's optical centre to its principal focus, positive for
converging lenses and negative for diverging lenses.

Define principal focus (focal point).
The point on the principal axis where rays parallel to the axis converge
(converging lens) or appear to diverge from (diverging lens) after refraction.

Define linear magnification.
The ratio of image height to object height, M = hi/h., indicating how much larger
or smaller an image is compared to its object.

Define dispersion of light.



The splitting of white light into its seven constituent colours (red through violet)
as it passes through a prism, because different wavelengths refract at different
angles.

Key Formulas

Topic Formula
Law of reflection Li = Lr (angle of incidence = angle of reflection)
Snell's law n=sini/sinr
Refractive index (speed form) n=c/v
Critical angle / TIR relation n=1/sinC, C=sin"}(1/n)
Lens/mirror formula 1/f=1/p + 1/q
Power of a lens P = 1/f (unit: diopter D = m-1)
Linear magnification M = hi/ ho
Speed of light in vacuum c=3x108ms
Diagrams

Laws of Reflection and Refraction: A ray diagram showing the normal, angle
of incidence, and angle of reflection at a mirror, alongside a ray bending toward
the normal on entering a denser medium

Convex Lens Ray Diagram: Real Image Formation: The three standard
construction rays (parallel-to-axis, through optical centre, through focal point)
showing a convex lens forming a real, inverted image

Total Internal Reflection in an Optical Fibre: Light entering the core of an
optical fibre and undergoing repeated total internal reflection at the core-
cladding boundary as it travels the fibre's length

Short Questions & Answers

What happens when light passes from air to water?



Light slows down and bends toward the normal, since water is a denser medium
than air; this bending is called refraction.

Define refractive index. What is the refractive index of air and water?
Refractive index n = c/v, the ratio of light's speed in vacuum/air to its speed in a
medium. Air has a refractive index of approximately 1.00, and water has a
refractive index of approximately 1.33.

What is the principle behind optical fibres?

Optical fibres work on the principle of total internal reflection: light entering the
core strikes the core-cladding boundary at an angle greater than the critical
angle and reflects repeatedly back into the core, travelling the full length of the
fibre with minimal loss.

Describe briefly how a convex lens forms a real or virtual image.

If the object is placed beyond the focal length (p > f), the convex lens forms a

real, inverted image where light rays actually converge; if the object is placed

within the focal length (p < f), the rays only appear to diverge from behind the
lens, forming a virtual, upright, magnified image.

How does the power of a lens relate to its focal length?

Power is the reciprocal of focal length, P = 1/f, measured in diopters (D); a
shorter focal length means higher power (stronger bending of light), and convex
lenses have positive power while concave lenses have negative power.

Write Snell's law and define the terms used in the equation.

Snell's law states sin i / sin r = n, where i is the angle of incidence, r is the angle
of refraction, and n is the refractive index of the second medium relative to the
first.

What are the four properties of an image formed by a plane mirror?
The image is erect (upright), the same size as the object, laterally inverted (left-
right reversed), and virtual (cannot be captured on a screen).

What is the difference between a real image and a virtual image?

A real image forms where light rays actually converge, can be projected onto a
screen, and is always inverted; a virtual image forms where rays only appear to
diverge from, cannot be projected on a screen, and is always upright.



Long Questions & Answers

Explain the laws of reflection, and describe an experiment to
determine the position and properties of the image formed by a

plane mirror.

The laws of reflection state that the incident ray, the reflected ray, and the
normal (a line perpendicular to the surface at the point of reflection) all lie in the
same plane, and that the angle of incidence always equals the angle of reflection
(Li = Lr). These two laws govern how light bounces off any reflective surface,
from mirrors to still water. To find the position and characteristics of a plane
mirror's image experimentally, a mirror is set upright with an object placed in
front of it and illuminated so it is clearly visible; an observer traces the paths of
at least two rays of light that leave the object, reflect off the mirror according to
the law of reflection, and reach the eye. Because these reflected rays appear to
diverge from a point behind the mirror, extending them backward with dotted
lines until they intersect locates the position of the image, revealing that it lies as
far behind the mirror as the object is in front of it. This method confirms the four
defining properties of a plane-mirror image: it is erect (upright, matching the
object's orientation); it is the same size as the object (di = do); it is laterally
inverted, meaning left and right are reversed (demonstrated clearly by how the
letter 'D' appears reversed in a mirror); and it is virtual, since it cannot be
projected onto a screen because the light rays forming it never actually converge
— they only appear to, from behind the mirror's surface.

Explain refraction of light and Snell's law, and derive the relationship
n = 1/sin C between refractive index and critical angle.

Refraction is the bending of light as it passes from one medium into another due
to a change in speed: light bends toward the normal when entering a denser
medium (where it slows down) and away from the normal when entering a rarer
medium (where it speeds up). This behaviour is governed by Snell's law: sin i /
sinr = n, where i is the angle of incidence, r is the angle of refraction, and n is
the refractive index of the second medium relative to the first — itself defined as
n = c/v, the ratio of light's speed in vacuum/air to its speed in the given medium.
When light travels from a denser medium toward a rarer one (for example, glass



to air), increasing the angle of incidence causes the angle of refraction to
increase even faster; at a specific angle of incidence, called the critical angle C,
the refracted ray no longer enters the second medium at all but travels exactly
along the boundary, meaning the angle of refraction equals 90°. To derive the
relationship between n and C, we start from the more general form of Snell's law,
N1 sin i = n2 sin r, where medium 1 is the denser medium and medium 2 is air. At
the critical angle, i = Cand r = 90°, so sinr = 1, giving n1 sin C = n2. If the
second medium is air, nz = 1, so sin C = 1/n1, and rearranging gives the final
relationship: n = 1/sin C, or equivalently C = sin=1(1/n). If the angle of incidence
is increased even further beyond the critical angle, no light escapes into the rarer
medium at all — instead, the ray reflects entirely back into the denser medium, a
phenomenon known as total internal reflection.

Describe the structure and working principle of optical fibres, and
explain two of their key advantages in telecommunications.

An optical fibre is an extremely thin, flexible strand made of glass or plastic,
engineered to carry light — and the digital information encoded in it — over very
long distances with minimal loss of signal. Structurally, it consists of two main
parts: an inner core, made of a material with a relatively high refractive index,
through which the light actually travels; and a surrounding cladding layer, made
of a material with a deliberately lower refractive index than the core. When light
enters one end of the fibre's core, it repeatedly strikes the boundary between the
core and the cladding at an angle greater than the critical angle for that pair of
materials; because this angle exceeds the critical angle, the light undergoes total
internal reflection at each point of contact rather than escaping into the cladding,
bouncing back into the core over and over as it travels the full length of the fibre,
even around gentle bends and corners. This makes optical fibres exceptionally
well suited to modern telecommunications for several key reasons. First, they
offer very high bandwidth, meaning they can carry far more data per second
than traditional copper cables, which is essential for supporting today's high-
speed internet and large-scale data transfer. Second, because they transmit
information as pulses of light rather than electrical signals, they are completely
immune to electrical or electromagnetic interference, which often disrupts
signals in copper wiring — combined with their ability to carry signals across very
long distances (including undersea intercontinental cables) with minimal loss,



this makes optical fibres both faster and significantly more reliable than the
copper cables they have largely replaced.

Explain how a convex lens forms real and virtual images using ray
diagrams, and describe how similar lens principles explain and
correct short-sightedness and long-sightedness in the human eye.

Image formation by a convex lens can be understood using three simple
construction rays: a ray travelling parallel to the principal axis refracts through
the lens and passes through the focal point F on the far side; a ray passing
through the lens's optical centre continues in a straight line, completely
undeviated; and a ray that passes through F on its way toward the lens emerges
parallel to the principal axis after refraction. Where these traced rays intersect
(or appear to, when extended backward) locates the image. When an object is
placed beyond the lens's focal length, these rays actually converge on the far
side of the lens, producing a real image — one that can be projected onto a
screen and is always inverted; the image's exact position, size, and orientation
depend on precisely how far beyond F the object sits (for example, at 2F the
image is same-sized and inverted, while between F and 2F it is enlarged and
inverted). When an object is instead placed closer to the lens than its focal
length, the refracted rays diverge rather than converge, and only appear — when
extended backward — to originate from a point on the same side of the lens as
the object; this produces a virtual image, which is always upright, cannot be
projected onto a screen, and appears magnified — the operating principle behind
a simple magnifying glass. This same lens behaviour explains vision defects in
the human eye. In a healthy eye, the eye's own lens focuses light from an object
precisely onto the retina, producing a clear image. In short-sightedness (myopia),
the eye lens bends light too strongly (or the eyeball is too elongated), so the
image forms in front of the retina instead of on it, leaving distant objects blurry;
this is corrected with a concave (diverging) lens placed in front of the eye, which
spreads the incoming light out slightly before it reaches the eye's own lens,
allowing it to focus correctly on the retina. In long-sightedness (hypermetropia),
the opposite problem occurs — the eye lens is too weak (or the eyeball too
short), so the image forms behind the retina, leaving nearby objects blurry; this
is corrected with a convex (converging) lens, which bends incoming light more
strongly before it enters the eye, moving the focus point forward onto the retina.



Multiple Choice Questions (MCQs)

What type of image is always formed by a convex mirror? (A) Real and
inverted (B) Virtual and diminished (C) Real and magnified (D) Virtual
and magnified

Correct answer: (B) Virtual and diminished. A convex mirror always forms a
virtual, upright, and diminished image, regardless of object distance.

The optical device which uses a convex lens to magnify an object by
creating a virtual image is: (A) camera (B) microscope (simple) (C)
magnifying glass (D) slide projector

Correct answer: (C) magnifying glass. A magnifying glass is a convex lens used
with the object closer than the focal length, producing a virtual, magnified,
upright image.

Which statement best describes total internal reflection? (A) Light
bends when it enters a new medium (B) Light is completely reflected at
the boundary of two media (C) Light slows down as it enters a denser
medium (D) Light passes through a medium without changing direction
Correct answer: (B) Light is completely reflected at the boundary of two media.
Total internal reflection occurs when light traveling in a denser medium hits the
boundary at an angle greater than the critical angle and is completely reflected
back, with no light escaping into the rarer medium.

A ray of light travelling from water to air bends: (A) toward the normal
(B) away from the normal (C) at 90° to the normal (D) parallel to the
normal

Correct answer: (B) away from the normal. Moving from a denser medium (water)
to a rarer medium (air) causes the ray to speed up and bend away from the
normal.

The optical device which works on the principle of inverting an image
for projection is: (A) magnifying glass (B) photograph enlarger (C) slide
projector (D) plane mirror

Correct answer: (C) slide projector. A slide projector inverts the already-inverted
slide (placed upside down) to project a correctly oriented, magnified image onto
a screen.



What happens to light when it enters an optical fibre? (A) It is absorbed
by the fibre (B) It undergoes total internal reflection (C) It gets
refracted at every point (D) It travels in a straight line without
deviation

Correct answer: (B) It undergoes total internal reflection. Light entering an optical
fibre's core undergoes repeated total internal reflection at the core-cladding
boundary, allowing it to travel long distances.

Which phenomenon explains why a pencil appears bent when partially
immersed in water? (A) Reflection (B) Diffraction (C) Refraction (D)
Interference

Correct answer: (C) Refraction. Refraction bends light rays from the submerged
part of the pencil, making it appear to shift and look bent at the water's surface.

An object with height 4 cm forms an image of height 12 cm through a
lens. The linear magnification is: (A) 0.33 (B) 3 (C) 8 (D) 16
Correct answer: (B) 3. M = hi/ho = 12/4 = 3.

A convex lens with a focal length of 20 cm (0.2 m) has a power of: (A)
0.2D(B)2D(C)5D (D) 20D
Correct answer: (C) 5D.P=1/f=1/0.2 =5 D.

White light splits into its seven constituent colours when passed
through a prism because: (A) all colours have the same wavelength (B)
different wavelengths refract at different angles (C) the prism absorbs
some colours (D) the prism reflects all colours equally

Correct answer: (B) different wavelengths refract at different angles. Each
wavelength of light refracts by a slightly different amount inside the prism, with
shorter wavelengths (violet) bending more than longer wavelengths (red),
causing dispersion into the visible spectrum.

Quick Revision Summary

» Reflection: £Zi = Lr; plane mirror image is erect, same size, laterally inverted,
virtual

» Refraction: light bends toward normal entering denser medium, away from
normal entering rarer medium; Snell's law n = sini/sin r



Refractive index n = c¢/v; critical angle C = sin=(1/n); TIR occurs wheni > C,
denser-rarer medium only

Optical fibres: core (high n) + cladding (low n), light travels via repeated TIR
— high bandwidth, low interference, long-distance

Lens formula: 1/f = 1/p + 1/q9; Power P = 1/f (diopters); convex lens +f/+P,
concave lens —f/—P

Convex lens: object beyond F - real, inverted image; object within F - virtual,
upright, magnified image (magnifying glass)

Linear magnification M = hi/ho; camera (object beyond 2F, real diminished
image); projector/enlarger (object between F & 2F, real enlarged image)
Myopia (short-sight): image forms before retina, corrected with concave lens.
Hypermetropia (long-sight): image forms behind retina, corrected with convex
lens

Dispersion: prism splits white light into 7 colours (different wavelengths
refract differently); gravitational lensing bends light via gravity; acoustic
lenses focus sound

Exam Tips

Always draw and label the normal first in any reflection/refraction diagram —
angles are measured from it, not from the surface

Remember: denser medium — bends toward normal & slows down; rarer
medium - bends away from normal & speeds up

For critical angle/TIR problems, confirm light is going from denser to rarer
medium — the formula n = 1/sin C only applies in that direction

Keep real image (inverted, projectable) and virtual image (upright, not
projectable) definitions crystal clear — a very common exam confusion

For lens ray diagrams, always draw at least two of the three standard rays
(parallel-to-axis, through-centre, through-focus) to locate the image reliably
Myopia = corrected with CONCAVE lens (diverging); Hypermetropia =
corrected with CONVEX lens (converging) — an easy pair to mix up under
exam pressure



Chapter 15: Electrostatics

Electrostatics is the branch of physics that studies charges at rest and the
electric fields they create. From a plastic comb attracting paper after being
rubbed through hair to the shock felt after sliding across a car seat, electrostatic
effects are part of everyday experience. This chapter covers electric charge and
its properties, electrostatic induction and earthing, real-world applications like
photocopiers and electrostatic precipitators, Coulomb's law, and electric fields
and their patterns.

The chapter also explains the difference between electrical conductors and
insulators using a simple free-electron model, and closes with electrical
breakdown — the physics behind lightning, corona discharge, Lichtenberg
figures, and how lightning rods protect buildings and people.

Learning Objectives

» State that there are positive and negative charges, measured in coulombs,
and that unlike charges attract while like charges repel

* Describe experiments showing electrostatic charging by friction, and explain
that this involves transfer of electrons only

* Explain how a conductor can be charged by electrostatic induction and then
earthed

* Suggest how charging and discharging is applied in devices such as
photocopiers and electrostatic precipitators

* Describe an electric field as a region where a charge experiences a force, and
state the direction convention using a positive test charge

* Discuss and illustrate electric field patterns around a point charge, a charged
conducting sphere, and between charged parallel plates

» State examples of electrical conductors and insulators, and describe an
experiment to distinguish between them

* Use a simple electron model to explain the difference between conductors and
insulators



* Explain how a lightning rod protects structures, and explain electrical
breakdown

» State that corona discharge and Lichtenberg figures are visible examples of
electrical breakdown

Key Concepts

15.1 Electric Charge and Its Properties

A plastic comb rubbed through dry hair, or an amber rod rubbed with silk,
attracts small pieces of paper; a shock felt after sliding across a car seat or
walking on synthetic carpet has the same cause — electrostatic force resulting
from electric charge, an intrinsic property of matter (like mass) measured in
coulombs (C). There are two types of charge, positive and negative: two glass
rods rubbed with silk both become positively charged and repel each other; two
plastic rods rubbed with wool both become negatively charged and repel each
other; but a positively charged glass rod and a negatively charged plastic rod
attract each other — demonstrating that like charges repel and unlike charges
attract.

Atoms consist of positively charged protons in the nucleus and negatively
charged electrons orbiting around it; since all matter is made of atoms, every
material is ultimately positively charged, negatively charged, or neutral,
depending on its balance of protons and electrons. Charging by friction (rubbing
two materials together) involves only the transfer of electrons — never protons,
which are locked inside the nucleus — from one material to the other, leaving
one object with excess electrons (negative) and the other with a deficit
(positive). Charge can also transfer by direct contact or by induction, and the
total charge in an isolated system always remains constant.

15.2 Electrostatic Induction, Earthing, and the Electroscope

When a charged plastic rod is brought near a neutral, suspended metal rod, the
two are drawn together — not because the metal rod is charged, but because the
nearby charge causes a redistribution of positive and negative charge within the
neutral conductor while its total charge remains zero; this is electrostatic
induction. If two touching metal spheres are placed on insulated stands and a



positively charged rod is brought near one sphere, negative charge is pulled
toward the rod and positive charge is pushed to the far sphere; separating the
spheres while the rod is still present leaves them with equal and opposite
charges — this is charging by induction, achieved entirely without direct contact
between the rod and the spheres.

Earthing connects a conductor to the Earth via a wire, allowing unwanted charge
to flow away: when a negatively charged rod is held near a neutral metal sphere,
electrons are repelled to the far side; connecting that far side to Earth lets these
excess electrons flow into the ground, and removing the earth connection (while
the rod is still present) traps a net positive charge on the sphere, even though
the rod never touched it. The gold leaf electroscope is a sensitive device for
detecting charge: it has a metal disk and rod connected to two thin gold leaves;
bringing a charged object near the disk (without touching) causes induced
charge to spread down to the leaves, which then repel each other and diverge —
the amount of divergence indicates how much charge is present, and if leaves
collapse when a charged object touches the disk, the tested material is a
conductor.

15.3 Applications of Electrostatics: Photocopier and Electrostatic
Precipitator

A photocopier works by xerography (‘dry writing'): its central rotating drum,
made of aluminium (a conductor) coated with selenium (a photoconductor —
behaves as an insulator in the dark, but conducts when lit), is first given a
uniform positive charge. As the document's image is projected onto the drum,
bright (light) areas cause selenium there to conduct, letting electrons neutralize
the positive charge in those spots, while dark areas retain their charge —
creating an invisible electrostatic image. Negatively charged toner powder then
sticks only to the still-positively-charged (dark/image) areas, is transferred onto
paper using a slightly positive roller, and finally fused permanently into the paper
using heated rollers.

An electrostatic precipitator (ESP) removes particulate pollution from industrial
exhaust gases using corona discharge — a high-voltage effect that ionizes air
near a thin wire, producing free electrons that attach to gas molecules to form
negative ions. These ions charge the particulate matter passing through the gas



stream negatively; the charged particles are then attracted to and collected on
positively charged plates, which are periodically cleaned, with the collected
material falling into a hopper for disposal — making ESPs an essential technology
for reducing industrial air pollution.

15.4 Coulomb's Law

Charges exert an attractive or repulsive force on each other called the
electrostatic force. In 1785, Charles Coulomb experimentally determined that the
magnitude of the electrostatic force between two point charges is directly
proportional to the product of the charges and inversely proportional to the
square of the distance between them: F « gigz2 and F « 1/r2, combining to give F
= kQg1Q2/r?, where k is a proportionality constant depending on the medium — in
vacuum or air, k = 9 x 10° N m2 C-2. Coulomb's law applies specifically to point
charges, whose physical size is negligible compared to the separation distance.

If the two charges have opposite signs, the force is attractive; if they have the
same sign (both positive or both negative), the force is repulsive — in both cases,
the magnitude of the force follows the same formula, only the direction changes.
Coulomb's law resembles Newton's law of gravitation in its inverse-square form,
but differs in that gravitational force is always attractive and matters most for
large masses over large distances, while electric force can be either attractive or
repulsive and matters most for small charges over small distances.

15.5 Electric Field and Electric Field Intensity

An electric field is the region around a charge where it exerts a force on other
charges — theoretically extending to infinity, though the force weakens with
distance following an inverse-square relationship, E = kq/r?. Bringing a small
positive test charge qo into the field of a source charge Q lets us measure the
field: the electrostatic force per unit positive test charge is called electric field
intensity, E = F/qo, measured in newtons per coulomb (N C-1). Electric field
intensity is a vector quantity, with direction defined as the direction of force on a
positive test charge at that point.

Electric field lines are imaginary lines representing the electric field's direction
and strength: they point from positive charges toward negative charges, never
cross each other, and trace the path a small positive test charge would follow.



Worked Example: for a point charge g = 10 uC in air at a distance of 0.5 m, E =
kg/r? = (9.0x10° x 10x10-)/(0.5)2 = 3.6x10> N C-1.

15.6 Electric Field Patterns

Around an isolated point charge, the electric field is radial: field lines point
outward in all directions for a positive charge (showing a positive test charge
would be repelled) and inward for a negative charge (showing attraction). A
charged conducting sphere distributes charge evenly over its surface, producing
an outside field identical in pattern to a point charge (radial, outward for positive
charge, inward for negative), while the field inside the sphere is exactly zero,
because surface charges rearrange to cancel any interior field — this is also why
people inside metal cars or airplanes are protected during lightning strikes.

Between two large, oppositely charged parallel conducting plates placed close
together, a uniform electric field forms: field lines run straight from the positive
plate to the negative plate, parallel and evenly spaced, meaning the field has the
same magnitude and direction everywhere between the plates (ignoring edge
effects) — this configuration is the basis of capacitors, widely used in electronic
circuits.

15.7 Conductors, Insulators, and the Free Electron Model

Electrical conductors are materials that allow charge to flow freely because they
contain loosely bound electrons that move easily under an applied voltage,
producing electric current — examples include metals like copper, aluminium,
and silver, as well as graphite and electrolytes. Electrical insulators resist or
prevent the flow of charge because their electrons are tightly bound to their
atoms and cannot move freely — examples include rubber, plastic, glass, wood,
and ceramics, which are used to block electricity flow and provide safety.

This behaviour is explained by the free electron model: in conductors, the
outermost electrons are loosely bound and act like a mobile 'sea' of charge that
flows readily when voltage is applied; in insulators, electrons remain fixed to
their atoms even under an applied voltage, so no current flows. A simple
experiment — placing different materials into a gap in a battery-and-bulb circuit
— reveals this directly: the bulb lights up for conductors (like a metal key) and
stays off for insulators (like a plastic spoon or wooden stick).



15.8 Electrical Breakdown, Corona Discharge, and Lightning
Conductors

Static electricity (accumulation of charge) results when electrons transfer
between objects, causing an imbalance of positive and negative charge; in daily
life this causes minor shocks or clothes clinging together, while in industry it can
damage electronics, ignite flammable substances, or disrupt manufacturing —
mitigated through grounding, anti-static measures, and humidity control.
Electrical breakdown occurs when a sufficiently strong electric field passes
through a gas (or insulating material), ionizing its atoms and creating free
electrons and ions that suddenly and dramatically increase conductivity, often
producing a spark or arc — this is the basic mechanism behind lightning.

Corona discharge is a visible, less intense form of electrical breakdown that
occurs near sharp points or edges of high-voltage conductors, where the electric
field is strongest, ionizing nearby air and producing a faint glow — often seen
near high-voltage power lines. Lichtenberg figures are branching, tree-like
patterns that form on insulating materials (like wood or acrylic) when a high-
voltage discharge passes through them, leaving a visible trace of the breakdown
path; both phenomena are visible evidence of electrical breakdown. Lightning
conductors (lightning rods) protect tall structures by providing a low-resistance
path that safely channels a lightning strike's massive current into the ground,
preventing fires, structural damage, and harm to occupants — lightning itself
forms when charge separation within storm clouds (from friction between water
droplets or ice particles) builds an intense electric field that eventually
overcomes the air's resistance, triggering a rapid, brilliant discharge between
cloud and ground.

Important Definitions

What is electric charge?
An intrinsic property of matter, measured in coulombs (C), that causes objects to
attract or repel one another; charge can be positive or negative.

What is electrostatic induction?



The redistribution of positive and negative charge within a neutral conductor
caused by a nearby charged object, without any direct contact or transfer of
charge.

What is earthing?
The process of connecting a conductor to the Earth via a wire, allowing unwanted
(induced) charge to flow away and neutralize.

State Coulomb's law.

The electrostatic force between two point charges is directly proportional to the
product of the charges and inversely proportional to the square of the distance
between them: F = kqg1q2/r2.

What is an electric field?
The region around a charge where it exerts a force on other charges, with
strength decreasing with distance following an inverse-square relationship.

Define electric field intensity.
The electrostatic force per unit positive test charge at a point in an electric field:
E = F/qo, measured in newtons per coulomb (N C-1).

What is electrical breakdown?

The sudden ionization of a gas (or insulating material) caused by a sufficiently
strong electric field, producing free electrons and ions and a dramatic increase in
conductivity.

What is corona discharge?
A visible, localized form of electrical breakdown that occurs near sharp points or
edges of high-voltage conductors, producing a faint glow as nearby air ionizes.

Key Formulas

Topic Formula
Coulomb's law F=kaqgigz/r?

Coulomb's constant (air/
k=9 x10°Nm2C-2
vacuum)

E=kq/r?



Electric field due to a point
charge

Electric field intensity (general) E=F/qo

Sl unit of charge coulomb (C)
Sl unit of electric field newton per coulomb (N C-1)
Worked example (field) q=10uC, r=05mm-E=3.6 x 10°NC

_ _ opposite charges — attraction; like charges —»
Force sign convention _
repulsion

Diagrams

Like and Unlike Charges: Attraction and Repulsion: Two positively charged
rods repelling, two negatively charged rods repelling, and a positive rod
attracting a negative rod

Electric Field Patterns: Radial field lines around isolated positive and negative
point charges, and a uniform field between two oppositely charged parallel plates

Charging a Conductor by Induction and Earthing: A charged rod inducing
charge separation in a neutral sphere, earthing removing like charge, then the
rod being removed to leave a net opposite charge

Short Questions & Answers

State Coulomb's law of electrostatics and write its mathematical form.
The electrostatic force between two point charges is directly proportional to the
product of the charges and inversely proportional to the square of the distance
between them: F = kgiq2/r?, where k = 9x10° N m? C-2 in air/vacuum.

What is an electric field?

The region around a charge where it exerts a force on other charges; its strength
decreases with distance from the charge following an inverse-square
relationship.

Give two examples each of electrical conductors and electrical
insulators.



Conductors: copper, aluminium (also silver, graphite). Insulators: rubber, plastic
(also glass, wood, ceramics).

List some applications of electrostatics in daily life.

Photocopiers (xerography), electrostatic precipitators (removing industrial
pollutants), lightning conductors, and gold leaf electroscopes for detecting
charge.

What happens when like charges and unlike charges are brought close
to each other?

Like charges (both positive or both negative) repel each other; unlike charges
(one positive, one negative) attract each other.

What is meant by electrical breakdown, and when does it occur?
Electrical breakdown is the sudden ionization of a gas or insulating material
caused by a strong electric field, dramatically increasing its conductivity; it
occurs when the field strength exceeds the material's resistance to ionization, as
in lightning or corona discharge.

What are the dangers of static electricity?

Static charge buildup can cause minor shocks, make clothes cling together,
damage sensitive electronic components, ignite flammable substances, and
disrupt manufacturing processes in industrial settings.

What is electrostatic induction?

The redistribution of positive and negative charge within a neutral conductor
when a charged object is brought near it, without any direct contact — the
conductor's total charge remains zero unless it is subsequently earthed.

Long Questions & Answers

Discuss the working of a gold leaf electroscope, and explain how it
can be used to detect the presence and nature of charge on a body.

A gold leaf electroscope consists of a metal (brass) disk connected via a rod to
two thin gold leaves suspended inside a protective jar, with the rod held in place
by an insulating material so charge can move freely between the disk and leaves
but not escape to the surrounding case. To test whether an object is charged, it is
brought close to the disk without touching it. If the object is neutral, no charge



redistribution occurs and the leaves remain hanging together, showing no
deflection. If the object carries a charge (positive or negative), electrostatic
induction redistributes charge within the electroscope: for example, a negatively
charged object repels electrons down through the rod to the leaves, leaving the
disk positively charged and the leaves negatively charged. Since both leaves
now carry the same type of charge, they repel each other and diverge — and the
degree of divergence indicates roughly how much charge is present on the
nearby object, with a larger charge producing a wider spread. The electroscope
can also distinguish conductors from insulators: after charging the leaves (by
direct contact) so they are diverged, touching the disk with a test material and
observing whether the leaves collapse reveals whether charge could flow
through that material to escape — collapse indicates a conductor, while no
change indicates an insulator.

Explain Coulomb's law and discuss the factors that affect the
electrostatic force between two charged particles.

Coulomb's law, formulated by Charles Coulomb in 1785, states that the
magnitude of the electrostatic force between two point charges is directly
proportional to the product of the magnitudes of the two charges and inversely
proportional to the square of the distance separating them, expressed as F =
kq1Q2/r?, where k is a proportionality constant (approximately 9x10° N m2 C-2in
air or vacuum) that depends on the medium between the charges. Two factors
therefore directly determine the strength of the force: the magnitude of each
charge, and the distance between them. Increasing either charge's magnitude
increases the force proportionally, since force is directly proportional to the
product qi1g2 — doubling either charge doubles the force. Distance has a much
stronger, inverse-square effect: doubling the separation between the charges
reduces the force to one-quarter of its original value, while halving the distance
quadruples the force, since force is inversely proportional to r2. The sign of the
charges determines the direction, not the magnitude, of the force: opposite
charges (one positive, one negative) always attract, while like charges (both
positive or both negative) always repel, with the force strength in both cases
governed by the same formula. Coulomb's law strictly applies to point charges,
whose physical dimensions are negligible compared to the distance between



them; for larger charged bodies, more complex calculations accounting for
charge distribution are generally required.

Explain the concept of electric field intensity, and describe how the
electric field can be represented using field lines for a point charge
and for a parallel plate arrangement.

Electric field intensity describes the strength and direction of the electric field at
a given point in space, defined as the electrostatic force experienced per unit
positive test charge placed at that point: E = F/qo, measured in newtons per
coulomb (N C-1). It is a vector quantity, meaning it has both magnitude and
direction — the direction of the electric field at any point is defined as the
direction of the force that would act on a small positive test charge placed there.
For a point charge, the field intensity can also be calculated directly as E = kq/r?,
showing that field strength decreases with the square of the distance from the
source charge. Electric field lines provide a visual way to represent these fields:
they are imaginary lines drawn so that their direction at any point matches the
field's direction there, they always point from positive charges toward negative
charges, they never cross one another, and their spacing indicates field strength
(closer lines mean a stronger field). Around an isolated point charge, field lines
radiate outward in all directions for a positive charge (indicating repulsion of a
positive test charge) or point inward for a negative charge (indicating attraction);
the field pattern is therefore radial and symmetric in all directions, weakening
with distance according to the inverse-square law. Between two large, oppositely
charged parallel conducting plates, however, the field lines run straight from the
positive plate to the negative plate, remaining parallel to each other and evenly
spaced throughout the region between the plates (away from the plate edges) —
this produces a uniform electric field, meaning the field has exactly the same
magnitude and direction at every point in that central region, a configuration
widely used in capacitors.



Explain how and why electrical conductors and insulators behave
differently in terms of charge transfer and electron movement, and
describe some real-life electrostatic hazards along with ways to
minimize them.

The difference between conductors and insulators is best explained using the
free electron model of atomic structure. In conductors, such as metals like
copper and aluminium, the outermost electrons of each atom are only loosely
bound to their nucleus and are free to move throughout the material's structure,
forming what is often described as a 'sea' of mobile charge; when a voltage is
applied, or when charge is brought nearby, these free electrons can flow or
redistribute readily, allowing conductors to carry electric current and to be
charged (or discharged) quickly through contact or induction. In insulators, such
as rubber, plastic, and glass, electrons are tightly bound to their individual atoms
and essentially cannot move through the material; even when a voltage is
applied or a charge is brought close, these bound electrons remain fixed in place,
meaning insulators cannot conduct current and any charge placed on them tends
to stay localized rather than spreading or flowing away. This fundamental
difference in electron mobility has significant practical implications, including
real-world electrostatic hazards. In industrial settings, friction between materials
(such as powders moving through machinery, or fabric rubbing against
equipment) can build up substantial static charge on insulating surfaces; if this
accumulated charge eventually discharges as a spark in an environment
containing flammable dust or vapours, it can trigger dangerous dust explosions
or fires. Similarly, everyday static shocks from synthetic clothing occur when
charge builds up through friction between fabric fibres and is then suddenly
discharged upon contact with a conductor, such as a metal doorknob. These
hazards can be minimized through several practical measures: proper grounding
(earthing) of equipment and structures provides a safe path for accumulated
charge to dissipate harmlessly into the ground rather than building up to
dangerous levels; anti-static materials, sprays, or wrist straps are used in
electronics manufacturing and handling to prevent damaging static discharges
near sensitive components; and controlling humidity levels helps as well, since
moisture in the air allows charge to dissipate more easily than in very dry
conditions, which tend to promote greater static buildup.



Multiple Choice Questions (MCQs)

Electrical breakdown is: (A) the process of ionizing a gas due to a
strong electric field (B) the process of neutralizing a charged object (C)
the process of charging an insulator (D) the process of discharging a
conductor

Correct answer: (A) the process of ionizing a gas due to a strong electric field.
Electrical breakdown occurs when a strong electric field ionizes the atoms of a
gas or insulating material, dramatically increasing its conductivity.

Which of the following is a visible example of electrical breakdown? (A)
Corona discharge (B) Electric current (C) Magnetic field (D) Electric
potential

Correct answer: (A) Corona discharge. Corona discharge is a visible glow
produced when a strong electric field ionizes air near a high-voltage conductor, a
direct example of electrical breakdown.

What happens when two unlike charges are brought close to each
other? (A) They attract (B) They repel (C) They neutralize each other (D)
Nothing happens

Correct answer: (A) They attract. Unlike charges (one positive, one negative)
always attract each other according to Coulomb's law.

According to Coulomb's law, what happens to the attraction between
two oppositely charged objects as their separation increases? (A)
Decreases (B) Increases (C) Remains unchanged (D) Cannot be
determined

Correct answer: (A) Decreases. Since force is inversely proportional to the square
of distance (F « 1/r?), increasing separation decreases the force.

The device which works on the principle of electrostatics is: (A) electric
bell (B) photocopier (C) electric heater (D) transformer

Correct answer: (B) photocopier. A photocopier uses electrostatic charging and
discharging (xerography) to form and transfer images using charged toner.

Charging an object by friction involves the transfer of: (A) protons (B)
neutrons (C) electrons (D) the whole atom



Correct answer: (C) electrons. Friction charging only transfers electrons between
materials; protons remain fixed within the nucleus and are never transferred.

The Sl unit of electric charge is the: (A) newton (B) volt (C) coulomb (D)
ampere
Correct answer: (C) coulomb. Electric charge is measured in coulombs (C).

Inside a uniformly charged conducting sphere, the electric field is: (A)
maximum at the centre (B) zero (C) equal to the field outside (D) infinite
Correct answer: (B) zero. Charges on a conducting sphere rearrange on the
surface such that the electric field inside the sphere is exactly zero.

If the leaves of a charged gold leaf electroscope collapse when a test
object touches its disk, the object is a: (A) conductor (B) insulator (C)
magnet (D) semiconductor

Correct answer: (A) conductor. Collapse indicates that charge flowed away
through the test object, meaning it is a conductor.

In Coulomb's law, the constant k in air or vacuum has an approximate
value of: (A) 9 x 100° Nm2C-2(B)9 x 10°Nm2C-2(C) 3 x 1023 N m2C-2
(D)6 x 10> N m2 C—2

Correct answer: (B) 9 x 10° N m2 C=2. In air or vacuum, Coulomb's constant k = 9
X 10° N m2 C2.

Quick Revision Summary

Charge: positive/negative, measured in coulombs; like charges repel, unlike

charges attract; friction transfers only electrons

* Electrostatic induction: charge redistributes in a neutral conductor near a
charged object, without contact; total charge stays zero unless earthed

* Earthing removes like charge to Earth, leaving a net opposite charge on the
conductor once the rod is removed

* Photocopier: selenium-coated drum + charge + light exposure + toner + heat
fusing; ESP: corona discharge charges particles, collected on charged plates

e Coulomb's law: F = kq1qz2/r?, k = 9%10° N m2 C-2 in air; force « product of
charges, « 1/r?

* Electric field: E = F/qo = kq/r? (point charge); field lines: positive—negative,

never cross, show force direction on positive test charge



* Field patterns: radial around point charge/sphere (zero inside sphere); uniform
and parallel between charged plates

* Conductors (free electrons, e.g. metals) vs insulators (bound electrons, e.g.
rubber, plastic) — explained by free electron model

* Electrical breakdown: strong field ionizes gas/insulator -» corona discharge,
Lichtenberg figures, lightning; lightning rods safely ground the discharge

Exam Tips

» Always specify BOTH the magnitude and the nature (attraction/repulsion) of a
Coulomb's law force answer, not just the number

* Remember friction charging transfers electrons only — never say 'protons
move' in an exam answer

* For induction problems, track charge movement step by step: induce - earth
- remove earth -» remove rod, in that exact order

* Field inside a charged conducting sphere = 0; field between parallel plates =
uniform — these are commonly tested facts

* Distinguish 'electric field intensity' (E = F/qo, a field property) from
‘electrostatic force' (F = kq1q2/r?, a force between two specific charges)

* Corona discharge and Lichtenberg figures are both effects of electrical
breakdown — but corona discharge is a glow in air/gas, Lichtenberg figures
are patterns burned into solids



Chapter 16: Electricity

Electricity is the branch of physics dealing with the flow of charge, and it powers
nearly every part of modern life — from lighting our homes to running industries
and connecting us across distances. This chapter covers the essential concepts
of electric current, electromotive force (e.m.f.) and potential difference, Ohm's
law, series and parallel resistor combinations, and electrical resistivity.

It also explains potential divider circuits, resistor colour codes, temperature- and
light-sensitive resistors (NTC thermistors and LDRs), electric power and energy
(including the kilowatt-hour and electricity bills), and closes with household
circuits and the safety devices — fuses, trip switches, and earthing — that
protect people and property from electrical hazards.

Learning Objectives

* Define and calculate electric current using | = Q/t, and explain conduction in
metals via free electrons

* Differentiate direct current (DC) from alternating current (AC), and
conventional from electronic current

* |llustrate the use of analog and digital ammeters and voltmeters with different
ranges

» Define e.m.f. (E = W/Q) and potential difference (V = W/Q), and calculate total
e.m.f. for series and parallel sources

* Define and apply Ohm's law (R = V/I), and describe the effect of temperature
on resistance

* Calculate combined resistance of resistors in series and in parallel, and solve
for current, voltage, and resistance in circuits

* Define and calculate resistivity, and describe the action of NTC thermistors
and LDRs as input sensors

* Analyze potential divider circuits (R1/R2 = V1/V2), and use resistor colour
codes

* Use P =V and E = IVt to solve problems, define the kilowatt-hour, and
calculate electricity costs



* Explain the operation of fuses and trip switches, the role of the earth wire, and
why domestic supplies are connected in parallel

Key Concepts

16.1 Electric Current and Ammeters

In metals, some electrons are loosely bound and move randomly within the
conductor; when an external electric field is applied, they move in a specific
direction, producing an electric current — the amount of charge passing through
a cross-section of a conductor per unit time: | = Q/t, measured in amperes (A),
where 1 A =1 C s~1. Conventional current is defined as the flow of positive
charge from the positive to the negative terminal, while electronic current
describes the actual flow of electrons in the opposite direction; both descriptions
are used in practice, with conventional current as the standard for circuit
analysis.

Direct current (DC) flows in one direction only with constant voltage (as from a
battery), while alternating current (AC) periodically reverses direction — most
power stations produce AC, which in Pakistan alternates at 50 Hz and can be
transmitted over long distances with lower power loss than DC. An ammeter
measures current and must be connected in series with the component being
measured; analog ammeters use a needle and scale (useful for visual,
educational demonstrations), while digital ammeters give a numerical display
with greater precision, and both types come in multiple selectable current ranges
— choosing the correct range avoids damaging the meter and ensures accurate
readings.

16.2 Electromotive Force and Potential Difference

A source of e.m.f. (electromotive force) converts non-electrical energy —
chemical (batteries), thermal (thermocouples), or mechanical (generators) — into
electrical energy, supplying the energy needed to keep charges flowing
continuously around a circuit. E.m.f. is defined as the electrical energy supplied
by a source per unit charge: E = W/Q, and potential difference (p.d., or voltage)
is the energy used by a component per unit charge passing through it: V = W/Q;
both are measured in volts (V), where 1V = 1] C-*. Voltage is measured using a



voltmeter (analog or digital, available in different ranges), always connected in
parallel across the component being measured.

When multiple voltage sources are connected in series, their total e.m.f. is the
sum of the individual e.m.f.s: Etotas = E1 + E2 + ... + En (four 1.5 V cells in series
give 6 V total). When identical sources are connected in parallel, the total e.m.f.
remains equal to that of a single source (four 1.5 V cells in parallel still give 1.5
V), but the combination can supply more total current, since each source
contributes current independently while maintaining the same shared voltage.

16.3 Ohm's Law

In 1826, Georg Simon Ohm found that the current flowing through a conductor is
directly proportional to the potential difference across its ends, provided the
conductor's physical state (dimensions, temperature, etc.) stays constant: | « V,
or V = IR, where R is the constant of proportionality called resistance, measured
in ohms (Q), with 1 Q = 1V A-1. This relationship, Ohm's law, is the single most
important equation in circuit analysis, letting current, voltage, or resistance be
calculated whenever the other two quantities are known.

16.4 Combination of Resistances

In a series combination, resistors are connected so there is only one path for
current; the same current | flows through each resistor, and the total voltage is
the sum of the voltages across each: V = Vi1 + V2 + V3, which leads to the
equivalent resistance being the simple sum Re = R1 + R2 + R3 — series
resistance always increases the total resistance.

In a parallel combination, resistors provide multiple paths for current; the voltage
across each resistor is the same (equal to the supply voltage), while the total
current is the sum of the currents through each branch: | = l1 + |2 + I3, leading to
the reciprocal relationship 1/Re = 1/R1 + 1/R2 + 1/Rs — parallel resistance is
always less than the smallest individual resistor. Worked Example: for 8 Q and 24
Q resistors in parallel across 30V, 1/Re = 1/8 + 1/24 = 4/24,s0Re =6 Q, and | =
V/Re = 30/6 = 5 A.



16.5 Electrical Resistivity and Temperature Effects

Resistance is the opposition a conductor offers to current flow; it is directly
proportional to the conductor's length (L) and inversely proportional to its cross-
sectional area (A): R = pL/A, where p (rho) is the material's electrical resistivity,
measured in ohm-metres (Q m) — resistivity is the resistance of a 1 m3 sample of
the material, and materials with high resistivity (like nichrome) are poor
conductors, while those with low resistivity (like silver and copper) are excellent
conductors. Worked Example: an aluminium wire of length 15 m, area 3x10-°
m?2, and resistivity 2.82x10-8 Q m has resistance R = pL/A = (2.82x1078)(5x10°)
= 0.141 Q.

In most metals, resistance increases with temperature: heating increases atomic
vibration, which impedes the movement of free electrons, so a hot filament (as in
a light bulb) has higher resistance than a cold one. In semiconductors and
insulators, however, resistance typically decreases as temperature rises, since
more charge carriers (electrons or holes) are released, increasing conductivity —
this is the working principle of the thermistor, a semiconductor-based resistor
whose resistance drops as its temperature increases.

16.6 Potential Divider Circuits and Resistor Colour Codes

A potential (voltage) divider splits a supply voltage into smaller parts using two
or more resistors connected in series: for resistors R1 and Rz, the voltage across
each is proportional to its share of the total resistance, following Ri/R2 = V1/V2,
with the total voltage Vwta = V1 + V2; each individual voltage can be found
directly as Vi = Viotat X R1/(R14+R2) and V2 = Viotal X R2/(R1+R2).

Resistor colour codes use coloured bands printed on a resistor to indicate its
resistance value and tolerance (the allowed variation from the stated value)
without needing a multimeter. In a standard four-band resistor, the first two
bands give the first two digits, the third band gives the multiplier, and the fourth
gives the tolerance; each colour corresponds to a specific digit/multiplier
(black=0, brown=1, red=2, orange=3, yellow=4, green=5, blue=6, violet=7,
grey=8, white=9), with gold (x10-2, £5%) and silver (x10-%, £10%) commonly
used as tolerance bands. For example, red-violet-yellow-gold gives digits 2 and 7,



multiplier x104, so resistance = 27 x 104 = 270,000 Q = 270 kQ, with £5%
tolerance.

16.7 NTC Thermistors and Light-Dependent Resistors (LDRs)

A Negative Temperature Coefficient (NTC) thermistor is a resistor whose
resistance decreases as temperature increases, because rising temperature
gives charge carriers more energy to move freely through the semiconductor
material, reducing resistance. NTC thermistors are used as input sensors in
temperature-sensing circuits, such as electronic thermometers, temperature-
monitoring circuits, temperature compensation, and overcurrent protection in
power supplies (where resistance changes limit current as temperature rises).

A light-dependent resistor (LDR) is a resistor whose resistance decreases as light
intensity increases, because absorbed light energy excites electrons in its
photoconductive material, allowing more current to flow as light gets brighter.
LDRs are used as input sensors in light-sensing circuits, such as automatic street
lighting that turns on as it gets dark, and brightness sensors in cameras that
automatically adjust exposure based on ambient light.

16.8 Electric Power, Joule's Law, and the Kilowatt-Hour

Electric power is the rate at which electrical energy is transferred or consumed: P
= W/t, with SI unit watt (W), where 1 W = 1 ] s~1. Since V = IR, power can also be
written as P = IV, and substituting further gives P = I?R and P = V?/R — three
equivalent forms useful in different situations. Joule's law describes the heat
produced by current flowing through resistance: H = I?Rt, or equivalently H = P x
t (heat energy equals power multiplied by time); for example, a 100 W bulb
running for 10 s produces H = 100 x 10 = 1000 J of heat.

Since household electrical energy use is very large, it is measured in kilowatt-
hours (kWh) rather than joules: one kilowatt-hour is the energy delivered by a
power of 1 kW over 1 hour (1 kWh = 1000 W x 3600 s = 3.6x10° ] = 3.6 MJ).
Energy in kWh = (Power in watts x time in hours)/1000, and the electricity bill
cost = number of units (kWh) consumed x cost per unit. Worked Example: a 100
W fan used 10 hours daily for 30 days consumes 0.1 kW x 10 h x 30 = 30 units;
at Rs. 25 per unit, the monthly cost is 30 x 25 = Rs. 750. Choosing components



with suitable power ratings is essential for circuit safety, reliability, and
efficiency.

16.9 Household Circuits and Electrical Safety

Household appliances are connected in parallel, so each device (refrigerator,
lights, TV) gets its own independent connection to the supply at the same
constant voltage; this means one appliance can be switched off or a fuse can
blow without cutting power to the rest of the house, making parallel wiring safer
and more reliable than series wiring for domestic use. Common electrical hazards
include damaged insulation (exposing live wires and risking shocks or short
circuits), overheating cables (from carrying more current than designed for), and
overloading sockets or extension leads (drawing excess current and risking fire).

Fuses contain a thin wire that melts and breaks the circuit when current exceeds
a safe level; trip switches (circuit breakers) automatically cut power when they
detect a fault such as an overload or short circuit — both are connected into the
live wire so the entire circuit is safely switched off when triggered. A typical
mains circuit has three wires: the live (line) wire carrying current from the supply,
the neutral wire completing the circuit, and the earth wire providing a safe, low-
resistance path for fault current — if a live wire touches an earthed metal casing,
current flows safely to ground rather than through a person touching the
appliance, and this surge also trips the fuse/breaker. This is why appliance
casings must be either non-conducting (double-insulated, as in many plastic-
cased power tools) or properly earthed (as in metal-cased appliances like
washing machines); electric shocks can cause burns and disrupt the body's own
electrical signals, potentially causing cardiorespiratory failure, which is why these
safety measures are so critical.

Important Definitions

Define electric current.
The amount of charge passing through a cross-section of a conductor per unit
time: | = Q/t, measured in amperes (A), where 1 A=1Cs™ 1.

Define electromotive force (e.m.f.).



The electrical energy supplied by a source (like a battery) per unit charge as it
moves around a complete circuit: E = W/Q, measured in volts.

Define potential difference (voltage).
The work done (energy converted) per unit charge as it passes through a
component in a circuit: V = W/Q, measured in volts, where 1V =1 CL

State Ohm's law.

The current through a conductor is directly proportional to the potential
difference across it, provided physical conditions remain constant: V = IR, where
R is resistance in ohms (Q).

Define resistivity.

A material property quantifying how strongly it resists current flow, defined via R
= pL/A; equal to the resistance of a 1 m3 sample of the material, measured in
ohm-metres (Q m).

What is an NTC thermistor?
A resistor made of semiconductor material whose resistance decreases as
temperature increases, used as a temperature sensor.

What is a light-dependent resistor (LDR)?
A resistor whose resistance decreases as light intensity increases, used as a light
sensor in circuits like automatic street lighting.

Define the kilowatt-hour (kWh).

The amount of electrical energy delivered by a power of one kilowatt over one
hour; 1 kWh = 3.6 x 10° J, the standard unit used for billing electricity
consumption.

Key Formulas

Topic Formula

Electric current I=Q/t

E.m.f. / Potential difference E=W/Q,V=W/Q
Ohm's law V =IR

Series resistance Re = R1 + R2 + Rs



Parallel resistance 1/Re = 1/R1 + 1/R2 + 1/Rs
Resistivity R = pL/A
Electric power P=1IV =I?2R =V?R

Heat energy (Joule's law) / kWh  H = I2Rt = Pt; Units (kWh) = (P in W X tin h)/1000

Diagrams

Series and Parallel Resistor Combinations: Three resistors connected in
series (single current path) compared with three resistors connected in parallel
(multiple current paths)

Resistor Colour Code: A four-band resistor labelled with colour bands for the
first digit, second digit, multiplier, and tolerance

Household Circuit Safety: Fuse and Earth Wire: A simplified household
circuit showing live, neutral, and earth wires, with a fuse in the live wire and an
earthed appliance casing

Short Questions & Answers

How does an ammeter measure electric current?

An ammeter is connected in series with the component being tested, so the
same current flows through it; it displays this current on an analog needle-and-
scale or a digital numerical readout.

What is the main difference between direct current and alternating
current?

Direct current (DC) flows in one direction only with constant voltage, as from a
battery; alternating current (AC) periodically reverses direction, as supplied by
power stations (50 Hz in Pakistan).

Define electromotive force (e.m.f.).
The electrical energy supplied by a source, such as a battery, per unit charge as
it moves once around a complete circuit: E = W/Q, measured in volts.

State Ohm's law and define resistivity.



Ohm's law: current through a conductor is directly proportional to the potential
difference across it at constant physical conditions, V = IR. Resistivity (p) is a
material property quantifying resistance per unit length and area, via R = pL/A,
measured in ohm-metres.

What is the formula for calculating the equivalent resistance of
resistors connected in series?

Re = R1 + Rz + R3 + ... — the equivalent resistance is simply the sum of the
individual resistances.

How does temperature affect the resistance of a conductor?

For most metallic conductors, resistance increases with temperature, since
increased atomic vibration impedes electron movement; for semiconductors like
thermistors, resistance instead decreases with temperature, as more charge
carriers become available.

What is a kilowatt-hour, and why is it used?

A kilowatt-hour (kWh) is the energy delivered by 1 kW of power over 1 hour
(3.6x10¢]); it is used because household electrical energy consumption is very
large, and kWh gives a more practical, human-scale unit for billing.

Why must fuses and circuit breakers be connected into the live wire?
Connecting them in the live wire ensures that when a fault trips the fuse or
breaker, the supply of current into the circuit is cut off completely and safely,
rather than leaving the appliance connected to a live but unswitched wire.

Long Questions & Answers

Explain the concept of electric current, its relation to the movement
of charges, and how it is measured in a circuit.

Electric current is the flow of electric charge through a conductor, caused by the
directed movement of free electrons (in metals) under the influence of an applied
electric field; without an applied field, these free electrons move randomly in all
directions, but once a voltage is applied, they drift in a specific direction,
constituting a current. Quantitatively, current is defined as the amount of charge
Q passing through a cross-section of a conductor per unit time t: | = Q/t,
measured in amperes (A), where one ampere corresponds to one coulomb of



charge flowing per second. Historically, before electrons were discovered, current
was assumed to be due to the flow of positive charge from a source's positive
terminal to its negative terminal — this is called conventional current, and
remains the standard convention used in circuit diagrams and analysis today,
even though we now know that in metals it is actually negatively charged
electrons flowing in the opposite direction (from negative to positive terminal)
that carry the current; the movement of electrons in one direction is electrically
equivalent to the movement of positive charge in the other. Current is measured
using an ammeter, which must always be connected in series with the
component whose current is being measured, so that the full current being
measured actually flows through the meter itself; ammeters are available as
analog types (using a needle and scale, useful for simple visual demonstrations)
or digital types (giving a precise numerical readout), and both come with
multiple selectable ranges to accurately measure currents of different
magnitudes without damaging the instrument.

Define electromotive force (e.m.f.) and potential difference, and
explain how a battery creates potential difference and how e.m.f.
maintains current flow.

Electromotive force (e.m.f.) is the electrical energy supplied by a source, such as
a battery, per unit charge as that charge is driven once around a complete
circuit, expressed as E = W/Q, where W is the energy converted from a non-
electrical form (chemical, thermal, or mechanical) into electrical form, and Q is
the charge moved; e.m.f. is measured in volts, where one volt equals one joule of
energy per coulomb of charge. Potential difference (p.d., also called voltage) is
closely related but distinct: it is the energy used (converted from electrical to
another form, such as heat or light) per unit charge as that charge passes
through a specific component in the circuit, expressed using the same basic
relationship V = W/Q. Inside a battery, a chemical reaction causes electrons to
build up at the negative terminal while creating a shortage of electrons at the
positive terminal; this imbalance of charge between the two terminals is exactly
what creates a potential difference across the battery. Once the battery is
connected into a complete circuit, this potential difference drives current:
positive charge conventionally flows from the higher-potential (positive) terminal,
through the external circuit and any connected components, to the lower-



potential (negative) terminal. However, for the current to continue flowing
continuously rather than stopping once the charge reaches the negative
terminal, the battery's ongoing chemical reaction must continuously do work to
push charge back from the negative terminal to the positive terminal internally,
ready to flow around the circuit again — this internal work, supplying the energy
that sustains continuous current flow against the resistance of the circuit, is
precisely the role of the e.m.f.: without it, any initial current would quickly die out
as the charge imbalance driving it was neutralized.

State and explain Ohm's law, and describe how resistors combine in
series and in parallel, including the formulas for total resistance in
each case.

Ohm's law, established experimentally by Georg Simon Ohm in 1826, states that
the current flowing through a conductor is directly proportional to the potential
difference applied across its ends, provided the conductor's physical conditions
— such as its dimensions and temperature — remain unchanged. This
relationship is expressed as V = IR, where R, the resistance, is the constant of
proportionality linking voltage and current for that particular conductor,
measured in ohms (Q); a higher resistance means that a larger voltage is needed
to drive the same current through the conductor, since resistance directly
opposes and limits the flow of charge. When several resistors are combined in a
circuit, how they are connected determines the circuit's total (equivalent)
resistance and behaviour. In a series combination, resistors are connected end-
to-end so there is only a single path for current to follow; because the same
current flows through each resistor, but each individually adds its own voltage
drop, the total voltage across the combination is the sum of the individual
voltage drops, which leads directly to the equivalent resistance formula Re = R1
+ R2 + R3 — meaning series resistance always adds up, making the total
resistance greater than any single resistor in the chain. In a parallel combination,
resistors are instead connected so that multiple separate paths exist for current
to flow between the same two points; because each resistor experiences the
identical voltage (the full supply voltage), but the current divides itself among
the available paths according to each resistor's individual resistance, the total
current is the sum of the branch currents, which leads to the reciprocal formula
1/Re = 1/R1 + 1/R2 + 1/R3 — meaning parallel resistance combinations always



result in a total resistance smaller than the smallest individual resistor, since
adding more parallel paths only makes it easier, not harder, for current to flow
overall.

Discuss the safety features of household electrical circuits, including
the role of the earth wire, fuses, and trip switches, and explain why
domestic supplies are connected in parallel.

Household electrical circuits are deliberately designed with several layers of
protection to prevent electric shocks, fires, and damage to property. A typical
mains circuit consists of three wires: the live (or line) wire, which carries current
from the power supply at high potential; the neutral wire, which completes the
circuit and returns current at close to zero potential; and the earth wire, a
dedicated safety conductor connected to the ground. The earth wire's purpose
becomes critical if a fault develops — for instance, if damaged insulation allows
the live wire to accidentally touch an appliance's metal casing. Without an earth
connection, that casing would become live at full mains voltage, posing a serious
shock hazard to anyone who touches it; with a properly earthed casing, however,
the fault current instead flows harmlessly through the low-resistance earth wire
into the ground, and this sudden surge of current is exactly what triggers a fuse
to melt or a trip switch (circuit breaker) to activate, cutting off the power
automatically. This is precisely why an appliance's outer casing must be either
non-conducting (double-insulated, typically using plastic casings, as in many
power tools, which cannot become live even without earthing) or properly
earthed (as in metal-cased appliances like washing machines and refrigerators)
— one of these two protections must always be present. Fuses and trip switches
are both deliberately connected into the live wire of a circuit, rather than the
neutral wire, because this ensures that when they activate, the incoming supply
of current is fully interrupted, leaving the appliance completely disconnected
from the live potential rather than merely from the return path. Finally, domestic
electrical supplies are connected in parallel — rather than in series — specifically
for safety and convenience: in a parallel arrangement, every appliance receives
its own independent connection at the same full supply voltage, meaning that
any single appliance can be switched off, unplugged, or fail (blowing its own
fuse) without disrupting the voltage or operation of any other appliance in the
home; in a series arrangement, by contrast, one broken or switched-off appliance



would interrupt the single shared current path and cut off power to every other
device in the same circuit, which would be both highly impractical and
considerably more dangerous.

Multiple Choice Questions (MCQs)

The direction of conventional current is: (A) from negative to positive
terminal (B) from positive to negative terminal (C) in both directions at
the same time (D) it does not have a fixed direction

Correct answer: (B) from positive to negative terminal. Conventional current is
defined as flowing from the positive terminal, through the external circuit, to the
negative terminal.

What type of electric current flows in one direction only? (A) Alternating
current (B) Direct current (C) Induced current (D) None of these

Correct answer: (B) Direct current. Direct current (DC) flows in a single, constant
direction, unlike alternating current, which periodically reverses.

The device used to measure electric current is: (A) voltmeter (B)
ammeter (C) ohmmeter (D) wattmeter

Correct answer: (B) ammeter. An ammeter measures electric current and is
connected in series with the circuit component being tested.

What is the function of an e.m.f. source in a circuit? (A) To reduce
resistance in the circuit (B) To provide energy to drive charges through
the circuit (C) To store electrical energy for later use (D) To convert
electrical energy into mechanical energy

Correct answer: (B) To provide energy to drive charges through the circuit. An
e.m.f. source supplies the energy needed to keep charges moving continuously
around a complete circuit.

The relationship between voltage, current, and resistance is: (A) V = IR
(B)V=I/R(C)V =1°R (D) V =R/

Correct answer: (A) V = IR. Ohm's law states V = IR, relating voltage, current,
and resistance directly.

What happens to the resistance of a metal conductor when its
temperature increases? (A) It decreases (B) It remains constant (C) It
increases (D) It becomes zero



Correct answer: (C) It increases. In most metals, increased temperature increases
atomic vibration, impeding electron flow and raising resistance.

One kilowatt-hour (1 kWh) of energy is equal to: (A) 1000 ) (B) 3600 )
(C) 3.6 x 10¢ ) (D) 1)
Correct answer: (C) 3.6 x 10°J. 1 kWh = 1000 W x 3600 s = 3.6 x 10°].

A resistor with colour bands Red-Violet-Yellow-Gold has a resistance of:
(A) 27 Q (B) 2,700 Q (C) 270,000 Q (D) 27,000,000 Q

Correct answer: (C) 270,000 Q. Red=2, Violet=7, Yellow multiplier=10%: 27 x 104
= 270,000 Q (270 kQ), with gold 5% tolerance.

A Negative Temperature Coefficient (NTC) thermistor's resistance: (A)
increases as temperature increases (B) decreases as temperature
increases (C) stays constant with temperature (D) becomes infinite at
high temperature

Correct answer: (B) decreases as temperature increases. An NTC thermistor's
resistance decreases as temperature rises, since more charge carriers become
available in its semiconductor material.

Electric power can be correctly expressed as: (A) P=1/V(B)P=IV (C)P
=V/IZ(D)P =1/R

Correct answer: (B) P = IV. Electric power P = IV (current X voltage), equivalent
to P = IR and P = V?/R using Ohm's law.

Quick Revision Summary

e Current: | = Q/t (amperes); conventional current (+ to —) vs electronic current
(electron flow, — to +)

* DC: one direction, constant; AC: reverses periodically (50 Hz in Pakistan),
better for long-distance transmission

« E.m.f. E = W/Q (energy supplied by source); p.d. V = W/Q (energy used by
component) — both in volts

* Series e.m.f.: Etotai = E1+E2+...; Parallel identical e.m.f.: Etota = E (single source
value, more available current)

* Ohm's law: V = IR. Series: Re=R1+R2+Rs (current same, voltage adds).
Parallel: 1/Re=1/R1+1/R2+1/Rs (voltage same, current adds)



* Resistivity: R = pL/A; metals: resistance T with temperature; semiconductors/
thermistors: resistance | with temperature

* Potential divider: Ri/R2 = V1/Vz; resistor colour code: digit-digit-multiplier-
tolerance bands

* NTC thermistor (temperature sensor) and LDR (light sensor): both show falling
resistance with rising stimulus

* Power: P=IV=I?R=V?/R; Heat/energy: H=Pt; kWh = (P in W X t in h)/1000; cost
= units X price/unit

* Household circuits: parallel wiring (independent appliances); live/neutral/earth
wires; fuse & trip switch in live wire; earthing/double-insulation prevents shock

Exam Tips

* Always state ammeters connect in SERIES (low resistance) and voltmeters
connect in PARALLEL (high resistance) — a frequently tested distinction

* For series vs parallel resistor problems, remember: series ADDS resistances
directly; parallel uses RECIPROCALS and always gives a smaller total

* Convert all values to base Sl units (Q, m, m2, A, V) before substituting into
resistivity or power formulas

* For kWh/billing problems, always convert watts to kilowatts (divide by 1000)
before multiplying by hours

* Remember NTC thermistors and LDRs both work the same way conceptually:
resistance falls as the relevant stimulus (temperature or light) rises

* For household safety questions, always mention all three: fuse/trip switch (in
the live wire), earth wire, and double-insulation/earthing of casings



Chapter 17: Electromagnetism

Electromagnetism is the branch of physics that deals with the interaction
between electric and magnetic fields. It explains how a moving electric charge —
an electric current — creates a magnetic field, and conversely, how a magnetic
field can exert a force on a current-carrying conductor. This chapter covers the
magnetic field patterns produced by straight wires and solenoids, the right-hand
grip rule, and the forces between parallel current-carrying conductors.

It goes on to explain the force on a current-carrying conductor in a magnetic field
(F = BIL sinB) and Fleming's left-hand rule, the turning effect (torque) on a
current-carrying coil and how this principle powers the electric motor with its
split-ring commutator, the magnetic-effect applications in relays and
loudspeakers, and finally the origin of the Earth's own magnetic field.

Learning Objectives

* Describe the pattern and direction of the magnetic field due to currentin a
straight wire and in a solenoid, using the right-hand grip rule

» State the effect on the magnetic field of changing the magnitude and
direction of the current

* Describe how the magnetic effect of a current is used in relays and
loudspeakers

* Describe an experiment showing that a force acts on a current-carrying
conductor in a magnetic field, including reversing the current and the field

» State and use the relative directions of force, magnetic field, and current
(Fleming's left-hand rule), and calculate force using F = BIL sin6

* Describe the magnetic field patterns between parallel current-carrying
conductors and relate these to the forces on the conductors

» State that a current-carrying coil in a magnetic field experiences a turning
effect, and identify the factors that increase it

* Describe the operation of an electric motor, including the action of a split-ring
commutator and carbon brushes

* Describe and explain the action of relays in switching circuits



» State the theorized origin of the Earth's magnetic field in the rotation of its

molten iron core

Key Concepts
17.1 Magnetic Field Due to Current in a Straight Wire

Hans Christian Oersted discovered that a steady electric current flowing through
a conductor generates a magnetic field B around it. This can be demonstrated by
passing a current-carrying wire through a vertical cardboard sheet sprinkled with
iron filings or surrounded by small compasses: the filings/compass needles
arrange themselves in concentric circles around the wire, aligning tangentially to
the circular magnetic field lines. If the current direction is reversed, the compass
needles and iron filings reverse their alignment too, showing that the magnetic
field's direction depends on the direction of current flow.

The direction of this magnetic field is found using the right-hand grip rule: if the
wire is held in the right hand with the thumb pointing in the direction of the
current, the curled fingers point in the direction of the magnetic field. In the dot-
and-cross convention used in diagrams, a dot (¢) represents current flowing out
of the page, and a cross (Xx) represents current flowing into the page. The
magnetic field is strongest close to the wire and weakens with increasing
distance from it — this is essential in electrical engineering, especially in circuits
carrying alternating current.

17.2 Magnetic Field Due to Current in a Solenoid

A solenoid is a coil of wire wound in the shape of a cylinder; when current flows
through it, the combined magnetic effect of every loop adds together to produce
a strong, uniform magnetic field similar to that of a bar magnet, with a distinct
north pole and south pole. Because a solenoid behaves as a temporary magnet
powered by electricity, it is called an electromagnet, and it can attract or repel a
permanent bar magnet just as a real magnet would.

The direction of a solenoid's magnetic field is found using the right-hand rule for
solenoids: if the solenoid is gripped with the right hand so that the curled fingers
point in the direction of the conventional current flowing through the coils, the



extended thumb points towards the solenoid's north pole. Because their
magnetic strength can be switched on/off and adjusted simply by controlling the
current, electromagnets are widely used in motors, relays, and magnetic locks.

17.3 Properties of Magnetic Field Lines and Forces Between Parallel
Conductors

Like electric field lines, magnetic field lines are an imaginary but useful way to
visualize a magnetic field, and they obey several key properties: they always
emerge from the north pole and terminate at the south pole; they always form
closed loops (continuing inside the magnet from south back to north); at any
point, the tangent to a field line gives the field's direction; magnetic field lines
never cross one another; and where the lines are closer together the field is
stronger, while where they are more spread apart the field is weaker.

When two parallel wires carry current in the same direction, the magnetic fields
they generate interact so that the field between the wires is weakened while the
field outside is strengthened, causing the two wires to attract each other. When
the currents in the two wires flow in opposite directions, their magnetic fields
between the wires reinforce each other, pushing the wires apart, so the wires
repel each other. This attraction/repulsion behaviour between current-carrying
conductors is the basic principle underlying electromagnetic devices such as
electric motors and electromagnets.

17.4 Force on a Current-Carrying Conductor in a Magnetic Field

Since an electric current generates its own magnetic field, and a magnetic field
exerts a force on a magnet, it follows that a current-carrying conductor placed
inside an external magnetic field will also experience a force. When a wire
carrying current is placed between the poles of a permanent magnet, the wire's
own magnetic field interacts with the magnet's field, and the wire is pushed
sideways — Michael Faraday found that this force always acts at right angles to
both the magnetic field direction and the current direction.

The magnitude of this force increases with a larger current (l), a stronger
magnetic field (B), and a greater length (L) of wire inside the field, and is
calculated as F = BIL sinB, where 0 is the angle between the current and the
field; the force is maximum (F = BIL) when the wire is perpendicular to the field,



and zero when the wire runs parallel to the field. The direction of the force is
found using Fleming's left-hand rule: holding the thumb, forefinger, and middle
finger of the left hand mutually at right angles, with the forefinger showing the
magnetic field direction and the middle finger showing the current direction, the
thumb then points in the direction of the force. The Sl unit of magnetic field (flux
density) is the tesla (T): a field of 1 T causes a force of 1 N on a 1 m length of
wire carrying a current of 1 A placed perpendicular to the field, i.,e. 1 T=1NA-!

m-L,
17.5 Turning Effect on a Current-Carrying Coil

Consider a rectangular coil PQRS carrying current, placed perpendicular to a
magnetic field between the poles of a permanent magnet. Applying Fleming's
left-hand rule to the two sides PQ and RS shows that, because current flows in
opposite directions along these two sides, the forces on them are equal in
magnitude but opposite in direction — the force on PQ acts outward while the
force on RS acts inward. These two equal-and-opposite forces form a couple, and
a couple produces a rotational effect (torque), which causes the coil to begin
rotating. This turning effect of a current-carrying coil in a magnetic field is the
fundamental working principle of the electric motor.

The strength of this turning effect can be increased in three ways: increasing the
number of turns in the coil (more loops mean a stronger overall turning effect);
increasing the current flowing through the coil (more current creates a stronger
torque); and increasing the strength of the magnetic field (a stronger magnet
produces greater torque). These three factors are exactly what engineers adjust
to make electric motors more powerful and efficient.

17.6 Electric Motor

An electric motor is a device that converts electrical energy into mechanical
energy. There are two broad types: alternating current (AC) motors and direct
current (DC) motors. A DC motor works through the interaction between a
current-carrying coil (called the armature) and a surrounding magnetic field:
when the coil is placed in the field, it experiences a couple of forces that cause it
to rotate.



However, without additional help, the coil would stop rotating after turning
through 90°, because at that point the forces on its sides (PQ and RS) push it into
a position perpendicular to the field, where the net turning force becomes zero.
To keep the coil rotating continuously, the direction of the current through it must
be reversed exactly as the coil reaches this vertical position — this is achieved by
a split-ring commutator, a metal ring split into two halves, each connected to one
end of the coil, together with carbon brushes that maintain sliding electrical
contact with the commutator as it rotates. As the coil turns and reaches the
vertical position, each half of the commutator switches which brush it touches,
reversing the current direction in the coil and, with it, the direction of the forces
— allowing the coil to keep rotating continuously in the same direction. The
speed of the motor can be controlled by adjusting the current flowing through it.

17.7 Relay

A relay is an electrical device that uses the magnetic effect of a current to control
a separate circuit, acting as a bridge that lets a small input current switch a
much larger output current on or off. A mechanical relay has four key parts: (a) a
coil wound around a magnetic core, which produces a magnetic field whenever
current flows through it; (b) an armature, a small movable piece that is pulled
towards the core when the coil becomes magnetised; (c) a return spring, which
pulls the armature back to its original position once the current stops, resetting
the relay; and (d) a moving contact attached to the armature, which opens or
closes the output circuit as the armature moves.

When the input switch is OFF, no current flows through the coil, the armature
stays in its normal position, and the output circuit (e.g. a lamp) remains open, so
the lamp does not glow. When the input switch is turned ON, current flows
through the coil, magnetising it; the magnetised core pulls the armature towards
itself, closing the output circuit's moving contact, so the lamp glows. Relays are
widely used to open door locks and to start motors in cars and heavy machinery
using only a small control current.

17.8 Loudspeaker

A loudspeaker also relies on the magnetic effect of current, converting an
electrical audio signal into sound. It consists of a coil attached to a flexible



diaphragm, positioned inside the field of a permanent magnet. When an
alternating current (the audio signal) flows through the coil, it generates a
varying magnetic field that interacts with the permanent magnet's field,
producing a force on the coil that makes it move back and forth rapidly.

This back-and-forth motion of the coil vibrates the attached diaphragm, which
pushes and pulls the surrounding air to produce sound waves that correspond to
the original electrical signal — louder and higher- or lower-pitched sounds
correspond to larger or more rapid variations in the current. Loudspeakers are
essential components of audio systems, public address systems, and televisions.

17.9 Earth's Magnetic Field

The Earth's magnetic field acts like an invisible protective shield surrounding the
planet and stretching far into space, resembling the field of a giant bar magnet
with a north and south pole. Unlike an ordinary magnet, however, the Earth's
field constantly shifts over time and can even reverse (flip) over long geological
timescales. This field is essential to life because it deflects dangerous solar wind
particles and cosmic radiation away from the Earth's surface, and it also enables
navigation, helping both humans and migratory animals such as birds and sea
turtles sense direction.

Scientists believe the Earth's magnetic field is generated by the dynamo effect
within its molten iron core. The core consists of a solid inner core and a liquid
outer core made of molten iron and nickel; as the Earth spins, heat escaping from
the solid inner core causes the liquid outer core to churn and flow, and this
movement of electrically charged, conducting liquid metal generates electric
currents. These currents in turn produce magnetic fields that combine and
reinforce each other due to the Earth's rotation, sustaining the overall magnetic
field through a continuous process called magnetohydrodynamics — this process
powers the magnetosphere, the protective magnetic barrier that shields the
Earth from harmful solar wind and space radiation.

Important Definitions

Define magnetic field.



The region around a magnet or a current-carrying conductor within which a
magnetic force can be detected, represented visually using magnetic field lines.

What is an electromagnet?

A temporary magnet formed when current flows through a solenoid (a coil of
wire), producing a magnetic field similar to a bar magnet's, which can be
switched on/off and controlled by adjusting the current.

State the right-hand grip rule.

If a current-carrying wire is held in the right hand with the thumb pointing in the
direction of current flow, the curled fingers point in the direction of the
surrounding magnetic field.

Define the tesla (T), the Sl unit of magnetic field.
The magnetic field strength that causes a force of 1 N on a 1 m length of wire
carrying a current of 1 A placed perpendicular to the field: 1 T=1N A"t m-1.

State Fleming's left-hand rule.

With the thumb, forefinger, and middle finger of the left hand held mutually at
right angles: the forefinger shows the field direction, the middle finger shows the
current direction, and the thumb then shows the direction of the force on the
conductor.

What is a couple, and what effect does it produce on a current-carrying
coil?

A pair of equal and opposite forces acting on opposite sides of a coil in a
magnetic field; this couple produces a turning effect (torque) that makes the coil
rotate — the working principle of an electric motor.

Define a relay.

An electrical device that uses the magnetic effect of a current in a coil to open or
close a separate (often higher-power) circuit, acting as a bridge between a small
input current and a larger output current.

What is the dynamo effect?

The process by which the motion of electrically conducting liquid metal in the
Earth's outer core generates electric currents, which in turn produce and sustain
the Earth's magnetic field.



Key Formulas

Topic Formula

Force on a current-carrying

F = BIL sin®

conductor
Force when wire is

. . F = BIL
perpendicular to field (6 = 90°)
Definition of the tesla 1T=1NATm?
Right-hand grip rule (straight Thumb = current direction; curled fingers =
wire) magnetic field direction

) ) Curled fingers = current direction; thumb = north
Right-hand rule for a solenoid _ _
pole direction

Forefinger = field (F); middle finger = current (l);

Fleming's left-hand rule
thumb = force/thrust (T)

_ _ Torque increases with: number of turns (N) T,
Turning effect (torque) on a coil o
current (I) T, magnetic field strength (B) 1

Same-direction currents - attraction; opposite-
Parallel conductors , , ,
direction currents - repulsion

Diagrams

Magnetic Field of a Straight Wire and a Solenoid: Concentric magnetic field
lines around a straight current-carrying wire (right-hand grip rule) alongside the
field pattern of a current-carrying solenoid resembling a bar magnet

D.C. Motor with Split-Ring Commutator: A rectangular coil PQRS in a
magnetic field, showing the forces from Fleming's left-hand rule and the split-ring
commutator with carbon brushes that reverse current every half turn

Relay Mechanism: The main parts of a mechanical relay — coil, core, armature,
return spring, and moving contact — shown in the switch-OFF and switch-ON
states



Short Questions & Answers

What is the direction of the magnetic field around a straight current-
carrying wire?

It forms concentric circles around the wire; its direction is found using the right-
hand grip rule — thumb points along the current, curled fingers show the field
direction.

What happens to the magnetic field if the current in a wire is increased?
The magnetic field becomes stronger; the field's strength is directly related to
the magnitude of the current flowing through the wire.

How can you identify the north and south poles of an unmarked
electromagnet (solenoid)?

Using the right-hand rule for a solenoid: grip the coil so curled fingers follow the
direction of conventional current; the extended thumb points to the north pole.

State Fleming's left-hand rule and explain what it is used for.
Holding the thumb, forefinger, and middle finger of the left hand mutually at
right angles, with forefinger = field and middle finger = current, the thumb
shows the direction of the force (thrust) on a current-carrying conductor in a
magnetic field.

What role does the commutator play in a D.C. motor?

The split-ring commutator reverses the direction of current in the coil every half
rotation, exactly when the coil is vertical, so that the turning force continues to
act in the same rotational direction and the coil keeps spinning continuously.

What is the theorized source of the Earth's magnetic field?

It is believed to be generated by the dynamo effect: the movement of electrically
conducting molten iron and nickel in the Earth's liquid outer core, driven by heat
from the solid inner core as the Earth rotates.

How do the forces between two parallel current-carrying wires depend
on the current directions?

If the currents flow in the same direction, the wires attract each other; if the
currents flow in opposite directions, the wires repel each other.

List three ways to increase the turning effect on a current-carrying coil
in a magnetic field.



Increase the number of turns in the coil; increase the current flowing through the
coil; increase the strength of the magnetic field.

Long Questions & Answers

Explain, with reference to an experiment, how the magnetic field
produced by a current-carrying straight wire can be demonstrated,
and describe how its direction is determined.

A steady electric current flowing through a conductor generates a magnetic field
around it, as first discovered by Hans Christian Oersted. This can be
demonstrated experimentally by passing a straight current-carrying wire
vertically through a horizontal cardboard sheet, either sprinkled with iron filings
or surrounded by several small plotting compasses placed at different points
around the wire. When current flows through the wire, the iron filings arrange
themselves into a clear pattern of concentric circles centred on the wire, and the
compass needles align themselves tangentially to these circles, pointing in the
direction of the magnetic field at each point. If the direction of the current is
reversed (for example, by switching the battery terminals), the pattern of iron
filings and the direction the compass needles point both reverse as well, directly
demonstrating that the magnetic field's direction depends on the direction of
current flow, and confirming that a magnetic field only exists around the wire
while current is actually flowing through it. The direction of this magnetic field at
any point is determined using the right-hand grip rule: if the current-carrying wire
is grasped in the right hand with the thumb extended in the direction of the
conventional current, the fingers naturally curl around the wire in the same sense
as the magnetic field lines, giving a quick and reliable way to predict the field
direction anywhere around a straight current-carrying conductor. In circuit
diagrams, this three-dimensional field is often represented using the dot-and-
cross convention, where a dot represents current (or field) emerging out of the
page towards the viewer, and a cross represents current (or field) going into the
page away from the viewer.



Describe, with the aid of Fleming's left-hand rule, how the force on a
current-carrying conductor in a magnetic field arises, and state the
factors affecting its magnitude.

A current-carrying conductor generates its own magnetic field around itself.
When such a conductor is placed within an external magnetic field, such as that
between the poles of a permanent magnet, the conductor's own field interacts
with the external field: on one side of the wire the two fields add together
(becoming stronger), while on the other side they oppose each other (becoming
weaker); this asymmetry results in a net sideways force pushing the wire from
the region of the stronger combined field toward the region of the weaker
combined field. Michael Faraday established that this force always acts at right
angles to both the direction of the current and the direction of the magnetic field.
The magnitude of the force is given by F = BIL sinB, where B is the magnetic flux
density (in tesla), | is the current (in amperes), L is the length of the conductor
within the field (in metres), and 8 is the angle between the current direction and
the field direction; the force is therefore directly proportional to each of the
current, the field strength, and the length of wire within the field, and is greatest
(F = BIL) when the conductor lies perpendicular to the field, falling to zero when
the conductor lies parallel to the field. The direction of the force is found using
Fleming's left-hand rule: with the thumb, forefinger, and middle finger of the left
hand held mutually perpendicular to one another, the forefinger is pointed along
the direction of the magnetic field and the middle finger along the direction of
the current, and the thumb then automatically points in the direction of the
resulting force (or thrust) on the conductor — reversing either the current or the
field direction reverses the direction of the force, as can be verified
experimentally.

Explain the working principle of a simple D.C. motor, describing in
detail the role of the split-ring commutator and carbon brushes, and
how continuous rotation is achieved.

A D.C. motor converts electrical energy into mechanical energy by exploiting the
turning effect produced when a current-carrying coil (the armature) is placed
inside a magnetic field. Considering a rectangular coil PQRS positioned
perpendicular to a magnetic field: when current flows through the coil, Fleming's



left-hand rule shows that the two sides PQ and RS, which carry current in
opposite directions relative to each other, experience forces that are equal in
magnitude but opposite in direction — one side is pushed outward while the
other is pushed inward. These two opposing forces form a couple, producing a
torque that begins to rotate the coil around its axis. However, if nothing else
were done, this rotation would only continue for a quarter turn (90°): once the
coil reaches the position where it lies perpendicular to the magnetic field
(parallel to the pole faces), the forces on PQ and RS act directly along the plane
of rotation rather than turning it further, so the net torque momentarily drops to
zero and the coil would simply stop or oscillate back and forth rather than
spinning continuously. To solve this problem, a split-ring commutator is used: this
is @ metal ring, split into two separate half-rings, with each half permanently
connected to one end of the coil. Stationary carbon brushes press against the
outside of the rotating commutator, maintaining continuous electrical contact
between the external circuit and the spinning coil. As the coil rotates and
approaches the critical vertical position where the torque would otherwise
vanish, the gap between the two half-rings of the commutator passes
underneath the brushes, and each brush then makes contact with the opposite
half-ring to the one it was touching before — this instantly reverses the direction
of current flow through the coil. Because the current direction reverses at exactly
this moment, the direction of the forces on sides PQ and RS also reverses, so that
the torque continues to act in the same rotational sense as before, driving the
coil past the vertical position and allowing it to keep rotating continuously in one
direction rather than stalling or reversing. The speed of rotation of the motor can
be increased or decreased simply by increasing or decreasing the current
supplied to the coil.

Discuss the theory behind the origin of the Earth's magnetic field
and explain why this field is important for life on Earth.

The Earth behaves as if it contains a giant bar magnet at its centre, producing a
magnetic field with a north and south pole that extends far out into space,
forming a protective region called the magnetosphere. Unlike a permanent bar
magnet, however, scientists do not believe the Earth's magnetism comes from a
literal magnetized solid core; instead, the leading scientific theory attributes it to
the dynamo effect occurring deep within the planet's interior. The Earth's core is



divided into two regions: a solid inner core, under immense pressure, and a
surrounding ligquid outer core composed mainly of molten iron and nickel. As the
Earth rotates, intense heat escaping from the solid inner core causes the
electrically conducting liquid metal of the outer core to churn, convect, and flow
in complex patterns. Because this flowing liquid metal contains freely moving
charged particles, its motion constitutes electric currents circulating deep within
the Earth; and, just as any electric current generates a magnetic field, these
circulating currents produce magnetic fields of their own. As the Earth continues
to rotate, these individual magnetic field contributions combine, reinforce one
another, and organize into the large-scale, roughly bar-magnet-shaped field
observed at the surface — a continuously self-sustaining process known as
magnetohydrodynamics, since it involves the interplay of magnetic fields
(magneto-) with the motion of an electrically conducting fluid (-hydrodynamics).
This magnetic field is of vital importance to life on Earth for two main reasons:
first, it acts as a protective shield, deflecting away much of the harmful solar
wind (streams of charged particles emitted by the Sun) and dangerous cosmic
radiation that would otherwise strip away the atmosphere and bombard the
surface with damaging radiation; second, it provides a natural compass that
many organisms, including migratory birds and sea turtles, as well as human
navigational instruments, can sense and use to determine direction over long
distances.

Multiple Choice Questions (MCQs)

A steady electric current in a conductor generates around it: (A) An
electric field only (B) A magnetic field (C) A gravitational field (D) No
field at all

Correct answer: (B) A magnetic field. Hans Christian Oersted discovered that a
steady current generates a magnetic field around the conductor carrying it.

The direction of the magnetic field around a straight current-carrying
wire is found using: (A) Fleming's left-hand rule (B) Fleming's right-
hand rule (C) The right-hand grip rule (D) Lenz's law

Correct answer: (C) The right-hand grip rule. The right-hand grip rule: thumb
points along the current, curled fingers show the direction of the magnetic field.



A solenoid carrying current behaves magnetically like: (A) An electric
field only (B) A bar magnet (C) A capacitor (D) An insulator

Correct answer: (B) A bar magnet. The combined magnetic effect of all the loops
of a current-carrying solenoid produces a field like that of a bar magnet, with a
north and south pole.

If the currents in two parallel wires flow in the same direction, the wires
will: (A) Repel each other (B) Attract each other (C) Have no force
between them (D) Rotate around each other

Correct answer: (B) Attract each other. Same-direction currents in parallel wires
create magnetic fields that attract the wires toward each other.

The force on a current-carrying conductor in a magnetic field is given
by: (A) F = BIL sin® (B) F = BI/L (C) F = B/IL (D) F = BlLcos®©

Correct answer: (A) F = BIL sinB. The force on a current-carrying conductor in a
magnetic field is F = BIL sinB, where 0 is the angle between the current and the
field.

The direction of the force on a current-carrying conductor in a magnetic
field is found using: (A) The right-hand grip rule (B) Fleming's left-hand
rule (C) The right-hand rule for solenoids (D) Ohm's law

Correct answer: (B) Fleming's left-hand rule. Fleming's left-hand rule gives the
direction of force: forefinger = field, middle finger = current, thumb = force.

The Sl unit of magnetic field (flux density) is the: (A) Ampere (B) Volt
(C) Tesla (D) Ohm

Correct answer: (C) Tesla. The tesla (T) is the SI unit of magnetic flux density; 1 T
=1NAITm™?

In a D.C. motor, the part that reverses the direction of current in the

coil every half turn is the: (A) armature (B) split-ring commutator (C)

permanent magnet (D) return spring

Correct answer: (B) split-ring commutator. The split-ring commutator reverses
the current direction in the coil each half rotation, keeping the torque acting in
the same rotational sense.

A relay uses the magnetic effect of current to: (A) increase voltage in a
circuit (B) control another (often larger) circuit using a small current (C)
store electrical charge (D) convert AC to DC



Correct answer: (B) control another (often larger) circuit using a small current. A
relay acts as a bridge, using a small input current's magnetic effect to switch a
separate, often higher-power, output circuit on or off.

According to the dynamo theory, the Earth's magnetic field is generated
by: (A) a giant magnetized rock at the core (B) the motion of molten
iron and nickel in the liquid outer core (C) solar radiation striking the
atmosphere (D) the rotation of the Moon

Correct answer: (B) the motion of molten iron and nickel in the liquid outer core.
The dynamo effect: convecting, electrically conducting molten iron and nickel in
the Earth's liquid outer core generates the electric currents that produce the
Earth's magnetic field.

Quick Revision Summary

* Straight wire: field forms concentric circles; direction from right-hand grip rule
(thumb = current, fingers curl = field)

* Solenoid: field like a bar magnet; direction from right-hand rule for solenoids
(curled fingers = current, thumb = north pole)

* Field lines: north-»south outside magnet, closed loops, never cross, denser
lines = stronger field

* Parallel wires: same-direction currents attract; opposite-direction currents
repel

* Force on conductor: F = BIL sin® (max = BIL when perpendicular, zero when
parallel to field)

* Fleming's left-hand rule: forefinger = Field, middle finger = Current, thumb =
force/Thrust

*Tesla(T): 1 T=1NA"m!— the Sl unit of magnetic flux density

* Turning effect on coil T with: more turns, more current, stronger field — basis
of the electric motor

* D.C. motor: split-ring commutator + carbon brushes reverse current every
half-turn for continuous rotation

* Relay = small current controls large circuit (coil, core, armature, spring,
moving contact); loudspeaker: varying current + permanent magnet —»
vibrating diaphragm - sound



* Earth's magnetic field: dynamo effect from convecting molten iron/nickel in
liguid outer core; shields Earth from solar wind and cosmic radiation

Exam Tips

* Never confuse the right-hand grip rule (for finding field direction around a
wire/solenoid) with Fleming's left-hand rule (for finding force direction on a
current in a field) — grip rule uses the RIGHT hand, force rule uses the LEFT
hand

* For F = BIL sinB problems, always check the angle 6 between the current and
the field — many marks are lost by assuming 6 = 90° when it is not stated

* Remember: same-direction parallel currents attract; opposite-direction parallel
currents repel — the reverse of what students often assume

* In D.C. motor questions, always explain WHY the coil would stop at 90° before
describing how the commutator solves it — examiners want the reasoning,
not just the fact

* For relay questions, describe the full OFF-0ON sequence (no current—-armature
at rest—circuit open) and (current flows—coil magnetised—armature
pulled—circuit closed)

* For Earth's magnetic field questions, use the correct terms: dynamo effect,
liquid outer core, molten iron/nickel, magnetohydrodynamics, magnetosphere



Chapter 18: Electromagnetic Induction and
Electromagnetic (E.M.) Waves

Electromagnetic induction is the process by which a changing magnetic field
produces an electric current in a conductor, discovered independently by Michael
Faraday and Joseph Henry in 1831. This chapter explains how induced e.m.f.
arises, magnetic flux and Faraday's law, Lenz's law, and how these principles
power the A.C. generator and the transformer, including step-up and step-down
designs and the turns-ratio equation.

It also covers the deflection of electron beams by electric and magnetic fields,
how a cathode ray oscilloscope (CRO) displays waveforms, why the sky is blue
during the day and red at sunset (scattering of light), and the particle nature of
light — photons, the photoelectric effect, and radiation pressure used in solar
sails.

Learning Objectives

* Describe an experiment to demonstrate electromagnetic induction, and state
the factors affecting the magnitude of induced e.m.f.

* Define magnetic flux (¢ = BA cosB) and state Faraday's law of
electromagnetic induction (e = -N Ag/At)

» State and apply Lenz's law, and relate it to the law of conservation of energy

* Describe how an A.C. generator works, including the role of slip rings and
brushes, and sketch e.m.f.-time graphs

* Explain the principle of operation of a simple iron-cored transformer, and use
the terms primary, secondary, step-up, and step-down

» Use the turns-ratio equation Vs/Vp = Ns/Np to solve transformer problems

* Describe the deflection of an electron beam by electric and magnetic fields,
and apply Fleming's left-hand rule

* Interpret waveforms on an oscilloscope, and describe the role of the saw-tooth
wave in the time base

 State the speed of electromagnetic waves in vacuum and air, and explain
qualitatively why the sky is blue and sunsets are red



 State that light can be considered as photons carrying energy and
momentum, and describe evidence for this (photoelectric effect, radiation
pressure, solar sails)

Key Concepts

18.1 Electromagnetic Induction

Electromagnetic induction is the process by which a changing magnetic field
produces an electric current in a conductor, first discovered by Michael Faraday
and, at the same time, Joseph Henry, in 1831. This principle is fundamental to
generators, transformers, and inductors. In a simple experiment, a coil C is
connected to a galvanometer G: when a magnet is held still near the coil, the
galvanometer shows no deflection, since there is no change in the magnetic
field. When the magnet is moved towards the coil, the galvanometer deflects in
one direction, showing current is produced; when the magnet is moved away, the
galvanometer deflects in the opposite direction, showing the current has
reversed.

A similar effect is seen by moving a straight wire (forming a closed loop with a
galvanometer) through the field of a permanent magnet: no current flows while
the loop is still, but as it moves and cuts through the magnetic field lines, current
flows, and reversing the direction of motion reverses the direction of the current.
The induced current depends on how fast the wire moves and the loop's
resistance; experimentally, the product of the current | and resistance R remains
constant for a given speed — this constant value is the induced e.m.f. The
induced current (or e.m.f.) can be increased by: using a stronger magnetic field,
moving the loop/magnet more quickly, or using a coil with many turns instead of
a single loop. It is the relative motion between the conductor and the magnetic
field that produces the induced e.m.f., and this motion is what changes the
magnetic flux through the loop.

18.2 Magnetic Flux and Faraday's Law

Magnetic flux is the number of magnetic field lines passing through a given area,
given by @ = BA cos6, where B is the magnetic field strength, A is the area of the
coil, and 8 is the angle between the field and the normal to the coil's plane. The



SI unit of magnetic flux is the weber (Wb), where 1 Wb = 1 T m? — one weber is
the flux when a field of 1 tesla passes perpendicularly through an area of 1 m=.
Flux is maximum when the field is perpendicular to the coil's plane (6 = 0°) and
zero when the field lies in the plane of the coil (6 = 90°).

Faraday's law of electromagnetic induction states that the average e.m.f. induced
in a coil of N turns equals the negative of the rate at which the magnetic flux
changes with time: € = -N Ag@/At, where the negative sign indicates that the
induced e.m.f. opposes the change in flux that produces it. Worked Example: a
coil with 25 turns experiences a constant induced e.m.f. of 2.5 V for 0.20 s; the
change in flux is Ap = (¢ x At)/N = (2.5 x 0.20)/25 = 0.02 Wh.

18.3 Lenz's Law

Lenz's law states that the direction of an induced current is always such that it
opposes the cause which produces it — this is a direct consequence of the
conservation of energy, since an induced current that reinforced the change
instead of opposing it would lead to a perpetual (and impossible) increase in
energy. When a changing magnetic field near a conductor induces an e.m.f,, the
resulting current generates its own magnetic field that counteracts the original
change in flux: if a magnet is pushed toward a coil, the induced current creates a
field that repels the magnet, resisting its motion; if the magnet is pulled away,
the induced current creates a field that attracts the magnet, again opposing the
movement. The faster a magnet is moved through a coil, the greater the induced
e.m.f. — this principle underlies wind turbines and bicycle dynamos.

18.4 A.C. Generator

An alternating current (A.C.) generator converts mechanical energy into electrical
energy using electromagnetic induction. Its basic form has a rectangular coil
placed between the poles of a permanent magnet, connected to two slip rings
that rotate along with the coil; fixed carbon brushes maintain contact with the
slip rings to transfer the generated current to the external circuit. As the coil
rotates, it cuts the magnetic field lines, inducing a voltage; a faster rotation cuts
the field lines faster, producing a larger induced voltage.

When the coil is vertical, it moves along the field lines without cutting them, so
the induced voltage is zero; as it rotates to horizontal, it cuts the field lines at the



maximum rate, producing maximum voltage. After a half-turn, the direction of
the coil's motion through the field reverses, so the voltage's polarity switches —
this continuous reversal produces alternating current. The e.m.f.-time graph is a
sine wave: at 0 and nt radians (0° and 180°) the coil is vertical and e.m.f. is zero;
at /2 (90°) the coil is horizontal and e.m.f. is at its positive maximum; at 3n/2
(270°) e.m.f. reaches its negative maximum. The number of complete cycles per
second is the frequency, measured in hertz (Hz) — A.C. mains in Pakistan
alternates at 50 Hz.

18.5 Transformer

A transformer changes (increases or decreases) the voltage in an A.C. circuit,
without any direct electrical connection between its input and output coils. It
consists of a primary coil (Np turns) and a secondary coil (Ns turns), both wound
on a shared soft iron core that carries the magnetic field from one coil to the
other. An alternating voltage Vp applied to the primary coil drives an alternating
current Ip, producing a changing magnetic field in the iron core; this field passes
through the secondary coil and induces an alternating voltage Vs (and current Is)
there — energy is transferred through the magnetic field in the core, with no
direct electrical connection between the coils.

When the secondary coil has more turns than the primary, output voltage is
increased — a step-up transformer; when the secondary has fewer turns than the
primary, output voltage is reduced — a step-down transformer. This relationship
is described by the turns-ratio equation: Vs/Vp = Ns/Np. Step-up transformers
raise voltage for efficient long-distance power transmission (lower current at
higher voltage means lower power loss, P = I?R, in the cables), while step-down
transformers reduce voltage to safe levels for use in homes. Worked Example:
electricity transmitted at 20,000 V with a current of 5 A through cables of
resistance 10 Q loses power P = I2R = (5)2 x 10 = 250 W.

18.6 Deflection of Electron Beams in Electric and Magnetic Fields

Cathode rays generated from an electron gun are high-speed, negatively
charged electrons. In an electric field, each electron is attracted toward the
positive electrode and repelled by the negative electrode, so cathode rays are
deflected toward the positive electrode in the presence of an electric field. In a



magnetic field, since a magnetic field exerts a force on any moving charged
particle, the electron beam is deflected as it passes through the field; the
direction of this deflecting force can be found using Fleming's left-hand rule.

18.7 Waveform on Oscilloscope

A Cathode Ray Oscilloscope (CRO) displays, observes, and measures how
electrical signals change with time. Its main component is the cathode ray tube
(CRT), which includes an electron gun, a deflecting system, and a fluorescent
screen. The electron gun contains a heated filament F that heats the cathode C,
causing it to emit electrons, which are then accelerated and focused by three
anodes at high positive potential; a control grid G at negative potential controls
how many electrons reach the screen, adjusting the brightness of the displayed
spot. The deflecting system has two pairs of plates: Y-plates (control vertical
movement, based on the input signal) and X-plates (control horizontal
movement).

The fluorescent screen glows where the electron beam strikes it, tracing the
waveform of the signal. To sweep the spot steadily across the screen, the CRO
applies a saw-tooth wave to the X-plates — a voltage that increases steadily and
then rapidly drops back to its starting value, repeating continuously, which
creates a regular time axis on the screen. When a sine wave signal is applied to
the Y-plates while the saw-tooth voltage drives the X-plates, the beam traces the
shape of the signal in real time; the display appears stable only when the saw-
tooth (time base) frequency equals or is a multiple of the input signal's
frequency. CROs can display waveform shape, measure amplitude, determine
time period and frequency, and compare the phase difference between two
signals — essential tools in electronics, physics, and medical diagnostics.

18.8 Scattering of Light in the Atmosphere

The sky's blue daytime colour and its reddish appearance at sunset both result
from the scattering of sunlight in the Earth's atmosphere. Sunlight contains all
the colours of the visible spectrum; as it passes through the atmosphere, it
interacts with tiny gas molecules, and blue light — having a shorter wavelength
— scatters more easily than red or green light. During the day, this scattered
blue light reaches us from all directions, making the sky appear blue.



During sunrise or sunset, sunlight must travel a much longer path through the
atmosphere before reaching an observer; by that point, most of the blue light
has already been scattered away, leaving mainly the longer wavelengths (red
and orange), which scatter less and dominate the sky near the horizon,
producing the characteristic warm reddish hues. Dust, pollution, and water
droplets in the atmosphere can further enhance this scattering, making sunsets
appear even more dramatic, with deep reds and purples.

18.9 Particle Nature of Light

While light is commonly understood as a wave, it also exhibits particle-like
behaviour: according to modern physics, light can be viewed as a stream of
massless particles called photons, which carry energy and momentum despite
having no rest mass. Key evidence for this is the photoelectric effect: when light
shines on a metal surface, it can transfer energy to electrons, and if the energy is
sufficient, electrons (called photoelectrons) are ejected from the surface — this
proves that light energy arrives in discrete packets (photons) rather than as a
continuous wave.

Another example is radiation pressure: light exerts a tiny force when it strikes an
object. Though very small, this force has real applications — solar sails on some
spacecraft are designed to reflect sunlight, and the momentum carried by the
reflected photons gradually pushes the sail forward, propelling the spacecraft
through space without using any fuel. This dual behaviour — acting as both a
wave and a particle depending on how it interacts with matter — is one of the
most fascinating ideas in modern physics.

Important Definitions

Define electromagnetic induction.
The process by which a changing magnetic field produces an electric current in a
conductor, discovered by Michael Faraday and Joseph Henry in 1831.

Define magnetic flux.
The number of magnetic field lines passing through a given area: ¢ = BA co0s6,
measured in weber (Wb), where 1 Wb =1 T m2.

State Faraday's law of electromagnetic induction.



The average e.m.f. induced in a coil of N turns equals the negative of the rate of
change of magnetic flux with time: € = -N Ag@/At.

State Lenz's law.
The direction of induced current is always such that it opposes the cause which
produces it — a consequence of the law of conservation of energy.

What is a transformer?

A device that increases or decreases alternating voltage using electromagnetic
induction between a primary and secondary coil wound on a shared iron core,
with no direct electrical connection between them.

Differentiate a step-up transformer from a step-down transformer.
A step-up transformer has more turns in the secondary coil than the primary,
increasing output voltage; a step-down transformer has fewer turns in the
secondary, decreasing output voltage.

What is a cathode ray oscilloscope (CRO)?

An electronic instrument that uses an electron beam, deflecting plates, and a
fluorescent screen to display, observe, and measure how electrical signals
change with time.

Define a photon.
A massless particle that carries a discrete packet of energy and momentum,
representing the particle-like nature of light.

Key Formulas

Topic Formula
Magnetic flux ¢ = BA cosO
Weber (unit of flux) 1Wb=1Tm?
Faraday's law of induction € = -N Ag/At

Induced e.m.f. from current and

) | X R = constant (= induced e.m.f. g)
resistance

Transformer turns-ratio equation Vs /Vp = Ns/Np



Power loss in transmission cables P =1I2R

Speed of electromagnetic waves in
_ c=3.0x108ms?
vacuum/air

AC. f f (Hz) = number of complete cycles (coil
.C. frequenc
k Y rotations) per second

Diagrams

Electromagnetic Induction and Lenz's Law: A bar magnet moving into and
out of a coil connected to a galvanometer, showing the induced current direction
opposing the magnet's motion in each case

A.C. Generator and Transformer: A rotating coil A.C. generator with slip rings
and its sinusoidal e.m.f.-time graph, alongside a simple transformer with primary
and secondary coils wound on a shared iron core

Cathode Ray Oscilloscope (CRO): The main components of a CRO — electron
gun, control grid, Y-plates and X-plates, and fluorescent screen — with a saw-
tooth time-base waveform

Short Questions & Answers

What is the direction of induced current according to Lenz's law?
The induced current always flows in a direction such that it opposes the change
(cause) that produced it — a direct result of the conservation of energy.

Why are slip rings used in an A.C. generator?

Slip rings rotate along with the coil and, together with fixed carbon brushes,
maintain continuous electrical contact, allowing the alternating current
generated in the rotating coil to be transferred to the external circuit.

When is the induced e.m.f. zero in an A.C. generator?

The induced e.m.f. is zero when the coil is in the vertical position, since at that
instant it moves along the magnetic field lines without cutting them, so no flux is
being cut.

Why is the sky red at sunset?



At sunset, sunlight travels a much longer path through the atmosphere; most of
the shorter-wavelength blue light is scattered away before reaching the observer,
leaving the longer-wavelength red and orange light, which scatters less and
dominates near the horizon.

What is a transformer, and on what principle does it work?

A transformer is a device that increases or decreases alternating voltage; it
works on the principle of electromagnetic (mutual) induction — a changing
current in the primary coil produces a changing magnetic field in the iron core,
which induces a voltage in the secondary coil.

State the turns-ratio equation for a transformer and define its terms.
Vs/Vp = Ns/Np, where Vp and Vs are the primary and secondary voltages, and Np
and Ns are the number of turns in the primary and secondary coils respectively.

What is the Sl unit of magnetic flux, and how is it defined?
The weber (Wb); one weber is the magnetic flux when a magnetic field of 1 tesla
passes perpendicularly through an area of 1 square metre (1 Wb = 1 T m?).

What evidence supports the particle nature of light?

The photoelectric effect (light ejecting electrons from a metal surface only in
discrete energy packets) and radiation pressure (light exerting a small force on
objects, as used in solar sails) both provide evidence that light behaves as
photons.

Long Questions & Answers

Describe an experiment that demonstrates electromagnetic
induction, and explain the factors that affect the magnitude of the
induced e.m.f.

Electromagnetic induction — the production of an electric current in a conductor
by a changing magnetic field — can be demonstrated using a coil of conducting
wire C connected to a sensitive galvanometer G, with a bar magnet held nearby.
When the magnet is held completely still near the coil, the galvanometer needle
does not move at all, showing that no current is produced; this is because there
is no change occurring in the magnetic field linking the coil. When the magnet is
then moved towards the coil, the galvanometer needle deflects in one particular



direction, indicating that a current is now flowing through the coil. If the magnet
is instead moved away from the coil, the galvanometer needle deflects in the
opposite direction, showing that the induced current has reversed direction. A
closely related experiment uses a straight conducting wire forming a closed loop
(with a galvanometer) placed in the magnetic field of a permanent magnet: when
the loop is stationary, no current flows, but as the loop is moved through the
field, the wire cuts across the magnetic field lines and a current is induced, which
stops the instant the motion stops, and reverses direction if the direction of
motion is reversed. In both experiments, it is specifically the relative motion
between the conductor and the magnet — not the motion of either one alone —
that produces the induced e.m.f., because this relative motion is what changes
the magnetic flux linking the circuit; a stationary magnet near a stationary coil
produces unchanging flux and therefore no induced current, no matter how
strong the magnet is. Several factors affect the magnitude of the induced current
or e.m.f.: it increases with the strength of the magnetic field used (a stronger
magnet induces a larger e.m.f.), it increases with the speed at which the loop or
magnet is moved (faster relative motion means a faster rate of change of flux,
and thus a larger induced e.m.f., as described by Faraday's law), and it increases
with the number of turns in the coil (a coil with many turns links more flux
changes simultaneously and produces a proportionally larger total induced e.m.f.
than a single loop).

State Faraday's law of electromagnetic induction and Lenz's law, and
explain how Lenz's law is a direct consequence of the law of
conservation of energy.

Faraday's law of electromagnetic induction states that the average e.m.f. induced
in a coil of N turns is equal to the negative of the rate at which the magnetic flux
linking the coil changes with time, expressed mathematically as € = -N Ag@/At,
where € is the induced e.m.f. in volts, N is the number of turns, and Ag@/At is the
rate of change of magnetic flux. This equation shows that a faster-changing flux,
or a coil with more turns, both produce a larger induced e.m.f. Lenz's law
addresses the direction (rather than the magnitude) of the induced current,
stating that the direction of an induced current is always such that it opposes the
cause which produces it — this is why a negative sign appears in Faraday's law
equation. To see why this must be a consequence of energy conservation,



consider what would happen if the induced current instead reinforced (rather
than opposed) the change producing it: if, for example, pushing a magnet toward
a coil induced a current that attracted the magnet further inward rather than
repelling it, the magnet would accelerate into the coil without any external work
being done, continually increasing the system's kinetic and electrical energy
from nothing — a violation of the fundamental principle that energy cannot be
created from nothing. Instead, because the induced current always opposes the
motion or change producing it (for instance, generating a magnetic field that
repels an approaching magnet, or attracts a receding one), an external agent
must always do work against this opposition to keep the magnet moving, and it
is precisely this external work that is converted into the electrical energy of the
induced current — ensuring that energy is properly conserved rather than
spontaneously created.

Explain the working principle of a simple iron-cored transformer, and
derive/explain the turns-ratio equation relating primary and
secondary voltages to the number of turns in each coil.

A transformer is a device used to increase or decrease the voltage of an
alternating current supply, and it achieves this entirely through electromagnetic
induction, without any direct electrical connection between its input and output
circuits. A simple transformer consists of two separate coils of wire — the primary
coil, with Np turns, and the secondary coil, with Ns turns — both wound around a
common soft iron core, which serves to efficiently carry (channel) the magnetic
field produced by one coil through to the other coil. When an alternating voltage
Vp is applied across the primary coil, it drives an alternating current Ip through
that coil; because this current is continuously changing direction and magnitude,
it produces a continuously changing magnetic field within the iron core. This
changing magnetic field passes through the core and links with the secondary
coil as well, and by Faraday's law, this changing flux through the secondary coil
induces an alternating e.m.f. (voltage) Vs across it, which in turn drives an
alternating current Is through any circuit connected to the secondary coil. At no
point do electrons or current actually flow directly between the primary and
secondary circuits; energy is transferred purely through the medium of the
oscillating magnetic field in the shared iron core. Because the magnetic flux is
essentially the same through every turn of both coils (assuming an efficient iron



core with minimal flux leakage), each individual turn — whether in the primary or
secondary coil — has the same e.m.f. induced in it; therefore, a coil with more
total turns will have a proportionally larger total induced voltage across it than a
coil with fewer turns, giving the turns-ratio equation Vs/Vp = Ns/Np. If the
secondary coil is wound with more turns than the primary coil (Ns > Np), the
secondary voltage will be larger than the primary voltage, and the transformer is
called a step-up transformer; conversely, if the secondary coil has fewer turns
than the primary (Ns < Np), the secondary voltage will be smaller, and the
transformer is called a step-down transformer. Step-up transformers are used to
raise voltage to very high levels for efficient long-distance electricity
transmission (since transmitting at high voltage and correspondingly lower
current reduces resistive power losses, P = I?R, in the cables), while step-down
transformers are used near the point of consumption to reduce this high
transmission voltage back down to safe levels suitable for use in homes and
businesses.

Explain why the sky appears blue during the day but red at sunset,
and describe how light can be understood as having a particle
nature, giving one piece of supporting evidence.

The colours we see in the sky both during the day and at sunset arise from the
scattering of sunlight by the tiny gas molecules that make up Earth's
atmosphere. Sunlight itself is not a single colour but a mixture of all the colours
of the visible spectrum — red, orange, yellow, green, blue, indigo, and violet —
each corresponding to a different wavelength of light. As sunlight passes through
the atmosphere, it interacts with and scatters off these gas molecules, and this
scattering process is far more effective for shorter-wavelength light (such as
blue) than for longer-wavelength light (such as red); blue light is therefore
scattered many times more strongly than red light as it travels through the air.
During the middle of the day, sunlight has a relatively short, direct path through
the atmosphere to reach an observer on the ground, and the strongly scattered
blue light is scattered repeatedly in all directions across the sky, meaning that no
matter which direction an observer looks (away from the Sun itself), they see this
scattered blue light arriving from that portion of the sky — this is why the sky
appears blue overhead throughout the day. However, near sunrise and sunset,
the Sun's position close to the horizon forces sunlight to travel a much longer



path through the atmosphere before it reaches an observer; by the time this
well-scattered light reaches the observer, nearly all of the blue light has already
been scattered away out of the direct line of sight in earlier stages of its long
journey through the air, leaving mainly the longer-wavelength red and orange
light — which scatters far less easily — to continue largely undeflected along the
direct path to the observer's eyes, producing the characteristic warm red and
orange hues seen low on the horizon at sunset. Beyond its well-known behaviour
as a wave (which explains phenomena like this scattering, as well as diffraction
and interference), light also exhibits a particle-like nature: according to modern
physics, light can be considered as a stream of massless particles called photons,
each carrying a discrete, fixed packet of energy and momentum. One of the
strongest pieces of experimental evidence for this particle nature is the
photoelectric effect: when light of sufficiently high energy (frequency) shines on
certain metal surfaces, it immediately ejects electrons (called photoelectrons)
from that surface; critically, whether or not electrons are ejected depends on the
frequency (energy per photon) of the light rather than simply its overall intensity,
and electrons are ejected the instant sufficiently energetic light strikes the
surface, rather than only after a build-up of energy over time as continuous-wave
theory would predict — this behaviour can only be properly explained if light
energy is delivered in discrete packets (photons) that are individually absorbed
by electrons, rather than as a smoothly continuous wave of energy.

Multiple Choice Questions (MCQs)

What happens to the induced e.m.f. in a coil if the rate of change of the
magnetic field increases? (A) Decreases (B) Remains the same (C)
Increases (D) Becomes zero

Correct answer: (C) Increases. By Faraday's law, € = -N A@/At, so a faster rate of
change of magnetic flux produces a larger induced e.m.f.

In an A.C. generator, slip rings are used to: (A) reverse current direction
periodically (B) convert A.C. to D.C. (C) prevent induced current (D)
increase magnetic flux

Correct answer: (A) reverse current direction periodically. Slip rings rotate with
the coil and, with fixed brushes, allow the current's natural alternating direction
to be transferred continuously to the external circuit.



The sky appears blue during the day due to: (A) reflection of light (B)
scattering of shorter wavelengths (C) absorption of blue light (D)
refraction of light

Correct answer: (B) scattering of shorter wavelengths. Blue light, having a
shorter wavelength, is scattered by atmospheric gas molecules far more than
longer-wavelength colours, making the sky appear blue.

Light can be considered as massless particles called: (A) electrons (B)
protons (C) photons (D) neutrons

Correct answer: (C) photons. Photons are massless particles that carry discrete
packets of energy and momentum, representing the particle nature of light.

In a transformer, energy is transferred from the primary coil to the
secondary coil through: (A) direct electrical connection (B) a magnetic
field in the iron core (C) electrons flowing through the core (D) heat
conduction

Correct answer: (B) a magnetic field in the iron core. There is no direct electrical
connection between the coils; energy passes from primary to secondary via the
changing magnetic field in the shared iron core.

Faraday's law of electromagnetic induction is expressed as: (A) e = N
Ag@/At (B) € = -N Ag@/At (C) € = A@/(NAt) (D) € = N/A¢g

Correct answer: (B) € = -N Ag/At. € = -N Ag@/At; the negative sign shows the
induced e.m.f. opposes the change in flux producing it (Lenz's law).

The Sl unit of magnetic flux is the: (A) tesla (B) weber (C) henry (D)
ampere

Correct answer: (B) weber. Magnetic flux is measured in weber (Wb), where 1 Wb
=1Tm?2

A step-up transformer has: (A) more turns in the primary than the
secondary (B) more turns in the secondary than the primary (C) equal
turns in both coils (D) no iron core

Correct answer: (B) more turns in the secondary than the primary. A step-up
transformer has more turns in the secondary coil than the primary, increasing
the output voltage.



The device used to display how an electrical signal changes with time is
the: (A) ammeter (B) galvanometer (C) cathode ray oscilloscope (CRO)
(D) transformer

Correct answer: (C) cathode ray oscilloscope (CRO). A cathode ray oscilloscope
(CRO) uses an electron beam, deflecting plates, and a fluorescent screen to
display how electrical signals vary with time.

The speed of electromagnetic waves in a vacuum is approximately: (A)
3.0 x 10°m s ! (B) 3.0 x 10° ms—*(C) 3.0 x 10d. m s—* (D) 3.0 x 10> m
s—l

Correct answer: (C) 3.0 x 108 m s~1. All electromagnetic waves travel at 3.0 x
108 m s~1in a vacuum, and at approximately the same speed in air.

Quick Revision Summary

* Electromagnetic induction: changing magnetic field - induced current;
discovered by Faraday & Henry (1831)

* Induced e.m.f. increased by: stronger field, faster motion, more turns in coil

* Magnetic flux: @ = BA cos6; unit weber (Wb), 1 Wb = 1 T m?; max at 6=0°,
zero at 6=90°

* Faraday's law: € = -N Ag@/At (negative sign = Lenz's law: induced current
opposes the change producing it)

* Lenz's law is a consequence of conservation of energy: induced current
opposes cause, never reinforces it

* A.C. generator: rotating coil + slip rings + brushes; e.m.f. = 0 when coil
vertical, max when horizontal; sine-wave output

* Transformer: turns-ratio Vs/Vp = Ns/Np; step-up (Ns>Np) raises voltage for
transmission; step-down (Ns<Np) lowers it for homes

* Electron beam deflection: electric field —» toward positive electrode; magnetic
field = via Fleming's left-hand rule

* CRO: electron gun + Y-plates (vertical/signal) + X-plates (horizontal/saw-tooth
time base) + fluorescent screen

* Sky blue by day (blue scatters most, short path); red at sunset (long path
scatters away blue, leaves red/orange)

* Light's particle nature: photons (massless, carry energy & momentum);
evidence = photoelectric effect, radiation pressure (solar sails)



Exam Tips

* Always include the negative sign when writing Faraday's law (¢ = -NA@/At) —
it represents Lenz's law and is frequently tested

* Remember: magnetic flux is maximum when the coil/loop is perpendicular to
the field (6=0°) and zero when parallel to it (6=90°) — the opposite of what
many students first assume

* For transformer numericals, always identify which quantities are 'primary' vs
'secondary' before substituting into Vs/Vp = Ns/Np

* For power-loss-in-transmission questions, remember P = I2R uses the
CURRENT in the cable, not the transmission voltage directly

* For the blue-sky/red-sunset explanation, always mention BOTH the
wavelength-dependence of scattering AND the difference in path length
through the atmosphere

* Distinguish clearly: light's WAVE nature explains scattering/diffraction; light's
PARTICLE nature (photons) explains the photoelectric effect and radiation
pressure



Chapter 19: Electronics

Electronics is the branch of science that deals with the study and control of the
flow of electrons in devices and circuits. This chapter covers semiconductors (N-
type and P-type), the PN junction and how a semiconductor diode allows current
to flow in only one direction, and the light-emitting diode (LED), which emits light
when electrons recombine with holes.

It also compares analog and digital electronics, explains how an analog-to-digital
converter (ADC) samples, quantizes, and encodes signals, introduces Boolean
logic and the bit/byte, and covers the five basic logic gates (AND, OR, NOT,
NAND, NOR) with their circuit symbols, logic equations, and truth tables, closing
with real-world applications in burglar alarms and fire alarm systems.

Learning Objectives

* Describe the working of a semiconductor diode, including forward and reverse
bias and the depletion region

* Describe the action of a light-emitting diode (LED) in passing current in one
direction and emitting light

* Compare analog and digital electronics, and describe the role of an analog-to-
digital converter (ADC)

* Explain that electronic devices are built from digital logic circuits that convert
incoming voltage into binary pulses (1 or 0)

* Explain that Boolean logic is the basis for converting analog data to digital
data, and define 'bit' and 'byte'

» State in words and in truth table form the action of AND, OR, NAND, NOR, and
NOT logic gates

* Use standard circuit symbols for logic gates, and write their logic equations

* |[dentify the use of logic gates for security purposes, such as burglar alarms
and fire alarm systems

* Determine, for given problems, how combinations of Boolean switches
achieve logical operations



Key Concepts

19.1 Semiconductors

Semiconductors are materials whose electrical conductivity lies between that of
conductors and insulators; the most common semiconductors are silicon (Si) and
germanium (Ge), and their conductivity can be increased by adding a small
amount of impurity — a process called doping. In an N-type semiconductor, a
small amount of a pentavalent impurity (such as phosphorus or arsenic, with five
valence electrons) is added to silicon: four of its electrons form covalent bonds
with silicon atoms, while the fifth remains free to move, and these free electrons
become the majority charge carriers, increasing conductivity.

In a P-type semiconductor, a trivalent impurity (such as boron or gallium, with
three valence electrons) is added to silicon instead; since one bond remains
incomplete, this creates a hole (a missing electron), and holes act as positive
charge carriers that move through the crystal, helping conduct current.

19.2 PN Junction and the Semiconductor Diode

When N-type and P-type semiconductors are joined together, they form a PN
junction (semiconductor diode). At the junction, electrons from the N-side and
holes from the P-side recombine, creating a depletion region — a zone without
free charge carriers that acts as a barrier preventing further charge movement.
An external voltage must be applied to overcome this barrier before current can
flow: about 0.7 V for silicon diodes, and about 0.3 V for germanium diodes.

A semiconductor diode allows current to flow in only one direction. When the P-
side is connected to the positive terminal and the N-side to the negative terminal
of a battery, the diode is forward biased: the applied voltage reduces the
potential barrier and narrows the depletion region, letting charge carriers cross
easily and current flow. When the P-side is connected to the negative terminal
and the N-side to the positive terminal, the diode is reverse biased: the depletion
region widens, the potential barrier increases, and the flow of majority carriers is
blocked — though a very small leakage current still flows due to minority
carriers. The diode's current-voltage (I-V) characteristic curve shows significant
current only in forward bias, with the current almost completely blocked in



reverse bias — a property essential to rectifiers, voltage regulators, and
electronic switches.

19.3 Light-Emitting Diode (LED)

A Light-Emitting Diode (LED) is a semiconductor device built from a PN junction
that, like a regular diode, allows current to flow in only one direction, but
additionally emits light when electrons recombine with holes. When forward
biased, the applied voltage reduces the depletion region, allowing charge carriers
to flow across the junction; as electrons from the N-type material cross over and
recombine with holes in the P-type material, energy is released in the form of
photons, producing visible light.

In reverse bias, the depletion region widens, blocking current flow, so no light is
emitted — LEDs are therefore designed to function only under forward bias. On
the LED's |-V characteristic graph, only a small current flows initially as voltage
increases, but beyond a threshold voltage, current increases sharply and light
emission begins. The colour of light emitted depends on the semiconductor
materials used in manufacturing, which affect the wavelength of the emitted
photons. LEDs are efficient, durable, and energy-saving, converting electrical
energy directly into light (unlike filament bulbs, which waste much energy as
heat) and are used in radios, lamps, digital clocks, calculators, video displays,
remote controls, and modern lighting.

19.4 Analog and Digital Electronics

Electronic circuits are broadly divided into analog and digital types. In analog
circuits, voltages and currents vary smoothly and continuously within a range
(e.g., an analog meter's pointer moving over a continuous scale) — used in
devices like amplifiers and dimmer switches that need a wide range of
adjustment. In digital circuits, voltages have only two possible values —

'‘high' (e.g., 5 V) or'low' (e.g., near 0 V) — used in switching systems such as a
simple ON/OFF lamp switch; digital electronics now extend well beyond
computers into telephones, radar systems, industrial machines, and household
appliances.

Since everyday quantities like sound and light are analog and cannot be
processed directly by digital circuits, an analog-to-digital converter (ADC) is used



to convert analog signals into digital binary form; the ADC works by sampling the
analog signal at regular intervals and converting each sample into a binary
number representing its voltage level.

19.5 Conversion from Analog to Digital Data

Analog data (such as sound or light) is continuous and can take any value within
a range, while digital systems use discrete binary data (0s and 1s). Converting
analog data into digital form involves three steps: (1) Sampling — the continuous
analog signal is measured at regular intervals; (2) Quantization — each sampled
value is rounded to the nearest predefined level; (3) Encoding — the quantized
values are converted into binary numbers. For example, a sound wave is
sampled at regular intervals, each value quantized, and then encoded into
binary, making the sound usable by digital devices; a digital-to-analog converter
(DAC) later reverses this process, converting binary data back into an analog
signal for output — such as playing sound through a speaker.

19.6 Boolean Logic

A binary variable has only two possible states, like a switch that is either ON
(closed, represented as 1) or OFF (open, represented as 0). In a simple circuit
with a battery, lamp, and switch, when the switch is open (input = 0), no current
flows and the lamp is OFF (output = 0); when the switch is closed (input = 1), the
lamp turns ON (output = 1). George Boole developed Boolean algebra — the
foundation of digital electronics and computing — using binary values called bits,
where each bit is either 0 or 1; eight bits together form a byte, the basic unit
used to represent data in computers.

Boolean algebra is used in the ADC, which converts continuous analog data into
discrete digital data, and forms the basis for designing all digital systems. It
defines three basic logic operations — AND, OR, and NOT — implemented
physically using logic gates: digital circuits with binary inputs and a binary
output. In an AND-gate circuit, a lamp connected in series with two switches S1
and S2 only lights when both switches are closed (both inputs = 1); in an OR-
gate circuit, switches S1 and S2 are placed in parallel, so the lamp lights if either
or both switches are closed (at least one input = 1).



19.7 Logic Gates

A logic gate is a basic digital circuit component that performs a logical operation;
most logic gates have two inputs and one output, except the NOT gate, which
has a single input and single output. The AND gate's output X is 1 only if both
inputs A and B are 1, written as X = A-B. The OR gate's output is 0 only if both
inputs are 0 (otherwise 1), written as X = A+B. The NOT gate (or inverter) has
one input and inverts it — if the input is 1, the output is 0, and vice versa —
written as X = A.

A NAND gate is an AND gate combined with a NOT gate (an AND gate symbol
with a bubble at its output); its logic equation is X = (A-B) , and its output is O
only when both A and B are 1, otherwise 1. A NOR gate is an OR gate combined
with a NOT gate (an OR gate symbol with a bubble at its output); its logic
equation is X = (A+B), and its output is 1 only when both A and B are 0,
otherwise 0. These simple gates can be combined to build the complex digital
systems found in computers and smartphones.

19.8 Applications of Logic Gates

A simple burglar alarm can be built using a single NAND gate, a light-dependent
resistor (LDR), a push-button switch (S), and an alarm. The LDR connects to one
NAND input (B) and the battery's positive terminal, while the switch (S) connects
to the other input (A), with the alarm connected to the output. Normally, light on
the LDR keeps its resistance low, keeping input B high (1); if a burglar blocks the
light, the LDR's resistance rises, making B low (0). Similarly, stepping on the
switch makes input A low (0). Since a NAND gate outputs low (0) only when both
inputs are high (1), the alarm — which is triggered by a high (1) output — will
sound if the light is blocked, the switch is pressed, or both, effectively detecting
unauthorized entry.

A fire alarm system detects fire early by sensing smoke and heat, triggering an
alarm to warn people in time to act; it consists of alarm-starting devices (smoke
detectors, heat sensors), alarm devices (sirens), fire control systems (sprinklers),
and power supplies. While advanced, expensive systems exist, a basic fire alarm
can be built using simple components (thermistors, an operational amplifier,
germanium diodes, a voltage regulator, and a timer IC), or using basic logic



gates that process inputs from smoke and heat sensors and trigger the alarm
when either condition (smoke OR heat) is met — an affordable, efficient fire
detection solution using an OR-gate-based design.

Important Definitions

Define a semiconductor.

A material whose electrical conductivity lies between that of a conductor and an
insulator; common examples are silicon and germanium, whose conductivity can
be increased by doping.

What is doping?

The process of adding a small amount of impurity to a semiconductor to increase
its electrical conductivity, producing N-type (pentavalent impurity) or P-type
(trivalent impurity) material.

Define a PN junction.

The boundary formed when N-type and P-type semiconductors are joined
together, creating a depletion region that acts as a semiconductor diode,
allowing current to flow in only one direction.

What is forward bias?

The condition where the P-side of a diode is connected to the positive terminal
and the N-side to the negative terminal of a battery, narrowing the depletion
region and allowing current to flow easily.

What is a light-emitting diode (LED)?

A PN-junction semiconductor device that allows current to flow in one direction
and emits light (photons) when electrons recombine with holes under forward
bias.

Define a bit and a byte.
A bit is the smallest unit of data in computing, either 1 or 0; a byte is a group of
eight bits, used as a basic unit for representing data in computers.

What is a logic gate?

A basic digital circuit with binary inputs and a binary output that performs a
specific logical operation (such as AND, OR, or NOT), forming the building blocks
of digital electronics.



What is an analog-to-digital converter (ADC)?

A device that converts a continuous analog signal into discrete digital binary data
by sampling the signal at regular intervals, quantizing each sample, and
encoding it into binary.

Key Formulas

Topic Formula

AND gate logic equation X=A-B

OR gate logic equation X=A+B

NOT gate logic equation X = A (NOT A)

NAND gate logic equation X = (A-B) (NOT of A AND B)

NOR gate logic equation X = (A + B) (NOT of A OR B)

Silicon diode forward voltage (approx.) = 0.7V

Germanium diode forward voltage (approx.) =03V

Byte definition 1 byte = 8 bits
Diagrams

PN Junction Diode: Forward and Reverse Bias: A PN junction diode showing
the narrowed depletion region and current flow in forward bias, compared with
the widened depletion region blocking current in reverse bias

Logic Gate Symbols and Truth Tables: Circuit symbols and truth tables for
the five basic logic gates: AND, OR, NOT, NAND, and NOR

Burglar Alarm Circuit Using a NAND Gate: A NAND-gate burglar alarm circuit
with an LDR (light input) and a push-button switch as its two inputs, triggering
the alarm output when light is blocked or the switch is pressed

Short Questions & Answers

What is the function of a semiconductor diode?



A semiconductor diode allows electric current to flow in only one direction
(forward bias) while blocking it in the opposite direction (reverse bias), making it
useful in rectifiers and switches.

What happens when a diode is forward biased?

The applied voltage reduces the potential barrier and narrows the depletion
region at the PN junction, allowing charge carriers to cross easily and current to
flow through the diode.

Why does an LED emit light when current passes through it?

In forward bias, electrons from the N-type material cross the junction and
recombine with holes in the P-type material; this recombination releases energy
in the form of photons, producing visible light.

What does an analog-to-digital converter (ADC) do?

An ADC converts a continuous analog signal into discrete digital binary data by
sampling the signal at regular intervals, quantizing each sample to the nearest
level, and encoding it into binary numbers.

What is the difference between analog and digital signals?

Analog signals vary smoothly and continuously over a range of values, like a
sound wave; digital signals have only two discrete values, 'high' (1) and 'low' (0),
like a series of ON/OFF pulses.

What is Boolean logic in digital electronics?

Boolean logic (developed by George Boole) is a system of algebra using binary
values (0 and 1, or bits) to represent and process logical operations such as AND,
OR, and NOT — the foundation of digital circuits and computing.

What does a NOT gate do in a digital circuit?
A NOT gate (inverter) has a single input and inverts it: if the input is 1, the output
is 0, and if the input is 0, the output is 1.

What is the role of an AND gate in digital circuits?

An AND gate produces an output of 1 only when all of its inputs are 1; if any
input is 0, the output is 0 — modelled by switches connected in series, where the
lamp lights only if all switches are closed.



Long Questions & Answers

Explain how the depletion region of a PN junction diode changes
under forward and reverse bias, and describe the effect this has on

current flow.

A PN junction is formed when N-type and P-type semiconductor materials are
joined together; at the junction, free electrons from the N-side and holes from the
P-side recombine, forming a narrow region depleted of free charge carriers,
called the depletion region, which acts as a natural barrier resisting further
charge movement across the junction. When the diode is connected in forward
bias — with the P-side joined to the positive terminal of a battery and the N-side
to the negative terminal — the applied external electric field opposes and
reduces this internal barrier: it pushes the remaining free electrons in the N-
region and holes in the P-region back toward the junction, narrowing the
depletion region and effectively lowering the potential barrier that charge
carriers must overcome. Once the applied voltage exceeds a certain threshold
(about 0.7 V for silicon or 0.3 V for germanium), the depletion region becomes
narrow enough that electrons and holes can cross the junction freely and
recombine continuously, allowing a substantial current to flow through the diode
as long as the forward voltage is maintained. In contrast, when the diode is
connected in reverse bias — with the P-side joined to the negative terminal and
the N-side to the positive terminal — the applied field pulls the free electrons in
the N-region and holes in the P-region further away from the junction, widening
the depletion region and increasing the height of the potential barrier; because
there are now even fewer available charge carriers immediately at the junction
and the barrier is stronger, the flow of majority charge carriers is almost
completely blocked, and only a very small leakage current continues to flow,
carried by minority charge carriers (thermally generated electrons and holes)
present on each side of the junction. This asymmetric behaviour — free current
flow in forward bias, and almost complete blocking in reverse bias — is precisely
what makes the diode useful as a one-way valve for electric current, and
underlies its applications in rectifier circuits (converting AC to DC), voltage
regulators, and simple electronic switches.



Describe how a light-emitting diode (LED) produces light, and
explain how the semiconductor material used affects the colour of
light emitted.

A light-emitting diode (LED) is a specially constructed PN-junction semiconductor
device that, like an ordinary diode, permits current to flow in only one direction,
but which additionally converts a portion of the electrical energy passing through
it directly into light. When an LED is connected in forward bias, the applied
voltage reduces the width of the depletion region at the PN junction in the same
way as in an ordinary diode, allowing free electrons from the N-type material and
holes from the P-type material to cross the junction and meet in large numbers.
As each electron crosses into the P-type region and recombines with a hole, it
drops from a higher-energy state (in the conduction band) to a lower-energy
state (in the valence band), and the specific amount of energy released in this
transition is emitted as a single discrete packet of electromagnetic energy — a
photon of light — rather than being dissipated primarily as heat, as happens in
an ordinary diode or resistor. This is why LEDs are far more energy-efficient than
traditional filament bulbs, which waste much of their input energy as heat rather
than useful light. The particular colour (wavelength) of light produced by a given
LED depends directly on the size of the energy gap between the conduction band
and valence band of the specific semiconductor compound used in its
manufacture — different combinations of semiconductor materials (rather than
just silicon alone, as in ordinary diodes, LEDs are often made from compound
semiconductors such as gallium arsenide phosphide or gallium nitride, chosen
and engineered to produce specific energy gaps) release photons of
correspondingly different energies when electrons recombine with holes, and
since a photon's energy directly determines its wavelength (and hence its
perceived colour), manufacturers can produce LEDs that emit red, green, blue, or
other specific colours of light simply by choosing the appropriate semiconductor
material and, in some cases, adding further impurities to fine-tune the exact
energy gap and resulting colour.



What is Boolean logic, and how do logic gates use it to process
binary data? lllustrate your answer with the logic equations and
truth tables of the AND, OR, and NOT gates.

Boolean logic, developed by the mathematician George Boole, is a formal system
of algebra that operates exclusively on binary variables — quantities that can
take only one of two possible values, conventionally represented as 1 (true, high,
or ON) and O (false, low, or OFF). This binary framework maps naturally onto
simple electrical circuits: for instance, in a circuit containing a battery, a switch,
and a lamp, the state of the switch (open or closed) can be treated as a binary
input (0 or 1), and the resulting state of the lamp (OFF or ON) as a binary output,
following logical rules that depend on how the circuit is wired. This binary system
— where the smallest unit of data, called a bit, is either 0 or 1, and a group of
eight bits forms a byte — underlies all of modern digital electronics and
computing, and is also what makes possible devices like the analog-to-digital
converter (ADC), which uses Boolean-based binary encoding to represent
continuously varying real-world analog signals (like sound or light) as sequences
of discrete digital values that computers can process. Boolean algebra defines a
small set of fundamental logical operations, which are physically implemented in
electronic circuits called logic gates — devices with one or more binary inputs
and a single binary output, whose output value depends entirely on the specific
combination of input values according to a fixed logical rule. The AND gate, with
two inputs A and B, produces an output X that is 1 only when both A AND B are
simultaneously 1 (X = A-B); its truth table shows an output of 0 for every input
combination except A=1, B=1, matching the behaviour of two switches wired in
series, where a lamp lights only when both switches are closed. The OR gate,
similarly with two inputs A and B, produces an output X that is 1 if either AOR B
(or both) is 1, and 0 only when both inputs are 0 (X = A+B); its truth table
matches two switches wired in parallel, where the lamp lights if at least one
switch is closed. The NOT gate, unlike the other two, has only a single input A
and simply inverts it, producing an output X that is the opposite of A (X = A) — if
Ais1, Xis0,andif Ais 0, X is 1; because of this inverting behaviour, the NOT
gate is also commonly called an inverter. By combining these three fundamental
gates — and derived gates such as NAND and NOR, which add an inverter to the
output of an AND or OR gate respectively — engineers can construct arbitrarily



complex digital logic circuits, from simple alarm systems to the processors found
in modern computers and smartphones, all built up systematically from these
basic binary building blocks.

Explain how a burglar alarm can be designhed using a single NAND
gate and a light-dependent resistor (LDR), describing how the circuit
responds to different scenarios of unauthorized entry.

A practical and inexpensive burglar alarm circuit can be built using just a single
NAND gate together with a light-dependent resistor (LDR), a push-button switch
(S), a suitable power supply, and an alarm device connected to the gate's output.
In this design, the LDR is connected to one input of the NAND gate, labelled B, in
such a way that when ordinary ambient light falls on the LDR, its electrical
resistance is low, which results in input B receiving a high logic level (B = 1); the
push-button switch S is connected to the NAND gate's other input, labelled A,
wired so that under normal, undisturbed conditions (switch not pressed) input A
also remains at a high logic level (A = 1). Recalling that a two-input NAND gate
produces a low output (0) only in the single case where both of its inputs are
simultaneously high (1), and produces a high output (1) in every other
combination of inputs, this circuit is deliberately designed so that during normal
conditions — full light falling on the LDR (B=1) and the switch not pressed (A=1)
— both inputs to the NAND gate are high, and so the NAND gate's output
remains low (0), meaning the alarm (which is designed to sound only on a high,
1, output signal) stays silent. However, if a burglar attempting to enter blocks the
light falling on the LDR (for example, by physically covering a light sensor placed
at an entry point, or by their body blocking a light beam aimed at the LDR), the
LDR's resistance rises sharply, causing input B to switch to a low logic level
(B=0); alternatively, if the burglar steps on or otherwise triggers the push-button
switch S (which might be concealed under a doormat or floor panel at the entry
point), input A switches to a low logic level (A=0). In either of these two
disturbance scenarios — B=0 with A=1, or A=0 with B=1 — or even in the case
where both inputs simultaneously become 0 (both the light is blocked and the
switch is triggered together), the crucial condition for a low NAND output (both
inputs high) is no longer satisfied, so the NAND gate's output switches to high
(1), which immediately activates and sounds the connected alarm. In this way, a
single NAND gate, exploiting its particular truth table behaviour, elegantly and



reliably provides burglar-detection coverage against two independent types of
intrusion (light interruption and physical pressure) using just one simple logic
gate.

Multiple Choice Questions (MCQs)

A diode allows current to flow in: (A) both directions (B) neither
direction (C) one direction only (D) random directions

Correct answer: (C) one direction only. A semiconductor diode is designed to
allow current to flow in only one direction (forward bias) and block it in the
reverse direction.

What is the primary function of a light-emitting diode? (A) To block
current in both directions (B) To emit light when current passes in one
direction (C) To amplify electrical signals (D) To convert light into
electrical energy

Correct answer: (B) To emit light when current passes in one direction. An LED
emits light as electrons recombine with holes at the PN junction when current
flows through it in forward bias.

The output of a two-input NOR gate is '1' when: (A) Ais '1' and B is

'‘'0' (B) Ais '0' and B is '1' (C) both A and B are '0' (D) both A and B are '1’
Correct answer: (C) both A and B are '0'. A NOR gate's output is 1 only when both
inputs are 0; otherwise, the output is 0.

The output of a NAND gate is '0‘, when: (A) both of its inputs are '0' (B)
both of its inputs are '1' (C) any of its inputs is '0' (D) any of its inputs is
L

Correct answer: (B) both of its inputs are '1'. A NAND gate's output is 0 only when
both inputs are 1; for any other input combination, the output is 1.

How many bits make up a byte in Boolean logic? (A) 2 (B) 4 (C) 6 (D) 8
Correct answer: (D) 8. A byte is formed from eight bits, and represents a basic
unit of data in computing.

The logic equation for an AND gate is written as: (A) X =A + B (B) X = A
(C)X=A-B (D) X =(A'B)"

Correct answer: (C) X = A - B. The AND gate's logic equation is X = A - B,
meaning the output X is 1 only if both inputs A and B are 1.



A semiconductor diode is forward biased when: (A) the P-side is
connected to the negative terminal (B) the N-side is connected to the
negative terminal (C) both terminals are left unconnected (D) the P-side
and N-side are both connected to the positive terminal

Correct answer: (B) the N-side is connected to the negative terminal. In forward
bias, the P-side connects to the positive terminal and the N-side to the negative
terminal, narrowing the depletion region and allowing current to flow.

An analog-to-digital converter (ADC) works by: (A) amplifying the
analog signal only (B) sampling, quantizing, and encoding the analog
signal into binary (C) converting binary data back into an analog signal
(D) blocking all analog signals

Correct answer: (B) sampling, quantizing, and encoding the analog signal into
binary. An ADC converts analog signals to digital form through three steps:
sampling at regular intervals, quantizing to the nearest level, and encoding into
binary numbers.

In an N-type semiconductor, the majority charge carriers are: (A) holes
(B) free electrons (C) protons (D) neutrons

Correct answer: (B) free electrons. N-type semiconductors are doped with a
pentavalent impurity, providing extra free electrons as the majority charge

carriers.

A basic burglar alarm can be built using a NAND gate together with: (A)
a transformer and a diode (B) an LDR and a push-button switch (C) a
CRO and an ammeter (D) a step-up transformer and a relay

Correct answer: (B) an LDR and a push-button switch. A NAND gate combined
with an LDR (light input) and a push-button switch (pressure input) can trigger an
alarm when light is blocked or the switch is pressed.

Quick Revision Summary

* Semiconductors: N-type (pentavalent doping, free electrons = majority
carriers), P-type (trivalent doping, holes = majority carriers)

* PN junction = diode; depletion region narrows in forward bias (current flows),
widens in reverse bias (current blocked, small leakage only)

* Forward voltage: =0.7 V (silicon), =0.3 V (germanium)



* LED: forward-biased PN junction; electron-hole recombination releases
photons (light); colour depends on semiconductor material

* Analog: continuous values; Digital: only 'high’ (1) / 'low' (0); ADC = sampling
- quantization -» encoding

* Bit = smallest data unit (0 or 1); Byte = 8 bits

* AND: X=A-B (output 1 only if all inputs 1); OR: X=A+B (output 1 if any input
1); NOT: X=A (inverts input)

* NAND: X=(A-B) (output 0 only if both inputs 1); NOR: X=(A+B) (output 1
only if both inputs 0)

* Burglar alarm: NAND gate + LDR + switch — alarm sounds when light blocked
OR switch pressed (output goes high)

* Fire alarm: smoke/heat sensors + logic gates (typically OR-based) trigger
alarm when either condition is met

Exam Tips

* Always state BOTH the logic equation and the truth table when answering
logic gate questions — many exams award marks for each separately

* Remember the two exceptions: NOT gate has only ONE input (all other gates
covered here have two), and NAND/NOR gates are simply AND/OR gates with
an inverted (bubbled) output

* For diode bias questions, remember: forward bias narrows the depletion
region (current flows); reverse bias widens it (current blocked)

* Memorize the approximate forward voltages: silicon = 0.7 V, germanium = 0.3
V — commonly tested as direct recall questions

* For ADC questions, always list all three steps in order: sampling -
guantization - encoding

* For burglar/fire alarm questions, explain the physical scenario (light blocked,
switch pressed, smoke/heat detected) AND link it explicitly to the gate's truth
table output that triggers the alarm



Chapter 20: Atomic and Nuclear Physics

Atomic and nuclear physics explore the smallest building blocks of matter — the
atom and its nucleus. This chapter covers Rutherford's alpha-particle scattering
experiment and what it revealed about atomic structure, charge number and
mass number, isotopes, and the discovery and properties of radioactivity,
including alpha, beta, and gamma radiation and their relative ionizing and
penetrating powers.

It also explains radioactive decay equations, nuclear fission and fusion reactions,
the interconversion of matter and energy via Einstein's E = mc?, half-life and
radioactive decay curves, carbon dating, and the effects and practical uses of
nuclear radiation in medicine, industry, and safety devices.

Learning Objectives

* Describe the structure of the atom as a positively charged nucleus surrounded
by electrons behaving as quantum particles

* Justify the findings of Rutherford's alpha-particle scattering experiment
regarding the nucleus

* Define proton number (Z) and nucleon number (A), and calculate the number
of neutrons in a nucleus using N =A-2Z

* Use nuclide notation and explain what is meant by an isotope

* Describe alpha-particles, beta-particles, and gamma-radiation, and compare
their ionizing and penetrating powers

* Describe the deflection of alpha-particles, beta-particles, and gamma-
radiation in electric and magnetic fields

* Use decay equations in nuclide notation to show emission of alpha-particles,
beta-particles, and gamma-radiation

* Describe nuclear fission and fusion reactions with examples, and recognize
fusion as the energy source for stars

* Apply E = mc? to calculate the energy released in nuclear reactions

* Define half-life, apply N = (1/2)"No, and explain carbon dating and the uses/
effects of nuclear radiation



Key Concepts
20.1 Atomic Structure and Rutherford's Experiment

All matter is made of tiny particles called atoms (first suggested by Dalton); in
1897, J. J. Thomson proposed that atoms contain positively charged matter and
negatively charged electrons. In 1911, Ernest Rutherford, with Hans Geiger and
Ernest Marsden, directed a beam of alpha particles at a thin gold foil: most
particles passed straight through undeflected, some were slightly deflected, and
a very few bounced back at large angles.

From these results, Rutherford concluded: (1) atoms have a small, dense,
positively charged core called the nucleus; (2) the nucleus contains most of the
mass of the atom; (3) electrons orbit the nucleus at large distances, and the
atom is mostly empty space; (4) the nucleus is extremely small, about 10,000
times smaller than the entire atom. Later studies showed electrons do not follow
fixed orbits like planets; instead they exist in electron clouds — regions where
their exact position cannot be known, but where the cloud is denser where the
electron is more likely to be found, reflecting their quantum nature as both
particles and waves.

20.2 Atomic Nucleus: Charge Number and Mass Number

The atomic nucleus is the small, dense central part of an atom that holds most of
its mass; it is made of protons and neutrons (together called nucleons), held
together by the strong nuclear force. The charge number Z (also called atomic
number) is the number of protons in an atom, unique for each element and
determining its position in the periodic table and its chemical properties. The
mass number A is the total number of protons and neutrons in the nucleus
(electrons are not included, since their mass is negligible).

A nuclide is represented as #ZX, where X is the chemical symbol, A is the mass
number (superscript), and Z is the charge number (subscript). The number of
neutrons N in a nucleus is found using N = A - Z. Worked Example: for the nuclide
15;X, Z = 7 (protons), A = 15, so N = 15 - 7 = 8 neutrons — this is an isotope of
nitrogen, written as *>7N.



20.3 Isotopes

Isotopes are atoms of the same element that have the same number of protons

but different numbers of neutrons. Atoms are electrically neutral (equal numbers
of protons and electrons); if an atom gains or loses electrons, it becomes an ion.
The number of protons and electrons determines an atom's chemical properties,
while the number of neutrons affects its nuclear properties, such as stability and
radioactivity.

Hydrogen has three isotopes: *1H (1 proton, 0 neutrons), 21H (1 proton, 1
neutron), and 31H (1 proton, 2 neutrons) — though they have different masses, all
three behave chemically the same way. Similarly, carbon has three isotopes: 26C,
136C, and *46C, containing 6, 7, and 8 neutrons respectively.

20.4 Radioactivity: Alpha, Beta, and Gamma Radiation

Radioactivity is the process by which unstable atoms release energy (as
radiation) to become stable, discovered by Henri Becquerel in 1896 and studied
further by Marie Curie and Ernest Rutherford. Some nuclei become unstable due
to an imbalance of protons and neutrons or excess internal energy; to become
stable, the nucleus breaks down and emits radiation — a process called
radioactive decay, which is spontaneous and random for any single atom, though
a large group of atoms follows a predictable decay pattern.

Alpha particles (a) are helium nuclei (2 protons + 2 neutrons), carrying a +2e
charge and a mass of about 4 atomic mass units; they have low penetration
power (stopped by paper or a few cm of air) but high ionizing power. Beta
particles () are high-energy electrons (°-1e) or positrons (°+1e) with very small
mass and -1e or +1e charge; they have moderate penetration power (stopped by
a few mm of aluminium) and moderate ionizing power. Gamma radiation (y)
consists of high-energy electromagnetic waves (photons), massless and neutral,
emitted from nuclear de-excitation; gamma rays have very high penetration
power (requiring thick lead or concrete to stop) but low ionizing power. In electric
and magnetic fields, alpha and beta particles are deflected (beta more strongly,
due to lower mass), while gamma rays, having no charge, are not deflected at
all.



20.5 Radioactive Decay Equations

Radioactive decay transforms a parent isotope into a daughter isotope through
the emission of radiation. In alpha decay, an unstable nucleus emits an alpha
particle (42zHe), reducing its atomic number by 2 and mass number by 4: AZX -
A=4Z_2Y + %2He. Example: 2389:U — 23490Th + 42He + Energy (decay of
Uranium-238).

In beta decay, a neutron converts into a proton and emits a beta particle
(electron), increasing the atomic number by 1 while the mass number stays the
same: AZX - AZ+1Y + °-1 + Energy. Example: *4C - 7N + °-18 + Energy (decay
of Carbon-14). In gamma decay, an excited nucleus releases excess energy as a
gamma ray without changing the number of protons or neutrons: AZX* - AZX + .
Example: 6%2;Co* - ¢%27Co + y (decay of Cobalt-60).

20.6 Nuclear Reactions: Fission and Fusion

Nuclear reactions involve changes in the atomic nucleus (unlike chemical
reactions, which involve only electrons). In fission, first discovered in 1939 by
Otto Hahn and Fritz Strassmann, a heavy nucleus (like Uranium-235) absorbs a
slow-moving neutron and splits into two smaller nuclei, releasing extra neutrons
(typically 2-3, averaging 2.5) and a large amount of energy: lon + 2352U — 2369,U*
- 1156Ba + 9236Kr + 3%on + Energy. The released neutrons can trigger further
fissions, creating a chain reaction — uncontrolled, this causes an explosive
release of energy (atomic weapons); controlled (by absorbing excess neutrons), it
safely generates power in nuclear reactors. Each fission event releases about
200 MeV — far more than any chemical reaction (fission of 1 kg of U-235
produces about 6.7x103 |, versus 3.6x10° ) from burning 1 ton of coal).

In fusion, two or more light nuclei (such as hydrogen isotopes) combine at
extremely high temperatures to form a heavier nucleus, releasing a huge amount
of energy as some mass converts to energy. Example: deuterium and tritium fuse
to form helium and release a neutron: 21.H + 31H - %:He + %on + Energy. The Sun
and stars shine because of fusion: four hydrogen nuclei fuse into one helium
nucleus, releasing about 25.7 MeV of energy, at the Sun's core temperature of
nearly 20 million kelvin.



20.7 Interconversion of Matter and Energy

Matter and energy can convert into each other, as described by Einstein's
equation E = mc?, where E is energy, m is mass, and c is the speed of light
(3x108 m s~1); a small amount of mass converts into an enormous amount of
energy, as seen in fission and fusion. Energy can also convert into matter under
extreme conditions, such as in particle accelerators, where high-energy photons
create particle-antiparticle pairs (pair production) — the total energy, including
mass-energy, remains constant, consistent with the law of conservation of
energy.

In nuclear reactions, the total mass of the products is slightly less than the mass
of the reactants; this missing mass is the mass defect (Am), and the energy
released is found using E = Am X c?, or in nuclear-scale units, E = Am x 931.5
MeV/u, where 1 u (unified/uniform atomic mass unit) = 1.66605x10-27 kg
(defined as 1/12 the mass of a carbon-12 atom). Worked Example (fission of
U-235): mass defect Am = 236.0526 - 235.8667 = 0.1859 u, so E = 0.1859 x
931.5 =173.2 MeV.

20.8 Half-Life and Carbon Dating

The activity of a radioactive material is the rate at which its atoms decay,
measured in becquerels (Bq, where 1 Bq = 1 disintegration per second) or curies
(Ci, where 1 Ci = 3.7x10%° dps). The half-life of a radioactive isotope is the time
taken for half of the radioactive atoms in a sample to decay into a more stable
form; each isotope has a fixed, unique half-life regardless of sample size or
conditions (e.g., carbon-14: 5,730 years; uranium-238: 4.5 billion years). After
each half-life, the remaining quantity halves: N = (1/2)"No, where n = At/T% is
the number of half-lives elapsed. Worked Example: a 50 mg sample of lead-212
(half-life 10.6 h) after 53 h has undergone n = 53/10.6 = 5 half-lives, leaving N =
(1/2)> x 50 = 1.56 mq.

Carbon dating determines the age of ancient organic materials (up to ~50,000
years old) using the radioactive decay of carbon-14. Living organisms constantly
absorb carbon-14, maintaining a steady ratio with carbon-12; once an organism
dies, it stops absorbing carbon, and its carbon-14 decays at a fixed rate (half-life
=~ 5,730 years). By measuring the remaining carbon-14 in a sample and



comparing it to the original amount, scientists estimate how long ago the
organism died — an essential tool in archaeology, geology, and anthropology.

20.9 Effects and Uses of Nuclear Radiation

lonizing radiation (alpha, beta, gamma) can damage living cells by altering DNA
and other molecules; effects depend on dose, exposure time, and radiation type.
High doses can kill cells (useful in radiotherapy to destroy cancer cells); radiation
can cause DNA mutations leading to genetic disorders if reproductive cells are
affected; long-term low-dose exposure increases cancer risk (e.g., excessive UV
exposure causing skin cancer); and severe short-term exposure can cause
radiation sickness (nausea, vomiting, organ failure, potentially death).

The choice of radioactive isotope for a given use depends on its radiation type
and half-life: short-lived isotopes (e.qg., lodine-131, 8 days) are used in medical
imaging and treatment to minimize long-term exposure; long-lived isotopes are
used where long-term stability matters, such as Americium-241 (432-year half-
life) in smoke detectors, where alpha particles ionize air to create a current that
smoke disrupts, triggering the alarm. Cobalt-60 and Caesium-137 gamma rays
kill bacteria in food (extending shelf life) and sterilize medical equipment;
gamma rays from Cobalt-60 are also used in cancer radiotherapy, and thickness
gauges use appropriate radiation types to measure and control material
thickness during manufacturing.

Important Definitions

Define the atomic nucleus.

The small, dense, positively charged core of an atom, made of protons and
neutrons (nucleons), held together by the strong nuclear force, and containing
nearly all of the atom's mass.

What is an isotope?

An atom of an element having the same number of protons (same Z) but a
different number of neutrons compared to other atoms of that element, giving it
a different mass number A.

Define radioactivity.



The spontaneous and random process by which unstable atomic nuclei release
energy in the form of radiation (alpha, beta, or gamma) in order to become more
stable.

What is an alpha particle?
A helium nucleus (2 protons + 2 neutrons), carrying a +2e charge, with high
ionizing power and low penetrating power (stopped by paper or a few cm of air).

What is a beta particle?

A high-energy electron or positron emitted from a nucleus during beta decay,
with moderate ionizing power and moderate penetrating power (stopped by a
few mm of aluminium).

Define gamma radiation.

High-energy, massless, uncharged electromagnetic radiation (photons) emitted
from a nucleus during de-excitation, with low ionizing power but very high
penetrating power (requiring thick lead or concrete to stop).

Define the half-life of a radioactive isotope.

The time taken for half of the radioactive atoms in a sample to decay into a more
stable form; it is fixed and unique for each isotope, unaffected by sample size or
external conditions.

What is nuclear fusion?

A nuclear reaction in which two or more light nuclei combine at extremely high
temperatures to form a heavier nucleus, releasing a large amount of energy as
some mass converts to energy (the energy source of stars).

Key Formulas

Topic Formula

Number of neutrons in a nucleus N=A-Z

Alpha decay AZX = A=4Z_3Y + 4;:He + Energy
Beta decay AZX = AZ+Y + °-13 + Energy
Gamma decay AZX* = AZX +y

Mass-energy equivalence (Einstein's equation) E=mc2(c=3x%x108ms?)



Energy from mass defect (nuclear units) E=Am x 931.5 MeV/u

Number of half-lives elapsed n=At/TY
Remaining quantity after n half-lives N = (1/2)" X No
Diagrams

Rutherford's Alpha-Particle Scattering Experiment: A beam of alpha
particles striking a thin gold foil: most pass straight through, some are slightly
deflected, and a few bounce back at large angles from the small, dense,
positively charged nucleus

Penetrating Power of Alpha, Beta, and Gamma Radiation: Comparison of
how far alpha particles, beta particles, and gamma rays penetrate through
paper, aluminium, and thick lead/concrete

Radioactive Decay Curve and Half-Life: An exponential decay curve showing
the remaining quantity N of a radioactive isotope falling by half after each
successive half-life (T%, 2TV, 3T%, ...)

Short Questions & Answers

Define the atomic nucleus. What are its two main characteristics?

The atomic nucleus is the small, dense, positively charged core of an atom, made
of protons and neutrons. Its two main characteristics are: it contains almost all of
the atom's mass, and it is extremely small compared to the size of the whole
atom.

What is the structure of an atom according to Rutherford's model?
According to Rutherford's model, an atom has a tiny, dense, positively charged
nucleus at its centre, containing most of the atom's mass, surrounded by
electrons orbiting at relatively large distances, with the atom being mostly empty
space.

How does alpha radiation differ from beta radiation?
Alpha particles are heavy helium nuclei (+2e charge) with high ionizing power
but low penetrating power (stopped by paper); beta particles are much lighter



electrons/positrons (-1e/+1e charge) with moderate ionizing power and moderate
penetrating power (stopped by a few mm of aluminium).

What is the primary energy source of the Sun and other stars?

Nuclear fusion — specifically, the fusion of four hydrogen nuclei into one helium
nucleus at extremely high core temperatures, releasing about 25.7 MeV of
energy per reaction.

Name the equation proposed by Einstein that relates energy and mass.
E = mc?, where E is energy, m is mass, and c is the speed of light (3x10® m/s) —
it shows that mass and energy are interconvertible.

What is the principle behind carbon dating and its applications?
Carbon dating relies on the fixed, known half-life of carbon-14 (5,730 years); by
measuring the remaining carbon-14 in a once-living sample and comparing it to
the original ratio, scientists estimate how long ago the organism died, used in
archaeology, geology, and anthropology.

Define nuclear fusion with an example.

Nuclear fusion is the combining of two or more light nuclei at extremely high
temperatures to form a heavier nucleus, releasing energy; for example,
deuterium and tritium fuse to form helium and a neutron: 21H + 31H - 42He + on
+ Energy.

Americium-241 undergoes alpha decay. Write the equation and name
the nucleus formed.
2415sAm — 23793Np + “2He + Energy — the nucleus formed is Neptunium-237 (Np).

Long Questions & Answers

Describe Rutherford's alpha-particle scattering experiment and
explain how its results provided evidence for the structure of the
atom.

In the early 20th century, Ernest Rutherford, working with Hans Geiger and
Ernest Marsden, conducted a landmark experiment in 1911 to investigate the
internal structure of the atom, using the recently discovered alpha particles —
positively charged particles similar in mass to a helium atom, emitted at high
velocity by radioactive substances. The experimental setup directed a focused



beam of these alpha particles at an extremely thin sheet of gold foil, with a
fluorescent screen surrounding the foil to detect and record the angle at which
each alpha particle was scattered after passing through or near the atoms of
gold. Based on the then-prevailing 'plum pudding' model of the atom, in which
positive charge was thought to be spread out relatively uniformly throughout the
atom's volume (with electrons embedded within it like plums in a pudding),
scientists expected the alpha particles to pass through the thin foil with only
minor, gradual deflections, since no concentrated region of charge should exist
to produce strong scattering. The actual experimental results, however, were
strikingly different from this prediction: the overwhelming majority of alpha
particles passed straight through the gold foil with little or no deflection at all,
exactly as would be expected if atoms consist mostly of empty space; a smaller
number of particles were deflected through moderate angles, suggesting they
had passed relatively close to a concentrated region of positive charge; and,
most strikingly, a very small number of particles — roughly 1 in 8000 — were
deflected through very large angles, with some even bouncing almost straight
back toward the source, a result Rutherford famously described as being as
surprising as firing a shell at a piece of tissue paper and having it bounce back.
From these combined observations, Rutherford correctly reasoned that the vast
majority of an atom's volume must indeed be empty space (explaining why most
particles passed straight through undeflected), but that all of the atom's positive
charge, along with almost all of its mass, must be concentrated into an
extremely small, dense central region — which he named the nucleus — since
only a concentrated point charge of sufficient magnitude could exert a strong
enough electrostatic repulsive force to deflect a small number of positively
charged alpha particles through such large angles or send them back the way
they came. Based on the tiny fraction of particles undergoing large-angle
scattering, Rutherford was further able to estimate that this nucleus must be
roughly 10,000 times smaller in diameter than the atom as a whole, establishing
the now-familiar picture of the atom as a mostly empty structure with a tiny,
dense, positively charged nucleus at its centre, surrounded by orbiting electrons
occupying a comparatively vast surrounding volume.



Compare alpha particles, beta particles, and gamma radiation in
terms of their composition, charge, mass, ionizing power,
penetrating power, and deflection in electric and magnetic fields.

Alpha particles, beta particles, and gamma radiation are the three principal forms
of radiation emitted during radioactive decay, and while they all originate from
unstable nuclei seeking greater stability, they differ dramatically in their physical
nature and behaviour. Alpha particles consist of two protons and two neutrons
bound together — effectively identical to the nucleus of a helium atom — giving
them a relatively large mass of about 4 atomic mass units and a substantial
positive charge of +2e; because of this large mass and charge, alpha particles
interact very strongly with the electrons of atoms they pass close to, making
them the strongest ionizers of the three radiation types (capable of stripping
electrons from many atoms along a very short path), but this same strong
interaction also means they rapidly lose their kinetic energy and come to rest
after traveling only a very short distance, giving them the lowest penetrating
power of the three — a single sheet of paper, or a few centimetres of air, is
generally sufficient to stop them entirely; being charged and relatively massive,
alpha particles are deflected by both electric and magnetic fields, though only
slightly, owing to their comparatively large mass and momentum, which makes
them harder to deflect than the far lighter beta particles. Beta particles, by
contrast, are high-energy electrons (or, less commonly, positrons) ejected
directly from the nucleus during beta decay, carrying a much smaller mass
(roughly 1/7000th that of an alpha particle) and a single unit of charge (-1e for
electrons, +1e for positrons); their smaller size and charge give them a moderate
ionizing power — noticeably weaker than alpha particles, since they interact less
strongly and less frequently with surrounding atoms along their path, but still
capable of causing meaningful ionization — while their smaller mass also allows
them to travel considerably further before losing all their energy, giving beta
particles moderate penetrating power: they easily pass through paper but are
generally stopped by a few millimetres of aluminium; being charged, beta
particles are also deflected by electric and magnetic fields, and quite
significantly so, since their small mass makes them much easier to divert from a
straight path than the far heavier alpha particles. Gamma radiation is
fundamentally different in nature from the other two: rather than being a stream



of material particles, it consists of high-energy electromagnetic waves
(equivalently, packets of energy called photons), which are entirely massless and
carry no electric charge whatsoever, being emitted when an excited nucleus
releases surplus internal energy without changing its proton or neutron count;
having no charge, gamma radiation experiences no ionizing power comparable
to alpha or beta radiation, interacting only weakly and occasionally with the
atoms it passes, making it the weakest ionizer of the three — but this same lack
of charge and near-total lack of interaction with matter is precisely what gives
gamma radiation its extremely high penetrating power, since with essentially
nothing to strongly absorb or deflect it, gamma radiation can pass readily
through paper, human tissue, aluminium, and even several centimetres of dense
lead or thick concrete before being significantly attenuated; and, having no
electric charge at all, gamma radiation experiences no force in either an electric
field or a magnetic field, and therefore travels through both completely
undeflected, unlike its charged alpha and beta counterparts.

Describe the process of nuclear fission and nuclear fusion, giving one
example equation of each, and explain how Einstein's equation E =
mc? relates to the energy released in these reactions.

Nuclear fission and nuclear fusion are the two fundamental types of nuclear
reactions capable of releasing enormous quantities of energy from the atomic
nucleus, though they achieve this release through essentially opposite processes.
Nuclear fission, first observed experimentally in 1939 by Otto Hahn and Fritz
Strassmann, involves a heavy, unstable nucleus — most commonly Uranium-235
— capturing a slow-moving (thermal) neutron, which causes the resulting
compound nucleus to become highly unstable and split apart into two smaller,
roughly comparable daughter nuclei, releasing additional free neutrons (typically
two or three, averaging about 2.5 per fission event) along with a very large
amount of energy in the process; a representative fission equation is on + 23592U
- 2365,U* — 14156Ba + 9236Kr + 3'on + Energy, in which barium and krypton nuclei,
along with three additional neutrons, are produced from the fission of
uranium-235. A particularly important feature of fission is that the neutrons
released by one fission event can go on to strike and split further uranium nuclei,
creating a self-sustaining chain reaction — if this chain reaction proceeds
uncontrolled, the very rapid release of energy from repeated fission events



produces an explosive release of energy, as in an atomic weapon; but if the chain
reaction is instead carefully controlled and moderated (as by inserting control
rods that absorb excess neutrons in a nuclear reactor), the energy release can
instead be regulated and harnessed steadily over time to generate electrical
power. Nuclear fusion operates via the essentially opposite process: rather than a
single heavy nucleus splitting apart, two (or more) very light nuclei — typically
isotopes of hydrogen — are forced together at extraordinarily high temperatures
and pressures (such as those found deep within the core of a star) to overcome
their mutual electrostatic repulsion and combine into a single, somewhat heavier
nucleus, again releasing a very large amount of energy in the process; a
representative fusion equation is 21H + 31H - 4%He + on + Energy, in which
deuterium and tritium (two heavier isotopes of hydrogen) combine to form a
helium nucleus and a free neutron. Fusion reactions of this general type, on a
much larger and more sustained scale, are what power the Sun and all other
stars: within the Sun's core, at temperatures of nearly 20 million kelvin, four
hydrogen nuclei ultimately fuse together (through a multi-step process) into a
single helium nucleus, releasing approximately 25.7 MeV of energy for each such
fusion sequence, and it is this continuous release of fusion energy, radiating
outward, that makes stars shine. In both fission and fusion, the fundamental
source of the released energy is explained by Einstein's mass-energy
equivalence relation, E = mc?, which states that mass and energy are, in a deep
physical sense, interchangeable forms of the same underlying quantity, with any
given quantity of mass m corresponding to an equivalent amount of energy E,
related by the (very large) square of the speed of light, c2. In both fission and
fusion reactions, careful measurement reveals that the total mass of the products
formed is always very slightly less than the total mass of the original reactant
particles that combined or split to form them; this small 'missing' quantity of
mass is known as the mass defect (Am), and rather than truly disappearing, it
has been directly converted into an equivalent amount of energy according to E
= mc? (or, in the convenient units commonly used at the nuclear scale, E = Am X
931.5 MeV per atomic mass unit of mass defect) — this converted energy is
precisely the large amount of energy released as heat, radiation, and the kinetic
energy of the reaction's products, in both the fission of heavy nuclei and the
fusion of light ones.



Explain what is meant by the half-life of a radioactive isotope, and
describe how carbon dating uses this concept to estimate the age of
ancient organic materials.

The half-life of a radioactive isotope is defined as the time required for exactly
half of the radioactive atoms present in any given sample of that isotope to
undergo radioactive decay and transform into a more stable form; critically, this
half-life value is a fixed, characteristic property of each specific isotope,
remaining completely constant regardless of how much of the substance is
present, what physical or chemical form it is in, or what external environmental
conditions (such as temperature or pressure) it is subjected to — a sample of
carbon-14, for instance, always has a half-life of approximately 5,730 years,
whether the sample is large or small, hot or cold, or chemically combined with
other elements. Because radioactive decay is a random process at the level of
any individual atom (it is impossible to predict exactly when any single specific
atom will decay), but follows highly predictable statistical patterns when applied
to the very large numbers of atoms present in any macroscopic sample, the
quantity of a radioactive substance remaining decreases in a very regular,
predictable mathematical pattern over time, known as exponential decay:
starting from an initial quantity No present at time t = 0, after one half-life has
elapsed, exactly half of the original quantity remains (N1 = No/2); after a second
half-life, half of that remaining amount again decays, leaving only one quarter of
the original quantity (N2 = No/4); and this halving process continues indefinitely
with each successive half-life, following the general formula N = (1/2)"No, where
n represents the total number of half-lives that have elapsed, calculated as n =
At/TY (total elapsed time divided by the isotope's half-life). Carbon dating is a
widely used scientific technique that exploits this predictable half-life behaviour,
applied specifically to the radioactive isotope carbon-14, to estimate the age of
ancient organic materials such as wood, bone, shell, and other remains of once-
living organisms, typically up to around 50,000 years old. The technique relies on
the fact that carbon-14 is continuously produced in the upper atmosphere
(through the interaction of cosmic rays with nitrogen atoms) and is then
absorbed by all living organisms throughout their lives — through photosynthesis
in plants, and through the food chain in animals — such that, while an organism
is alive, the ratio of radioactive carbon-14 to stable carbon-12 within its body



remains essentially constant, continuously replenished to match the steady-state
ratio found in the atmosphere. However, the moment an organism dies, it
permanently stops absorbing any new carbon from its environment, and from
that precise moment onward, the carbon-14 already present within its remains
begins to steadily decay away at its fixed, known half-life rate of approximately
5,730 years, with no new carbon-14 being added to replace what is lost, causing
the ratio of carbon-14 to carbon-12 within the remains to steadily and predictably
decrease over time following the standard exponential decay formula. By
carefully measuring the current amount of carbon-14 remaining within an ancient
sample (typically using sensitive radiation-counting equipment) and comparing
this to the known, standard carbon-14-to-carbon-12 ratio found in living
organisms today, scientists can work backward through the exponential decay
equation to calculate precisely how many half-lives — and therefore how many
years — must have elapsed since the organism in question died, providing an
accurate and scientifically well-established method for determining the age of
archaeological, geological, and anthropological samples, and thereby providing
crucial insights into human history, past environmental conditions, and the
timeline of the ancient world.

Multiple Choice Questions (MCQs)

What did Rutherford's alpha particle scattering experiment reveal
about the structure of the atom? (A) Electrons are distributed evenly
throughout the atom (B) Protons and electrons are located in the
nucleus (C) Atoms are indivisible and indestructible (D) The nucleus is
small, dense, and positively charged

Correct answer: (D) The nucleus is small, dense, and positively charged.
Rutherford's experiment showed that atoms have a small, dense, positively
charged nucleus, with the rest of the atom being mostly empty space.

The atomic number of an element represents: (A) number of neutrons in
the nucleus (B) number of protons in the nucleus (C) total number of
protons and neutrons (D) number of electrons and neutrons

Correct answer: (B) number of protons in the nucleus. The atomic number
(charge number Z) represents the number of protons in an atom's nucleus,
unique to each element.



Which type of radiation is positively charged and consists of two
protons and two neutrons? (A) Alpha (a) (B) Beta () (C) Gamma (y) (D)
Neutron emission

Correct answer: (A) Alpha (a). An alpha particle is a helium nucleus, consisting of
2 protons and 2 neutrons, carrying a +2e charge.

The process by which an unstable nucleus emits radiation and
transforms into a more stable nucleus is called: (A) nuclear fusion (B)
nuclear fission (C) radioactive decay (D) isotopic exchange

Correct answer: (C) radioactive decay. Radioactive decay is the spontaneous
process where an unstable nucleus emits radiation to become a more stable

nucleus.

Nuclear fission involves: (A) combining light nuclei to form heavier ones
(B) splitting heavy atomic nuclei into smaller ones (C) absorbing gamma
radiation to increase stability (D) none of the above

Correct answer: (B) splitting heavy atomic nuclei into smaller ones. Nuclear
fission is the splitting of a heavy nucleus (like Uranium-235) into two smaller
nuclei, releasing energy and extra neutrons.

What does Einstein's equation E = mc? explain? (A) The energy released
in chemical reactions (B) The equivalence of mass and energy (C) The
rate of radioactive decay (D) The conversion of mass into momentum
Correct answer: (B) The equivalence of mass and energy. E = mc? expresses the
equivalence of mass and energy, showing that mass can be converted into
energy and vice versa.

Which of the following is a practical application of nuclear radiation? (A)
Cooking food in microwave ovens (B) Medical imaging and cancer
treatments (C) Solar energy generation (D) Airplane navigation systems
Correct answer: (B) Medical imaging and cancer treatments. Nuclear radiation
(such as gamma rays from Cobalt-60 or lodine-131) is widely used in medical
imaging and cancer radiotherapy.

What are the potential effects of ionizing nuclear radiation on biological
tissues? (A) Increased cellular regeneration (B) DNA damage and cancer
(C) Enhanced immune system response (D) Improved metabolic activity



Correct answer: (B) DNA damage and cancer. lonizing radiation can damage
DNA, potentially causing mutations, cancer, and other harmful biological effects.

The half-life of a radioactive isotope is defined as: (A) the total time for
all atoms in a sample to decay (B) the time for half the radioactive
atoms in a sample to decay (C) the time for a sample to double in mass
(D) the time for radiation to stop completely

Correct answer: (B) the time for half the radioactive atoms in a sample to decay.
Half-life is the time taken for exactly half of the radioactive atoms in a sample to
decay into a more stable form.

Carbon dating is used to estimate the age of materials up to
approximately: (A) 500 years (B) 5,000 years (C) 50,000 years (D) 5
million years

Correct answer: (C) 50,000 years. Carbon dating, based on carbon-14's 5,730-
year half-life, is effective for dating organic materials up to about 50,000 years
old.

Quick Revision Summary

* Rutherford's experiment: most alpha particles pass through (empty space),
few deflect/bounce back (small, dense, positive nucleus)

* N = A — Z (neutrons = mass humber — atomic number); nuclide notation AZX

* Isotopes: same Z (protons), different N (neutrons) and A; same chemical
properties, different physical/nuclear properties

* Alpha (a): +2e, heavy, high ionizing, LOW penetration (paper); Beta (B): £1e,
light, moderate ionizing/penetration (aluminium); Gamma (y): 0 charge,
massless, low ionizing, HIGH penetration (lead/concrete)

* Alpha decay: Al4, Z!2; Beta decay: Asame, ZT1; Gamma decay: A, Z
unchanged (energy only)

* Fission: heavy nucleus + neutron = 2 smaller nuclei + neutrons + energy
(chain reaction, ~200 MeV/event)

* Fusion: light nuclei —» heavier nucleus + energy (powers stars; needs extreme
temperature, e.g. Sun's core ~20 million K)

* E = mc? (mass-energy equivalence); E = Am x 931.5 MeV/u (nuclear-scale
energy from mass defect)



* Half-life: n = At/T%; N = (1/2)"No — fixed for each isotope regardless of
amount or conditions

* Carbon dating: C-14 half-life = 5,730 years; compares remaining C-14 to
living-organism ratio to estimate age

* Uses: short half-life isotopes - medical (minimize exposure); long half-life
isotopes — industrial/power (long-term stability)

Exam Tips

* Memorize the ionizing/penetrating trend: alpha = high ionizing/low
penetration; gamma = low ionizing/high penetration — beta is always the
'moderate’ middle case

* For decay equations, always check that both mass number (top) and charge
number (bottom) balance on both sides of the equation

* For half-life numericals, always find n = At/T% FIRST, then substitute into N =
(1/2)"No — do not skip straight to the answer

* Remember alpha decay reduces A by 4 and Z by 2; beta decay keeps A the
same but increases Z by 1; gamma decay changes neither A nor Z

* For E=mc? and mass-defect problems, always find Am = (mass of reactants) —
(mass of products) BEFORE calculating energy

» For carbon dating problems, recognize that the fraction remaining (25%,
12.5%, etc.) directly tells you the number of half-lives elapsed (25% = 2 half-
lives, 12.5% = 3 half-lives, etc.)



Chapter 21: Space and Environment

Space and the environment are closely connected: satellites orbiting Earth
collect environmental data that helps scientists understand and protect our
planet, while the study of space also reveals the origin and evolution of the
universe. This chapter covers the nature of the Sun and its nuclear fusion, how
planetary data (orbital distance, orbital period, density, surface temperature,
gravitational field strength) is compared across planets, and how convection
drives the formation of cyclones.

It also explains global warming and geothermal activity, how rising temperatures
intensify extreme weather events (hurricanes, heat waves, flooding, wildfires,
droughts, winter storms), and closes with radiation exposure, background
radiation, and its four main natural and human-made sources: radon gas, rocks
and buildings, food and drink, and cosmic rays.

Learning Objectives

* Explain the nature of the Sun as a medium-sized star composed mostly of
hydrogen and helium, radiating energy across the infrared, visible, and
ultraviolet spectrum

* Interpret and compare planetary data: orbital distance, orbital period, density,
surface temperature, and gravitational field strength

* Use ideas of convection to explain how cyclones are formed, including the role
of the Coriolis effect

* Explain how global warming contributes to extreme weather events:
hurricanes, heat waves, flooding, wildfires, droughts, and winter storms

* Explain what is meant by background radiation

* State the sources that contribute significantly to background radiation: radon
gas, rocks and buildings, food and drink, and cosmic rays



Key Concepts

21.1 The Sun

The Sun is the greatest source of light, heat, and other electromagnetic waves
for our solar system, and its gravitational pull keeps the planets, including Earth,
in orbit around it. The Sun is composed of about 74% hydrogen and 24% helium,
along with trace amounts of other elements. At the Sun's core, nuclear fusion
occurs continuously, fusing hydrogen atoms together to form helium; this
process releases a tremendous amount of energy, raising the core temperature
to millions of degrees Celsius and producing the light and heat that reaches
Earth.

The energy released from the Sun travels through space as various types of
radiation, including infrared, visible sunlight, and ultraviolet radiation, all of
which significantly affect life on Earth by shaping weather patterns, driving
climate, and supporting ecosystems. Unlike a fire, the Sun does not burn through
combustion; it releases energy through nuclear fusion, converting a small
amount of mass into an enormous amount of energy at its core.

21.2 Planetary Data

Comparing planets requires examining several key factors. Orbital distance is a
planet's distance from the Sun — planets closer to the Sun have smaller orbital
distances and receive more solar energy, while those farther away have larger
orbital distances and receive less. Orbital period is the time a planet takes to
complete one orbit around the Sun; planets closer to the Sun have shorter orbital
periods (Mercury takes just 88 days, Earth takes 365.25 days, while Neptune
takes 165 Earth years).

Density reflects a planet's composition: rocky planets like Earth and Mars have
higher densities due to their solid, metallic cores, while gas giants like Jupiter and
Saturn have lower densities since they are composed mostly of hydrogen and
helium. Surface temperature depends on distance from the Sun, atmospheric
composition, and greenhouse effects — Venus has an extremely high surface
temperature due to its thick, heat-trapping atmosphere, while Mars is much
colder due to its thin atmosphere and greater distance from the Sun.



Gravitational field strength at a planet's surface depends on its mass and is
nearly uniform across the surface, decreasing with distance from the planet;
smaller planets (like Mars) have weaker surface gravity, while larger planets (like
Jupiter) have stronger surface gravity.

21.3 Formation of Cyclones

Cyclones are heavy storms with fast, spinning winds that form around a low air
pressure area, driven by the process of convection: warm air, being lighter, rises,
while heavier cool air moves down to replace it, and this rising motion creates
the spinning effect that strengthens as more air rushes in. Cyclone formation
begins over warm ocean waters (sea surface temperature around 27°C / 300 K or
higher): the air above the warm water heats up, becomes less dense, and rises
rapidly, creating a low-pressure area at the surface.

As this warm air rises into lower-pressure regions, it expands and cools, and its
moisture condenses into clouds, releasing heat into the surrounding air — this
extra heat makes the air rise even faster, forming more clouds and releasing
more heat in a self-reinforcing cycle that strengthens and grows the cyclone. As
warm air continues rising, it leaves a near-vacuum near the surface, pulling in
more warm, moist air from surrounding areas; because the Earth is rotating, this
inflowing air is deflected by the Coriolis effect, causing it to spin around the low-
pressure centre rather than moving in a straight line — anticlockwise in the
Northern Hemisphere, clockwise in the Southern Hemisphere. As the storm
develops, a calm 'eye' forms at its centre where air moves downward,
surrounded by the dangerous 'eye wall' with extremely strong winds and heavy
rain. Cyclones weaken when they move over land or colder water, since they lose
access to the warm, moist air that fuels their rising and spinning motion.

21.4 Global Warming and Geothermal Activity

Global warming is a long-term increase in Earth's average surface temperature,
caused by burning fossil fuels, releasing gases like methane, carbon dioxide, and
nitrous oxide, cutting down forests, and certain industrial and farming practices.
These gases trap heat from the Sun in the atmosphere, raising global
temperatures and significantly impacting weather patterns, sea levels, and
ecosystems.



Similarly, geothermal activity — the Earth's own internal heat — causes volcanic
eruptions, geysers, hot springs, and the movement of tectonic plates;
geothermal energy is considered a renewable resource because it remains
sustainable as long as the Earth's internal heat stays active (partly sustained by
radioactive decay deep within the Earth, even after 4.5 billion years).

21.5 Effects of Global Warming on Extreme Weather

Rising temperatures intensify several types of extreme weather. Hurricanes
become stronger and more destructive as warmer ocean waters provide more
energy, increasing wind speeds and rainfall, while melting ice and expanding
seawater raise sea levels, worsening storm surges and coastal flooding. Heat
waves occur as greenhouse gases trap heat in the atmosphere, producing
extended periods of extreme heat, worsened in cities where buildings and roads
absorb and retain heat (the urban heat island effect).

Flooding increases because a warmer atmosphere holds more moisture,
producing heavier rainfall, while rising sea levels from melting glaciers and ice
sheets worsen coastal flooding. Wildfires become more common and severe due
to high temperatures, prolonged dryness, and earlier snowmelt extending the fire
season. Droughts intensify as higher temperatures increase evaporation from
land, drying soil and reducing water availability, while changing rainfall patterns
extend dry periods. Winter storms can also become more extreme, since warmer
air holds more moisture, producing heavier snowfall and ice storms when
temperatures are still cold enough for snow.

21.6 Radiation Exposure and Background Radiation

Radiation exposure occurs when someone comes into contact with radiation — a
form of energy from natural sources (the Sun, the ground) or human-made
sources (X-ray machines, nuclear power plants). Small amounts of radiation are
generally safe, but excessive exposure can damage cells, which is why safety
measures like protective wear and limited exposure time are used when working
with radiation.

Background radiation is the constant, low-level ionizing radiation always present
in the environment, from both natural and human-made sources — including
cosmic rays from space, radioactive materials in the Earth's crust (like uranium



and radon), and small amounts of radiation in food and our own bodies. Human
activities such as medical procedures (X-rays, CT scans), nuclear power plants,
and past nuclear testing also contribute. Background radiation is usually
harmless at normal levels but is an ever-present feature of our environment.

21.7 Sources of Background Radiation

Radon gas (in the air) is an alpha emitter, tasteless, colourless, and odourless; it
forms naturally from the decay of uranium in rocks and soil and can seep into
buildings (especially basements), posing a health risk if inhaled in large
quantities, though it is not generally a concern unless levels are significantly
elevated. Rocks and buildings contain natural radioactivity from building
materials such as decorative stones and bricks, and heavy radioactive elements
like uranium and thorium occur naturally in rocks in the ground; uranium's decay
chain produces radon gas.

Food and drink contain small amounts of naturally occurring radioactive isotopes,
such as potassium-40 and carbon-14, absorbed by plants and animals and
entering the human body through consumption — this contribution is generally
small but consistent. Cosmic rays from space, emitted in enormous numbers by
the Sun and other stars, enter Earth's atmosphere at high speed; when they
collide with air molecules, they produce gamma radiation, some of which reaches
the ground as part of natural background radiation.

21.8 Effects and Safety of Radiation Exposure

High exposure to radiation over a short time can cause radiation sickness, with
symptoms including nausea, vomiting, fatigue, and organ damage; long-term
exposure to lower levels increases cancer risk, particularly in organs like the
lungs, thyroid, and bones, and can damage DNA, leading to genetic mutations
that may affect future generations. Radioactive materials can also contaminate
air, water, soil, and food, spreading radiation through the environment; inhaling
radioactive dust or drinking contaminated water can cause internal exposure,
where radioactive particles remain inside the body and continue emitting
radiation.

Accidents such as leaks, spills, or explosions can occur if radioactive materials
are not stored or handled safely, and nuclear power plant accidents or improper



waste management can lead to large-scale disasters affecting communities and
ecosystems. Safety measures — including protective wear, shielding, limited
exposure time, and careful handling and storage procedures — are essential to
minimize the risks of working with or being exposed to radioactive materials.

Important Definitions

What is the Sun composed of, and how does it generate energy?

The Sun is composed of about 74% hydrogen and 24% helium; it generates
energy through nuclear fusion at its core, where hydrogen atoms fuse to form
helium, releasing enormous amounts of energy.

Define orbital period.

The time a planet takes to complete one full orbit around the Sun; planets closer
to the Sun have shorter orbital periods (e.g., Mercury: 88 days) than planets
farther away (e.g., Neptune: 165 Earth years).

What is a cyclone?
A heavy storm with fast, spinning winds forming around a low air pressure area,
driven by convection — the rising of warm, moist air over warm ocean waters.

What is the Coriolis effect?

The deflection of moving air (or other moving objects) caused by the Earth's
rotation, which makes air spin around a low-pressure centre — anticlockwise in
the Northern Hemisphere and clockwise in the Southern Hemisphere.

Define global warming.

A long-term increase in the Earth's average surface temperature, caused mainly
by the burning of fossil fuels and release of greenhouse gases (carbon dioxide,
methane, nitrous oxide), which trap heat in the atmosphere.

What is geothermal energy?

Energy derived from the Earth's internal heat, which drives volcanic eruptions,
geysers, and hot springs; it is considered a renewable energy source as long as
the Earth's internal heat remains active.

Define background radiation.



The constant, low-level ionizing radiation always present in the environment,
from natural sources (cosmic rays, radioactive rocks, radon) and human-made
sources (medical procedures, nuclear power, past nuclear testing).

What is radon gas?

A tasteless, colourless, odourless alpha-emitting radioactive gas produced by the
natural decay of uranium in rocks and soil, which can accumulate in buildings
and pose a health risk if inhaled in large quantities.

Key Formulas

Topic Formula
Sun's composition ~74% hydrogen, =24% helium (+ trace elements)

Solar nuclear fusion
_ 4 11H - “%He + Energy (=25.7 MeV)
reaction

Closer to Sun = shorter period (Mercury: 88 days; Earth:

Orbital period trend
365.25 days; Neptune: 165 years)

Cyclone formation
Sea surface temperature = =27 °C (=300 K)

threshold
Coriolis effect Northern Hemisphere: anticlockwise spin; Southern
direction Hemisphere: clockwise spin

Major greenhouse o _ _
Carbon dioxide (COz), methane (CHa), nitrous oxide (N20)
gases

o Produced by radioactive decay of uranium in rocks/soil; radon
Radon gas origin ) . .
itself is an alpha emitter

Cosmic ray High-energy cosmic rays + atmospheric molecules - gamma
interaction radiation (background radiation)
Diagrams

The Sun: Nuclear Fusion and the Solar System: The Sun's core where
hydrogen fuses into helium, alongside a simplified diagram of the solar system
showing planets at increasing orbital distances from the Sun



Formation of a Cyclone: A cross-section of a cyclone showing warm, moist air
rising over warm ocean water, the Coriolis effect creating the spin, and the calm
eye surrounded by the dangerous eye wall

Sources of Background Radiation: The four main sources of background
radiation: radon gas in the air, radioactivity in rocks and buildings, naturally
radioactive isotopes in food and drink, and cosmic rays from space

Short Questions & Answers

What are the two main elements that make up the Sun?
The Sun is composed mainly of hydrogen (about 74%) and helium (about 24%),
with trace amounts of other elements.

What factors are used to compare planets in terms of their
characteristics?

Planets are compared using orbital distance, orbital period, density, surface
temperature, and gravitational field strength at their surface.

Explain how global warming increases the intensity of hurricanes.
Global warming raises ocean temperatures, and warmer ocean water provides
more energy to fuel hurricanes, resulting in higher wind speeds, heavier rainfall,
and greater overall storm intensity and damage.

What is background radiation, and what are its natural sources?
Background radiation is the constant, low-level ionizing radiation present in the
environment; its natural sources include cosmic rays from space, radioactive
materials in rocks and soil (like uranium and radon), and naturally occurring
radioactive isotopes in food and drink.

Name three safety measures used to handle radioactive materials
safely.

Using protective wear/shielding, limiting exposure time and distance from the
radiation source, and properly storing and disposing of radioactive materials to
prevent leaks or contamination.

Why do cyclones weaken when they move over land?



Cyclones rely on warm, moist air from the ocean surface as their energy source;
over land or colder water, this supply of warm, moist air is cut off, so the air
stops rising and spinning as strongly, and the storm gradually loses strength.

How does the Coriolis Effect influence the movement of cyclones?

The Coriolis effect, caused by the Earth's rotation, deflects air flowing into a
cyclone's low-pressure centre, making it spin rather than move in a straight line
— anticlockwise in the Northern Hemisphere and clockwise in the Southern
Hemisphere.

What is the primary cause of rising sea levels due to global warming?
Rising sea levels are primarily caused by melting glaciers and ice sheets, along
with the thermal expansion of seawater as ocean temperatures increase.

Long Questions & Answers

Describe the process of nuclear fusion in the Sun and explain how it
generates the energy that reaches Earth.

The Sun, located at the centre of our solar system, is composed of roughly 74%
hydrogen and 24% helium, along with trace amounts of other elements, and its
gravitational pull is what holds all the planets, including Earth, in their orbits.
Despite its fiery, burning appearance, the Sun does not produce energy through
ordinary combustion in the way a fire burning wood or coal does; instead, it
generates its tremendous energy output through a process called nuclear fusion,
occurring continuously deep within its core. At the Sun's core, the immense
gravitational pressure and extreme temperatures (reaching millions of degrees
Celsius) force hydrogen nuclei to overcome their mutual electrostatic repulsion
and fuse together, ultimately combining to form helium nuclei; because the
resulting helium nucleus has very slightly less mass than the total mass of the
hydrogen nuclei that fused to form it, this small missing mass — the mass defect
— is converted directly into an enormous quantity of energy according to
Einstein's equation E = mc2. This continuous fusion process at the Sun's core
releases energy on a truly massive scale, and this energy gradually makes its
way outward from the core, through the Sun's outer layers, and is eventually
radiated outward into space in the form of electromagnetic radiation spanning
several regions of the spectrum, including infrared radiation, visible light, and



ultraviolet radiation. A portion of this radiated energy travels the roughly 150
million kilometres across space to reach the Earth, where it warms the planet's
surface, drives weather patterns and climate, and provides the light and warmth
necessary to sustain nearly all forms of life and ecosystems found on Earth;
without this continuous, reliable output of energy from solar nuclear fusion,
Earth's climate, weather, and capacity to support life as we know it would not be
possible.

Explain the process by which convection leads to the formation and
strengthening of a cyclone, including the role of the Coriolis effect.

Cyclones are powerful storm systems characterized by fast, spinning winds
circulating around a central area of low atmospheric pressure, and their
formation and growth are driven fundamentally by the physical process of
convection combined with the Earth's rotation. The process typically begins over
warm tropical ocean waters, where the sea surface temperature is sufficiently
high (generally around 27°C or 300 K or greater) to significantly heat the layer of
air directly above the ocean surface; as this air absorbs heat from the warm
water below, it becomes less dense than the surrounding cooler air and,
following the basic principle of convection, begins to rise rapidly upward, leaving
behind an area of reduced atmospheric pressure at the surface. As this warm,
moist air continues rising into the cooler upper atmosphere, it expands and
cools, causing the water vapour it carries to condense into visible clouds; this
condensation process itself releases additional latent heat energy into the
surrounding air, which further warms that air and causes it to rise even more
rapidly than before, in turn drawing up still more moisture-laden air from below
— this creates a self-reinforcing feedback cycle in which rising air, cloud
formation, and heat release continuously strengthen one another, causing the
developing storm system to grow progressively larger and more powerful for as
long as it remains over sufficiently warm ocean water. As increasing quantities of
warm air rise away from the ocean surface near the storm's centre, this steady
upward removal of air creates an intensifying region of low pressure at the
surface, similar to a partial vacuum, which in turn draws in additional warm,
moist air from the surrounding ocean areas to replace the air that has risen;
however, because the Earth itself is continuously rotating on its axis, this
inflowing surface air does not simply travel in a straight line directly toward the



low-pressure centre, but is instead deflected sideways by the Coriolis effect — an
apparent force arising from the Earth's rotation — causing the inflowing air to be
curved into a spiralling, rotational pattern around the central low-pressure area
rather than flowing straight inward; specifically, in the Northern Hemisphere this
deflection causes the air to spiral inward in an anticlockwise direction, while in
the Southern Hemisphere the opposite deflection causes clockwise rotation. As
this spiralling inflow of warm, moist air continues to intensify, drawing ever more
energy from the warm ocean surface below, the storm organizes into a full
cyclonic system, typically developing a distinctive calm, clear central

'‘eye' (where air is actually descending rather than rising), surrounded
immediately by the extremely violent 'eye wall' region, where the most intense
spiralling winds and heaviest rainfall of the entire storm system are
concentrated; the cyclone will then continue to grow and intensify for as long as
it remains positioned over sufficiently warm ocean waters to continuously supply
the warm, moist air that fuels its convective engine, but will begin to rapidly
weaken and eventually dissipate once it moves over land or significantly cooler
ocean waters, since this cuts off its essential supply of warm, moist fuel air.

Explain how global warming contributes to more intense and
destructive hurricanes, heat waves, and flooding, using specific
physical mechanisms for each.

Global warming — the long-term rise in the Earth's average surface temperature
driven mainly by the accumulation of greenhouse gases such as carbon dioxide,
methane, and nitrous oxide in the atmosphere — intensifies several distinct
types of extreme weather through specific, identifiable physical mechanisms
rather than through some vague, generalized 'more heat' effect. In the case of
hurricanes, the key mechanism is the warming of ocean surface waters: since
hurricanes and cyclones draw their energy directly from the heat contained in
warm ocean water (through the evaporation and subsequent condensation of
that warm, moist air, as described by the convective process underlying cyclone
formation), any increase in ocean surface temperatures directly increases the
total amount of thermal energy available to fuel a developing storm, allowing
hurricanes to intensify more rapidly, sustain higher wind speeds, and produce
heavier rainfall than they would over cooler waters; in addition, the same
warming that raises ocean temperatures also causes polar ice and glaciers to



melt and ocean water to thermally expand, both of which raise sea levels,
meaning any given hurricane's storm surge now pushes ashore over an already
elevated sea level, worsening coastal flooding and damage even for storms of
otherwise similar intensity. In the case of heat waves, the underlying mechanism
is the atmosphere's increased capacity to trap and retain heat: as concentrations
of greenhouse gases increase, more of the outgoing infrared heat radiation that
would otherwise escape back into space is instead absorbed and re-emitted
within the atmosphere, causing periods of naturally elevated temperature (which
have always occurred to some degree) to become both more frequent and
considerably more extreme and prolonged than they would be under a stable,
unwarmed climate; this effect is further intensified within cities specifically,
where extensive coverage by heat-absorbing surfaces such as asphalt roads and
concrete or dark-roofed buildings causes urban areas to absorb and retain
significantly more heat during the day and release it more slowly at night than
surrounding rural or vegetated areas experience — a phenomenon known as the
urban heat island effect — making city-dwellers particularly vulnerable to the
worst effects of heat waves. In the case of flooding, the relevant mechanism is a
fundamental physical property of the atmosphere itself: warmer air is capable of
holding significantly more water vapour than cooler air, meaning that as global
average temperatures rise, the atmosphere as a whole becomes capable of
accumulating and subsequently releasing considerably larger quantities of
moisture during individual rainfall or storm events, directly producing heavier,
more intense rainfall and a correspondingly greater risk of both inland river
flooding and urban flash flooding; simultaneously, since (as previously discussed
for hurricanes) melting glaciers and ice sheets combined with thermal expansion
are steadily raising global sea levels, coastal regions face a compounding,
second and entirely separate flooding risk from encroaching seawater and storm
surges, entirely independent of local rainfall amounts, meaning that coastal
communities in particular now face an elevated flood risk from two
simultaneously worsening causes rather than just one.

Explain what background radiation is, and describe the four main
sources that contribute to it.

Background radiation refers to the constant, low-level ionizing radiation that is
always present throughout our everyday environment, arising continuously from



a combination of both entirely natural sources and additional human-made
(anthropogenic) sources; unlike a sudden, deliberate exposure to radiation (such
as from a medical X-ray), background radiation is an ever-present, ambient
feature of the world we live in, and at its normal typical levels, it is generally
considered harmless to human health, even though we are all continuously
exposed to it throughout our entire lives. Four sources make particularly
significant contributions to overall background radiation levels. The first major
source is radon gas, a naturally occurring radioactive gas that is entirely
tasteless, colourless, and odourless, making it completely undetectable by
human senses; radon is produced as a natural decay product of uranium, which
occurs naturally in small quantities within rocks and soil essentially everywhere
on Earth, and because radon is a gas, it can seep upward out of the ground and
into the air, where it can also accumulate to relatively higher concentrations
inside enclosed spaces such as basements and poorly ventilated buildings; radon
is specifically an alpha-particle emitter, and while alpha particles cannot
penetrate even a sheet of paper from outside the body, inhaling radon gas
directly into the lungs in significant quantities allows the alpha radiation it
subsequently emits to directly and repeatedly irradiate sensitive lung tissue from
within, making high radon concentrations a recognized health hazard. The
second major source is radioactivity naturally present within rocks and building
materials: many common rocks, stones, and the bricks, concrete, and other
materials manufactured from them naturally contain small but measurable
quantities of long-lived radioactive elements such as uranium and thorium, which
have been present within the Earth's crust since the planet's formation; because
many building materials are ultimately derived from quarried rock and mineral
sources, buildings themselves — particularly those constructed extensively from
stone, brick, or concrete — can therefore contribute a small, ongoing radiation
dose to the people living or working within them, in addition to naturally
contributing to the decay chain that produces radon gas. The third major source
is food and drink: many common foods and drinking water sources naturally
contain small, trace quantities of certain radioactive isotopes that occur naturally
within the environment, most notably potassium-40 (a naturally radioactive form
of the otherwise stable, essential nutrient potassium) and carbon-14 (a naturally
radioactive form of ordinary carbon); because these particular isotopes are
chemically identical in behaviour to their far more abundant stable counterparts,



they are readily absorbed by growing plants directly from soil, water, and air, and
subsequently pass up through the food chain into the tissues of animals (and
ultimately humans) that consume those plants or other animals, meaning that
essentially every living organism, including every human being, contains and
continuously ingests small quantities of naturally radioactive material as an
unavoidable, everyday part of eating and drinking; although the resulting
radiation dose from this source is generally quite small on an individual basis, it
remains a small but genuinely consistent, ever-present contributor to total
background radiation exposure. The fourth and final major source is cosmic
radiation arriving from outer space: the Sun and other distant stars throughout
the universe continuously emit enormous numbers of extremely high-energy
particles (predominantly protons) in all directions, and a portion of this constant
stream of cosmic radiation travels across space and enters the Earth's upper
atmosphere at extremely high speed; upon colliding with the nitrogen, oxygen,
and other molecules that make up our atmosphere, these high-energy cosmic
particles trigger complex particle-physics interactions that ultimately produce,
among other things, gamma radiation, some of which subsequently reaches all
the way down to ground level, contributing yet another small but continuous and
unavoidable component to the overall background radiation experienced by
every person and organism living on the Earth's surface.

Multiple Choice Questions (MCQs)

What process generates energy in the Sun? (A) Nuclear fission (B)
Nuclear fusion (C) Radioactive decay (D) Chemical reactions

Correct answer: (B) Nuclear fusion. The Sun generates energy through nuclear
fusion, in which hydrogen nuclei fuse together at its core to form helium,
releasing enormous amounts of energy.

The factor which primarily determines a planet's surface temperature
is: (A) its density (B) its orbital distance from the Sun (C) its
gravitational field strength (D) the number of moons it has

Correct answer: (B) its orbital distance from the Sun. A planet's surface
temperature is primarily determined by its orbital distance from the Sun, along
with its atmospheric composition and greenhouse effects.



What is the primary reason cyclones form over warm ocean waters? (A)
The presence of strong winds (B) The high atmospheric pressure (C)
The rising of warm, moist air creating low pressure (D) The
gravitational pull of the moon

Correct answer: (C) The rising of warm, moist air creating low pressure. Warm
ocean water heats the air above it, causing warm, moist air to rise rapidly and
create a region of low pressure — the driving force behind cyclone formation.

Which of the following gases contributes the most to global warming?
(A) Oxygen (B) Carbon dioxide (C) Nitrogen (D) Argon

Correct answer: (B) Carbon dioxide. Carbon dioxide (COz), along with methane
and nitrous oxide, is one of the primary greenhouse gases contributing to global
warming by trapping heat in the atmosphere.

How does the Coriolis effect influence cyclones? (A) It causes cyclones
to spin in opposite directions in different hemispheres (B) It
strengthens cyclones over land (C) It prevents warm air from rising (D)
It stops the formation of low-pressure areas

Correct answer: (A) It causes cyclones to spin in opposite directions in different
hemispheres. The Coriolis effect, caused by the Earth's rotation, makes cyclones
spin anticlockwise in the Northern Hemisphere and clockwise in the Southern
Hemisphere.

A major cause of rising sea levels is: (A) increased volcanic activity (B)
the Earth moving closer to the Sun (C) melting glaciers and ice sheets
(D) decreased solar radiation

Correct answer: (C) melting glaciers and ice sheets. Melting glaciers and ice
sheets, combined with the thermal expansion of warming seawater, are the
major causes of rising sea levels due to global warming.

A significant source of background radiation is: (A) oxygen in the air (B)
cosmic rays from space (C) sound waves in the atmosphere (D) light
from the Sun

Correct answer: (B) cosmic rays from space. Cosmic rays from space are one of
the main natural sources of background radiation, along with radon gas, rocks/
buildings, and food/drink.



Radon gas, a source of background radiation, is primarily: (A) a beta
emitter (B) an alpha emitter (C) a gamma emitter (D) not radioactive at
all

Correct answer: (B) an alpha emitter. Radon gas is an alpha emitter, produced
naturally from the decay of uranium in rocks and soil.

Which planet has a very high surface temperature mainly due to its
thick, heat-trapping atmosphere? (A) Mars (B) Mercury (C) Venus (D)
Neptune

Correct answer: (C) Venus. Venus has an extremely high surface temperature due
to its thick, heat-trapping (greenhouse) atmosphere, despite not being the
closest planet to the Sun.

Geothermal energy is considered a renewable resource because: (A) it
comes only from nuclear reactors (B) it is sustainable as long as Earth's
internal heat remains active (C) it is produced by burning fossil fuels
(D) it depends entirely on solar radiation

Correct answer: (B) it is sustainable as long as Earth's internal heat remains
active. Geothermal energy, derived from the Earth's internal heat, is considered
renewable because it remains available as long as the Earth's internal heat stays
active.

Quick Revision Summary

* Sun: =74% hydrogen, =24% helium; energy from nuclear fusion (H-He) at
core, not combustion

* Planetary comparison factors: orbital distance, orbital period, density, surface
temperature, gravitational field strength

* Cyclones: convection (warm air rises over warm ocean =27°C) - low pressure
- Coriolis spin (N: anticlockwise, S: clockwise) —» eye + eye wall; weaken over
land/cold water

* Global warming: greenhouse gases (COz2, methane, N20) trap heat;
geothermal activity = Earth's internal heat (volcanoes, geysers, tectonic
plates)

* Global warming intensifies: hurricanes (warmer oceans = more fuel), heat
waves (trapped heat + urban heat island), flooding (more moisture + rising



seas), wildfires (heat + dryness), droughts (more evaporation), winter storms
(more moisture = heavier snow)

* Background radiation: constant low-level ionizing radiation, natural + human-
made sources, usually harmless at normal levels

* 4 sources of background radiation: (1) radon gas — alpha emitter from
uranium decay; (2) rocks/buildings — natural radioactivity in stone/brick; (3)
food/drink — potassium-40, carbon-14; (4) cosmic rays — produce gamma
radiation in atmosphere

* Radiation effects: high short-term dose - radiation sickness; long-term low
dose — cancer risk, DNA mutations

* Radiation safety: protective wear, shielding, limited exposure time/distance,
proper storage/disposal

Exam Tips

* Remember the Sun's energy source is FUSION (hydrogen — helium), never
confuse this with fission (splitting heavy nuclei), which is used in nuclear
power plants on Earth

* For planetary data questions, always specify WHICH factor you're discussing
(orbital distance vs. orbital period vs. density vs. temperature) — they are
frequently confused

* For cyclone formation, describe the full chain: warm ocean - rising air - low
pressure — Coriolis-driven spin - eye/eye wall — partial answers lose marks

* Remember Coriolis direction: Northern Hemisphere = anticlockwise, Southern
Hemisphere = clockwise — a commonly tested detail

* For global warming's effects on extreme weather, link the SPECIFIC
mechanism to each event (e.g., hurricanes « warmer oceans; heat waves «
trapped heat + urban surfaces; flooding « more atmospheric moisture)

* Memorize all four background radiation sources by category: radon (alpha,
from uranium decay), rocks/buildings (natural radioactivity), food/drink (K-40,
C-14), cosmic rays (produce gamma rays in atmosphere)



