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✂✂✂✂ Question (fold →) Answer

A teacher fills three identical glass
bottles with different amounts of
water and taps them with a spoon.
Bottle A is almost full, Bottle B is half
full, and Bottle C is nearly empty.
Which bottle will produce the lowest-
pitched sound when tapped?

Bottle C, because it has the most air to vibrate — When tapping a
bottle, the glass and water vibrate together. Bottle A (most water) vibrates
slowest because the extra water adds mass, producing the lowest pitch.
However, many people expect Bottle C. The key is understanding that
tapping makes the glass-plus-water system vibrate, and more water means
more mass, which means slower vibration and lower pitch.

How does sound travel from a ringing
bell to your ear?

Sound waves travel through the air as vibrations of air molecules —
When a bell rings, it vibrates and pushes the air molecules next to it. Those
molecules bump into their neighbors, passing the vibration along in a
chain reaction. This creates a sound wave that travels through the air to
your ear.

Your teacher says that turning up the
volume on a speaker makes the sound
louder but does not change the pitch.
Use what you know about sound
waves to predict what is changing
inside the speaker.

The speaker cone vibrates with larger movements but at the same
speed — When volume increases but pitch stays the same, the speaker
cone is vibrating with greater amplitude (larger back-and-forth
movements) but at the same frequency (same speed). Greater amplitude
means more energy, which our ears perceive as louder sound.

What is the name for the back-and-
forth movement that creates sound?

Vibration — A vibration is a rapid back-and-forth movement. When
objects vibrate, they disturb the air molecules around them, creating
waves of pressure that we hear as sound.

What is the relationship between the
speed of a vibration and the pitch of
the sound it makes?

Faster vibrations produce higher-pitched sounds — Pitch is how high or
low a sound seems. Objects that vibrate faster (higher frequency) produce
higher-pitched sounds, like a whistle. Objects that vibrate slower (lower
frequency) produce lower-pitched sounds, like a bass drum.

What must an object do to produce a
sound?

Vibrate — All sounds are produced by vibrations. When an object vibrates,
it moves back and forth rapidly, pushing the air around it and creating
sound waves that travel to our ears.

Why does stretching a rubber band
tighter make a higher sound when you
pluck it?

Tighter tension makes the rubber band vibrate faster, raising the
pitch — When a rubber band is stretched tighter, it has more tension.
Higher tension makes it vibrate faster when plucked, and faster vibrations
produce a higher-pitched sound. This is the same reason guitar players
tune strings by tightening them.

You are holding two rubber bands of
the same length. One is thick and one
is thin. Which one will produce a
higher-pitched sound when plucked
with the same force?

The thin rubber band — The thin rubber band produces a higher-pitched
sound because it has less mass and can vibrate faster than the thick one.
This is the same principle used in stringed instruments, where thinner
strings produce higher notes.

What word describes how loud or soft
a sound is?

Volume — Volume is the measure of how loud or soft a sound is. Louder
sounds have greater volume because they are produced by stronger
vibrations that push air molecules with more energy.

A student claps near a large empty The echo will return faster because the walls are closer — An echo
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room and hears the sound repeat a
moment later. This repeated sound is
called an echo. If the student moves to
a smaller room and claps, what will
happen to the echo?

occurs when sound reflects off a surface and returns to the listener. In a
smaller room, the walls are closer, so the sound has less distance to travel
before bouncing back. The echo returns faster, and in very small rooms, it
returns so quickly that you can't distinguish it as a separate sound.

A musician plays the same note on a
flute and a trumpet. Both instruments
produce the same pitch and the same
volume, yet you can easily tell them
apart. What property of sound allows
you to distinguish between them?

Timbre, which is the unique quality of sound created by different
patterns of vibration in each instrument — Timbre (pronounced TAM-
ber) is the unique quality of a sound that lets you tell different instruments
or voices apart, even when they play the same note at the same volume. It
is determined by the unique combination of overtones and harmonics
each instrument produces because of its shape, size, and material.

You put your ear against a metal fence
and a friend taps the other end 50
meters away. You also hear the tap
through the air. Which sound reaches
your ear first?

The sound through the metal fence — Sound travels through the metal
fence (a solid) much faster than through air (a gas). Particles in metal are
tightly packed and strongly bonded, allowing vibrations to pass between
them very quickly. You would hear the tap through the fence before
hearing it through the air.

A student records two sounds on a
computer. Sound A shows tall, widely
spaced waves on the screen. Sound B
shows short, closely spaced waves.
What differences would the student
hear between these two sounds?

Sound A is louder and lower-pitched; Sound B is quieter and higher-
pitched — Tall waves (large amplitude) mean the sound is loud. Widely
spaced waves (low frequency) mean the pitch is low. So Sound A is loud
and low-pitched. Short waves (small amplitude) mean Sound B is quiet,
and closely spaced waves (high frequency) mean it is high-pitched.

Why does a small bird make a higher-
pitched sound than a large lion?

The bird's smaller vocal structures vibrate faster than the lion's larger
ones — Smaller vocal structures vibrate at higher frequencies, producing
higher-pitched sounds. A bird's tiny vocal organs vibrate much faster than
a lion's larger vocal cords, just like a small flute produces higher notes than
a large tuba.

A student plucks a guitar string and
notices the sound gets softer over
time until it stops. What is happening
to the energy of the vibrating string?

The string's vibration energy is gradually transferred to the air as
sound and converted to heat through friction — The vibrating string
gradually transfers its energy to the surrounding air molecules (creating
sound waves) and also loses energy as heat through friction and air
resistance. As the string loses energy, its vibrations get smaller (lower
amplitude), making the sound softer until the energy is fully dissipated.

A student notices that clapping hands
together makes a sharp, quick sound
while hitting a large gong makes a
long, ringing sound. Use what you
know about vibrations to explain why
the gong's sound lasts longer.

The gong is larger and made of metal, so it continues vibrating for a
longer time after being struck — A metal gong is rigid and elastic, so
once struck, it continues vibrating for a long time. The metal stores the
energy and releases it gradually as sound. Hands are soft and absorb the
energy of the clap quickly, so the vibration stops almost immediately and
the sound is very brief.

Two students disagree about sound.
Student A says sound can only travel
through air. Student B says sound can
also travel through water and solid
objects. A third student suggests an
experiment using a vibrating tuning
fork touching water. How would this
experiment help settle the
disagreement?

If the tuning fork makes ripples in the water, it shows the vibrations
transfer into the water, proving sound energy can travel through
liquids too — When a vibrating tuning fork touches water, it creates visible
ripples on the surface, demonstrating that the vibration energy transfers
into the water. If you put your ear underwater, you can hear the tuning
fork's hum. This shows sound can travel through liquids, supporting
Student B's claim.



Why can't astronauts hear each other
talk in the vacuum of space without
using radios?

Sound needs a medium like air to travel through, and space is a
vacuum with no air — Sound requires a medium (solid, liquid, or gas) to
travel through because it moves as vibrations between particles. Space is a
vacuum with virtually no particles, so there is nothing to carry the
vibrations from one astronaut to another.

Sound travels fastest through which
state of matter?

Solids — Sound travels fastest through solids because the particles in a
solid are packed closely together. This allows vibrations to pass quickly
from one particle to the next. Sound travels slowest through gases, where
particles are far apart.

A friend claims that putting your
phone speaker inside an empty bowl
makes the music louder because the
bowl 'adds energy' to the sound. Do
you agree or disagree, and what is
actually happening?

Disagree -- the bowl does not add energy; it reflects and focuses the
sound waves in one direction, making it seem louder to listeners in
front of it — The bowl does not add energy to the sound. Instead, the
hard, curved surface reflects sound waves that would normally spread out
in all directions and focuses them in one direction. This concentration
makes the sound seem louder to someone in front of the bowl, even
though the total sound energy is the same.

A school is building a new music room
and wants to keep sound from
disturbing classes next door. A
student suggests using thick concrete
walls. Another student suggests using
soft foam panels on the inside walls.
Which suggestion would be more
effective at preventing sound from
reaching the next room, and why?

Thick concrete walls would be more effective because dense, massive
materials block sound from passing through to the next room — Thick
concrete walls are more effective at keeping sound from reaching the next
room because their mass and density block sound transmission. Foam
panels absorb sound reflections inside the room (reducing echoes), but
they do not block sound from passing through walls. Ideally, a music room
would use both: thick walls to block sound and foam panels to improve
sound quality inside.

Why does a drum make a louder
sound when you hit it harder?

The drum skin vibrates with greater amplitude — Hitting a drum
harder makes the drum skin vibrate with a larger amplitude, meaning it
moves farther back and forth. Larger vibrations push air molecules with
more energy, producing a louder sound.

A sound engineer is recording a
podcast. The host's voice sounds too
quiet and too low-pitched. The
engineer wants to make the recording
louder and higher-pitched. Should the
engineer increase the amplitude, the
frequency, or both?

Both -- increase amplitude to make it louder and increase frequency
to make it higher-pitched — Amplitude and frequency control different
properties of sound. Amplitude determines volume (loudness), while
frequency determines pitch (how high or low). To make the sound both
louder and higher-pitched, the engineer needs to increase both amplitude
and frequency independently.

During a thunderstorm, you see
lightning before you hear thunder
even though they happen at the same
time. You count 5 seconds between
the flash and the boom. A friend says
the storm is about 1 mile away. What
evidence supports your friend's
estimate?

Sound travels about 1 mile every 5 seconds in air, so the 5-second
delay means the storm is roughly 1 mile away — Light travels so fast
(about 300,000 km/s) that you see lightning almost instantly. Sound travels
about 343 meters per second in air, which works out to roughly 1 mile
every 5 seconds. Counting 5 seconds between the flash and the thunder
means the storm is approximately 1 mile away.

Design a simple experiment using
common classroom materials to

Stretch a rubber band over an open box, pluck it, and observe the
rubber band vibrating back and forth while hearing a sound; when
you stop the vibration by touching the band, the sound stops



demonstrate that sound is caused by
vibrations. Describe what materials
you would use, what you would do,
and what you would observe.

immediately — A rubber band stretched over an open box is an excellent
demonstration. When plucked, you can see the rubber band vibrating and
hear the sound simultaneously. When you touch the band to stop its
vibration, the sound stops immediately, proving the direct link between
vibration and sound. The open box amplifies the sound by resonating with
the vibrations.



✂✂✂✂ Question (fold →) Answer

If you make bigger waves by
shaking a rope harder, which
wave property are you
increasing?

Amplitude — Amplitude measures how far a wave moves from its resting position.
When you shake a rope harder, you put more energy into the wave, making it taller.
A wave with greater amplitude carries more energy.

Is it accurate to say that loud
sounds travel faster than
quiet sounds? Defend your
answer using wave
properties.

No, loudness relates to amplitude, not speed. Sound speed depends only on
the medium, not amplitude — This claim is inaccurate. Loudness depends on
amplitude, while wave speed depends on the medium the wave travels through. A
whisper and a shout both produce sound waves that travel at the same speed
(about 343 m/s in air). The shout simply has larger amplitude.

What is the highest point of a
transverse wave called?

Crest — The crest is the highest point of a transverse wave. It represents the
maximum upward displacement from the resting position. The lowest point is called
the trough.

A wave in a pool has a height
of 10 cm from rest to crest.
Another wave has a height of
20 cm. Which wave carries
more energy?

The 20 cm wave — The 20 cm wave carries more energy because it has a larger
amplitude. Amplitude and energy are directly related — doubling the amplitude
actually quadruples the energy a wave carries.

A wave has a wavelength of 2
meters. If you measure from
one crest to a point three
crests later, what is the total
distance?

6 meters — From one crest to three crests later, there are 3 complete wavelengths.
Each wavelength is 2 meters, so the total distance is 3 × 2 = 6 meters.

A student says, 'Light waves
and sound waves are both
transverse waves.' Identify
the error in this statement
and explain why.

Sound waves are longitudinal, not transverse. Only light waves are transverse
in this comparison — The error is that sound waves are longitudinal, not
transverse. Sound waves travel by compressing and expanding the medium (air,
water, etc.) in the same direction as the wave. Light waves are transverse — their
electric and magnetic fields oscillate perpendicular to the direction of travel.

In a longitudinal wave,
particles move back and
forth in the same direction
the wave travels, creating
areas of compression and
rarefaction. What is a
common example of a
longitudinal wave?

A sound wave traveling through air — Sound waves traveling through air are
longitudinal waves. The speaker pushes air molecules forward (compression) and
they bounce back (rarefaction), transferring energy in the same direction as the
wave moves. Light and rope waves are transverse.

What does the frequency of
a wave measure?

The number of complete wave cycles that pass a point per second — Frequency
measures how many complete wave cycles pass a given point in one second. It is
measured in hertz (Hz). A wave with a frequency of 10 Hz means 10 complete waves
pass a point every second.

How does increasing the
frequency of a wave affect its
wavelength, assuming the

The wavelength decreases — When wave speed is constant, frequency and
wavelength have an inverse relationship. Increasing frequency means more wave
cycles per second, so each individual wave must be shorter to fit. This is described

2. Properties of Waves  



wave speed stays the same? by the equation: speed = frequency × wavelength.

What is the formula for
calculating wave speed?

Wave speed = frequency × wavelength — Wave speed equals frequency
multiplied by wavelength (v = f × λ). This means the speed of a wave depends on
how many waves pass per second (frequency) and how long each wave is
(wavelength).

Two sound waves travel
through the same room.
Wave A has a frequency of
200 Hz and Wave B has a
frequency of 400 Hz.
Compare their speeds and
explain your reasoning.

Both waves travel at the same speed because sound speed depends on the
medium, not frequency — Both waves travel at the same speed. The speed of
sound in a given medium (like air in a room) is constant regardless of frequency. In
the same room, both waves travel at about 343 m/s. Wave B has a shorter
wavelength to compensate for its higher frequency.

What is wavelength?

The distance from one crest to the next crest — Wavelength is the distance
between two consecutive identical points on a wave, such as from one crest to the
next crest or from one trough to the next trough. It is measured in units of length
like meters or centimeters.

A wave has a frequency of 5
Hz. How many complete
wave cycles pass a point in 4
seconds?

20 cycles — A frequency of 5 Hz means 5 complete wave cycles pass a point every
second. Over 4 seconds, the total number of cycles is 5 × 4 = 20 cycles.

You observe two waves
traveling in the same
medium. Wave A has a
wavelength of 1 meter and
Wave B has a wavelength of
3 meters. Both travel at the
same speed. What can you
conclude about their
frequencies?

Wave A has a higher frequency than Wave B — When waves travel at the same
speed, wavelength and frequency are inversely related. Wave A has a shorter
wavelength (1 m vs. 3 m), meaning more wave cycles pass a given point each
second, so Wave A has a higher frequency.

A music producer wants to
create a very low bass sound.
Should they use a wave with
a high frequency or a low
frequency? Justify your
choice based on wave
properties.

A low frequency, because low-frequency sound waves produce low-pitched
bass sounds — The producer should use a low frequency. Bass sounds are low-
pitched, and pitch is determined by frequency. Low-frequency waves vibrate fewer
times per second, producing the deep, rumbling tones associated with bass. Typical
bass frequencies range from 20 to 250 Hz.

Two students create waves in
identical ropes. Student A's
wave is tall with a small
amplitude compared to
Student B's very tall wave.
Why does Student B's wave
feel stronger when it hits the
end of the rope?

Student B's wave has greater amplitude, so it carries more energy — A wave
with greater amplitude carries more energy. Student B shook the rope harder,
creating a wave with larger amplitude. When this wave reaches the end, it transfers
more energy, which is felt as a stronger impact.

A scientist measures a wave
with a wavelength of 0.5
meters. Her colleague Yes, both are correct because 0.5 meters and 50 centimeters are the same



measures the same wave
and reports a wavelength of
50 centimeters. Are both
measurements correct? Why
or why not?

length in different units — Both measurements are correct. Since 1 meter equals
100 centimeters, 0.5 meters is the same as 50 centimeters. Wavelength can be
expressed in any unit of length, and both scientists measured the same distance.

In a transverse wave, which
direction do the particles of
the medium move relative to
the wave's direction of
travel?

Perpendicular (at right angles) to the wave's direction — In a transverse wave,
particles of the medium move perpendicular (at right angles) to the direction the
wave travels. For example, if you shake a rope up and down, the wave travels
horizontally along the rope while the rope particles move vertically.

You push and pull one end of
a spring toy (Slinky) along its
length. What type of wave
are you creating?

A longitudinal wave — Pushing and pulling a Slinky along its length creates a
longitudinal wave. The coils compress (bunch up) and rarefy (spread out) in the
same direction the wave travels. If you shook the Slinky side to side instead, that
would create a transverse wave.

A wave has a frequency of 10
Hz and a wavelength of 3
meters. What is the wave
speed?

30 meters per second — Using the wave speed equation (speed = frequency ×
wavelength): speed = 10 Hz × 3 m = 30 m/s. The wave travels 30 meters every
second.

Why do radio waves have
much longer wavelengths
than visible light waves?

Radio waves vibrate at a much lower frequency, so each wave cycle stretches
over a longer distance — Radio waves have lower frequencies than visible light.
Since both travel at the speed of light, a lower frequency means each wave cycle
stretches over a longer distance, resulting in a longer wavelength. Frequency and
wavelength are inversely related.

Why does sound travel faster
through water than through
air?

Water molecules are closer together than air molecules, so vibrations transfer
more quickly — Sound travels faster through water because water molecules are
packed more closely together than air molecules. When particles are closer,
vibrations transfer from one molecule to the next more quickly. Sound travels at
about 1,500 m/s in water versus 343 m/s in air.

Two tuning forks are struck.
Fork A vibrates at 256 Hz and
Fork B vibrates at 512 Hz.
How do the sounds they
produce compare?

Fork B produces a higher-pitched sound because it has a higher frequency —
Fork B produces a higher-pitched sound because pitch is determined by frequency.
Fork B vibrates at 512 Hz (512 times per second), which is twice the frequency of
Fork A (256 Hz). Higher frequency means higher pitch, not louder volume.

Would a whisper or a shout
create sound waves with a
larger amplitude? Explain
why based on what you
know about energy and
waves.

A shout, because it uses more energy to push air molecules farther from their
resting position — A shout creates sound waves with larger amplitude because
shouting uses more energy. This extra energy pushes air molecules farther from
their resting position, creating taller pressure waves that our ears perceive as louder
sound.

Design a simple
demonstration using
household items that shows
the difference between
transverse and longitudinal
waves. Describe what you
would use and what each
demonstration would look

Use a Slinky: shake it side-to-side for a transverse wave (wave moves forward,
coils move sideways) and push-pull it along its length for a longitudinal wave
(wave moves forward, coils compress and expand) — A Slinky is ideal for
demonstrating both wave types. Shaking it side-to-side creates a visible transverse
wave where coils move perpendicular to the wave direction. Pushing and pulling
along its length creates a longitudinal wave with visible compressions and
rarefactions. This clearly shows how particle motion differs between the two wave
types.
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✂✂✂✂ Question (fold →) Answer

Why do you hear echoes in a
large empty gymnasium but not
in a small carpeted bedroom?

The gymnasium's large hard surfaces reflect sound with enough delay to
hear an echo, while the bedroom's soft carpeted surfaces absorb sound
and the room is too small for a delay — Two factors prevent echoes in the
bedroom: (1) the room is too small for the reflected sound to have a noticeable
delay, and (2) soft materials like carpet, bedding, and curtains absorb sound
energy rather than reflecting it. The gymnasium has large, hard surfaces that
strongly reflect sound over distances great enough to create a time delay.

A building designer wants to keep
a room cool in summer but warm
in winter. Should the windows
have special coatings that absorb
infrared light or reflect it?
Evaluate the trade-offs.

Reflect infrared in summer to keep heat out, but this also blocks solar
heating in winter — a switchable or seasonal coating would be ideal for
both goals — This involves a trade-off. Reflecting infrared keeps summer heat
out (good) but blocks winter solar heating (bad). Absorbing infrared lets winter
heat in but also heats the building in summer. The ideal solution is a switchable
or low-emissivity coating that balances both needs — this is why modern 'smart'
windows are being developed.

What is refraction?

The bending of a wave as it passes from one medium into another —
Refraction is the bending of a wave when it passes from one medium into
another with a different density. The wave changes speed at the boundary,
which causes it to change direction. This is why objects look bent or shifted
when viewed through water.

A student argues that refraction
proves light is a wave, not a
particle. Evaluate this claim. Does
refraction support the wave
nature of light?

Refraction is consistent with wave behavior because waves change speed
and direction when entering a new medium, but refraction alone does not
disprove particles since particles could also change direction at
boundaries — Refraction is strong evidence for the wave nature of light
because wave theory elegantly explains the speed change and bending.
However, refraction alone doesn't disprove particles — Newton's corpuscular
theory also predicted bending at boundaries (though with the wrong speed
prediction). Modern physics shows light has both wave and particle properties.

Why do dark-colored cars get
hotter in the sun than light-
colored cars?

Dark colors absorb more light energy and convert it to heat, while light
colors reflect more light away — Dark-colored surfaces absorb a greater
percentage of incoming light energy, converting it to thermal energy (heat).
Light-colored surfaces reflect most of the incoming light, so less energy is
absorbed and less heat is produced. This is why people in hot climates often
wear light-colored clothing.

A ship uses sonar to find the
ocean floor. It sends a sound
pulse downward and receives the
echo after 4 seconds. If sound
travels at 1,500 m/s in seawater,
how deep is the ocean at that
point?

3,000 meters — The sound travels down to the ocean floor and back up (round
trip). Total distance = speed × time = 1,500 m/s × 4 s = 6,000 meters. Since this is
the round-trip distance, the actual depth is 6,000 ÷ 2 = 3,000 meters. This
technique is called sonar (Sound Navigation and Ranging).

A smooth lake reflects a
mountain clearly, but a choppy
lake creates a blurry, distorted

Smooth surfaces reflect light in a uniform direction (specular reflection),
while rough surfaces scatter light in many directions (diffuse reflection) —
A smooth surface produces specular reflection — all light rays reflect in the
same direction, creating a clear image. A rough or choppy surface produces
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image. What causes this
difference in reflection quality?

diffuse reflection — each small section of the surface faces a different direction,
scattering reflected light and producing a blurred image.

What happens when a wave
bounces off a surface and
changes direction?

Reflection — Reflection occurs when a wave bounces off a surface and changes
direction. The wave does not pass through the surface but instead returns to
the medium it came from. Mirrors, smooth water, and polished metal are
common reflective surfaces.

What is diffraction?

The bending and spreading of waves around obstacles or through
openings — Diffraction is the bending and spreading of waves as they pass
around obstacles or through openings. It is most noticeable when the obstacle
or opening is similar in size to the wavelength. Sound diffracts easily around
corners because its wavelength is comparable to doorway sizes.

According to the law of reflection,
how does the angle at which a
wave hits a surface compare to
the angle at which it bounces
away?

The angle of incidence equals the angle of reflection — The law of reflection
states that the angle of incidence (the angle at which a wave arrives at a surface)
equals the angle of reflection (the angle at which it bounces away). Both angles
are measured from an imaginary line perpendicular to the surface called the
normal.

Sunscreen is designed to protect
skin from ultraviolet (UV) rays.
Does sunscreen primarily work
by reflecting UV waves, absorbing
them, or both? Analyze how this
protects the skin.

Most sunscreens primarily absorb UV waves and convert the energy to
harmless heat, though some also contain minerals that reflect UV —
Sunscreens protect skin through both absorption and reflection. Chemical
sunscreens contain organic molecules that absorb UV radiation and convert it
to small amounts of heat. Mineral sunscreens contain particles (zinc oxide,
titanium dioxide) that reflect and scatter UV away from the skin. Many
sunscreens combine both mechanisms.

What is an echo?

A reflected sound wave that is heard after a delay because it traveled to a
distant surface and back — An echo is a reflected sound wave that reaches
the listener after a noticeable delay. Sound travels to a hard surface (cliff,
building, wall), reflects, and travels back. For an echo to be heard distinctly, the
reflecting surface must be at least about 17 meters away, creating enough delay
for the brain to distinguish the reflected sound from the original.

Concert halls are designed to
control echoes and sound
quality. Some surfaces are hard
and angled to reflect sound
toward the audience, while other
areas have soft panels to absorb
excess reflections. How do
reflection and absorption work
together to improve the listening
experience?

Hard angled surfaces direct reflected sound toward the audience to
reinforce the music, while absorptive panels prevent excessive echoes and
muddiness by dampening unwanted reflections — Concert hall acoustics
balance reflection and absorption. Hard, angled surfaces (ceiling panels, side
walls) strategically direct reflected sound toward the audience, reinforcing the
music and ensuring even coverage. Absorptive materials (upholstered seats,
wall panels, curtains) dampen excessive reflections that would otherwise cause
echoes, muddiness, or feedback. This careful balance creates clear, rich sound
throughout the hall.

Light travels from air into a glass
block at an angle. If the speed of
light is slower in glass than in air,
which direction does the light
bend?

Toward the normal — When light enters a denser medium (glass) where it
travels slower, it bends toward the normal — the imaginary line perpendicular
to the surface at the point of entry. This is like a marching band turning when
one side hits soft ground first and slows down.

Design an experiment to test
whether diffraction depends on

Use a ripple tank with water waves of known wavelength, create barriers
with gaps of different widths, and observe/photograph how much the
waves spread out after passing through each gap — A ripple tank



the size of an opening relative to
the wavelength. Describe what
equipment you would use and
what you would measure.

experiment is ideal. Generate water waves of a fixed wavelength using a
vibrating bar. Place barriers with gaps of varying widths (smaller than, equal to,
and larger than the wavelength). Photograph the wave patterns after each gap.
Measure the spread angle. Waves should spread most when the gap matches
the wavelength and least when the gap is much larger.

Why does a pencil appear to be
broken or bent at the point
where it enters water in a glass?

Light waves refract (bend) as they pass from water into air because the
two materials have different densities — The pencil appears bent due to
refraction. Light traveling from the underwater portion of the pencil changes
speed as it passes from water into air, causing it to bend. Your brain interprets
the bent light rays as if they traveled in straight lines, making the pencil appear
broken at the surface.

A student observes that low-
pitched sounds (bass) can be
heard through walls much better
than high-pitched sounds
(treble). Using the concept of
diffraction, explain why bass
frequencies travel around
obstacles more effectively.

Low-pitched sounds have longer wavelengths that are closer in size to
walls and doorways, allowing them to diffract around obstacles more
effectively than short-wavelength high-pitched sounds — Bass sounds have
wavelengths of 1-4 meters, similar to the size of walls, doors, and rooms. This
means they diffract effectively around these obstacles. High-pitched sounds
have wavelengths of only a few centimeters, much smaller than walls, so they
diffract less and are more easily blocked. This is why you often hear only the
bass when music plays in another room.

A classmate says, 'Echoes prove
that sound is a wave, because
only waves can reflect.' Is this
reasoning valid? Evaluate the
logic of this argument.

The reasoning is flawed. While echoes demonstrate reflection (a wave
behavior), particles can also bounce off surfaces, so reflection alone does
not exclusively prove something is a wave — The reasoning is flawed
because reflection is not exclusive to waves. Particles (like balls) also bounce off
surfaces. While echoes do demonstrate that sound reflects (consistent with
wave behavior), reflection alone cannot prove something is a wave. Stronger
evidence for sound being a wave includes diffraction around corners and
interference patterns — behaviors that particles cannot easily explain.

Water waves approach a sea wall
with a small gap in it. The gap is
about the same width as the
wavelength. Predict what
happens to the waves after
passing through the gap.

The waves spread out in a semicircular pattern on the other side of the
gap — When waves pass through a gap that is similar in size to their
wavelength, they diffract strongly, spreading out in a semicircular pattern. The
gap acts like a new point source of waves. This effect is easily observed with
water waves at harbors and breakwaters.

A light beam hits a flat mirror at
an angle of 30 degrees from the
normal. At what angle from the
normal will the reflected beam
leave the mirror?

30 degrees — According to the law of reflection, the angle of incidence equals
the angle of reflection. Since the light beam hits the mirror at 30 degrees from
the normal, it reflects at exactly 30 degrees from the normal on the other side.

A student claims that black
objects do not reflect any light at
all. Is this claim fully accurate?
Evaluate using your
understanding of reflection.

Not fully accurate. Black objects reflect very little visible light, but they
still reflect a small amount — no common surface absorbs 100% of light —
The claim is not fully accurate. While black objects absorb most visible light, they
still reflect a small amount — otherwise we could not see them at all. We see
objects only when reflected light reaches our eyes. Even the blackest materials
reflect about 0.04% of light. Only theoretical 'perfect blackbodies' absorb 100%.

Why can you hear someone
speaking from around a corner,

Sound waves have longer wavelengths that diffract easily around corners,
while light waves have very short wavelengths and barely diffract around
large objects — Sound waves diffract around corners because their
wavelengths (ranging from centimeters to meters) are similar in size to walls



but you cannot see them? and doorways. Light waves have extremely short wavelengths (about 400-700
nanometers), far smaller than a wall corner, so they do not diffract noticeably
around large obstacles.

On a hot day, you see what looks
like a pool of water on the road
ahead, but when you get closer, it
disappears. Using your
knowledge of refraction, explain
what causes this mirage.

Hot air near the road surface is less dense than cooler air above it,
bending light upward so you see a refracted image of the sky that looks
like water — Mirages occur due to refraction in air layers of different
temperatures. Hot air near the road is less dense, creating a gradient that
bends light upward. Rays from the sky curve toward your eyes, making it appear
as if light is coming from the ground — looking like a reflective water puddle.

You are designing a solar cooker
for a science project. Should you
paint the inside surface black or
white to maximize heat
absorption? Apply your
knowledge of absorption.

Black, because dark surfaces absorb the most light energy and convert it
to heat — The inside should be painted black because black surfaces absorb
the most light energy, converting it into heat for cooking. White surfaces would
reflect most of the light away, wasting the solar energy. Many real solar cookers
use black pots inside reflective enclosures to maximize both collection and
absorption.

What happens to a wave's energy
when it is absorbed by a
material?

The wave's energy is converted into heat (thermal energy) in the material
— When a wave is absorbed by a material, the wave's energy is converted into
thermal energy (heat). This is why dark-colored objects feel warmer in sunlight
— they absorb more light energy and convert it to heat. Energy is never
destroyed, only transformed.



✂✂✂✂ Question (fold →) Answer

A music teacher claims
that electronic
synthesizers can perfectly
replicate any acoustic
instrument's sound.
Evaluate this claim based
on your understanding of
how different instruments
produce sound.

Synthesizers can closely approximate but not perfectly replicate acoustic
instruments, because the complex, ever-changing harmonic patterns and
physical resonances of real instruments are extremely difficult to duplicate
exactly — While modern synthesizers can closely approximate acoustic instruments,
perfect replication is extremely difficult. Real instruments have complex, constantly
changing harmonic patterns that shift with playing technique, room acoustics, and the
natural resonance of physical materials. The way a violin string interacts with the
wooden body, or how a saxophonist's breath creates subtle variations, produces
nuances that synthesizers approximate but rarely match exactly.

Soldiers historically were
ordered to break step
when crossing bridges.
Using the concept of
resonance, analyze why
marching in rhythm on a
bridge could be
dangerous.

If the soldiers' marching rhythm matches the bridge's natural frequency,
resonance could cause the bridge to vibrate with dangerously increasing
amplitude, potentially leading to structural failure — Synchronized marching
applies a periodic force to the bridge. If the marching frequency matches the bridge's
natural frequency, resonance occurs — each step adds energy to the bridge's vibration,
causing the amplitude to grow dangerously. This could lead to structural failure.
Breaking step ensures no single frequency is reinforced. The 1831 Broughton
Suspension Bridge collapse is attributed to this effect.

What is the difference
between a pure tone and
a complex tone?

A pure tone consists of a single frequency (like a tuning fork), while a complex
tone contains a fundamental frequency plus multiple harmonics (like most
musical instruments) — A pure tone is a single sine wave at one frequency, like the
sound from a tuning fork or electronic tone generator. A complex tone contains a
fundamental frequency plus multiple harmonics at various strengths. Most musical
instruments produce complex tones — the blend of harmonics creates the rich, full
sound we associate with music.

A xylophone has wooden
bars of different lengths
arranged in order. The
shortest bar produces the
highest note. Analyze why
shorter bars produce
higher-pitched sounds
than longer bars.

Shorter bars vibrate at a higher frequency because there is less material to
vibrate back and forth, so the vibrations complete each cycle more quickly —
Shorter bars vibrate at higher frequencies because the vibration wave has less distance
to travel back and forth through the material. Each vibration cycle completes more
quickly in a shorter bar, resulting in a higher frequency and therefore a higher pitch.
This principle applies to many instruments — shorter strings, shorter air columns, and
shorter bars all produce higher pitches.

Why does a flute produce
a different quality of
sound than a trumpet,
even when both play the
same note at the same
volume?

Each instrument produces a unique combination of harmonics (overtones) that
gives it a distinctive tone color, called timbre — Each instrument has a unique
timbre (tone color) determined by the specific combination and relative strengths of
harmonics (overtones) it produces alongside the fundamental frequency. A flute
produces relatively few harmonics, giving it a pure, clear tone. A trumpet produces
many strong harmonics, giving it a bright, brassy tone.

A guitar string produces a
note at 330 Hz. If the
player presses the string
at exactly the halfway
point, reducing the
vibrating length by half,

660 Hz — When the vibrating length of a string is halved, the frequency doubles. So
330 Hz × 2 = 660 Hz. This relationship means the new note is exactly one octave higher
than the original. This principle is fundamental to stringed instrument design and is
why frets on a guitar are spaced the way they are.
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what frequency will the
new note have?

What determines the
pitch of a sound?

The frequency of the sound wave — Pitch is determined by frequency — how many
times a sound wave vibrates per second. Higher frequency means higher pitch, and
lower frequency means lower pitch. The standard musical note A4 (concert A) has a
frequency of 440 Hz, meaning the air vibrates 440 times per second.

Why does the note middle
C sound different when
played on a piano versus
a clarinet, even though
both are the same pitch?

Each instrument produces a different set of harmonics with different relative
strengths, giving each its unique timbre or tone quality — Both instruments
produce the same fundamental frequency (about 262 Hz for middle C), but they
generate different harmonics at different strengths. A piano's hammered string
emphasizes certain harmonics, while a clarinet's vibrating reed and cylindrical bore
emphasize odd harmonics (3rd, 5th, 7th). This unique harmonic signature is called
timbre and is why we can distinguish instruments playing the same note.

A sound engineer records
a violin and a flute both
playing the note A at 440
Hz. Using audio software,
she analyzes the
frequency content of each
recording. How would the
frequency analysis graphs
differ?

Both would show a strong peak at 440 Hz, but the violin would show stronger and
more numerous harmonic peaks above 440 Hz compared to the flute, which
would have fewer and weaker harmonics — Both graphs would have a peak at 440
Hz (the fundamental). However, the violin's graph would show many strong harmonic
peaks (880 Hz, 1320 Hz, 1760 Hz, etc.) because bowed strings produce rich harmonic
content. The flute's graph would show the 440 Hz fundamental strongly but with fewer
and weaker harmonics, reflecting its purer tone. This visual difference corresponds to
the audible difference in timbre.

A piano has both very
long, thick strings and
very short, thin strings.
Compare how string
thickness and length work
together to produce the
piano's wide range of
pitches from deep bass to
high treble.

Long, thick strings vibrate slowly (low frequency) for bass notes, while short, thin
strings vibrate quickly (high frequency) for treble notes. Both length and
thickness affect how fast a string vibrates — Pianos achieve their wide pitch range
through both string length and thickness. Bass strings are long and thick (often wound
with copper wire), making them heavy and slow to vibrate, producing low frequencies.
Treble strings are short and thin, vibrating rapidly for high frequencies. By varying both
properties, pianos span over 7 octaves — from about 27.5 Hz to 4,186 Hz.

A singer shatters a wine
glass by singing a
sustained note at exactly
the right pitch. What
principle explains this,
and what specific
conditions must be met?

Resonance — the singer matches the glass's natural frequency, causing it to
vibrate with increasing amplitude until the glass exceeds its structural limit and
breaks — This demonstrates resonance. Every glass has a natural resonant frequency
(you can hear it by flicking the rim). When a singer sustains a note at exactly this
frequency, each incoming sound wave adds energy to the glass's vibration. The
amplitude grows progressively until the glass vibrates beyond its elastic limit and
shatters. Both the correct frequency and sufficient duration are required.

A guitar string has a
fundamental frequency of
200 Hz. What is the
frequency of its 3rd
harmonic?

600 Hz — The 3rd harmonic is 3 times the fundamental frequency: 3 × 200 Hz = 600 Hz.
The harmonic series for a 200 Hz fundamental is: 200, 400, 600, 800, 1000 Hz, and so
on. Each harmonic corresponds to the string vibrating in additional equal segments.

A classmate says, 'Digital
music files are lower
quality than live music
because digital recordings

Partially accurate. Digital recordings sample sound at discrete intervals and may
not capture every frequency perfectly, but high-quality digital formats (like CD
quality at 44.1 kHz) capture all frequencies audible to humans up to about 20,000
Hz — The claim is partially accurate. Digital recording samples sound at discrete
intervals, theoretically losing some information. However, according to the Nyquist-



remove frequencies.'
Evaluate this claim. Is it
accurate, partially
accurate, or inaccurate?

Shannon theorem, if the sample rate is at least twice the highest frequency being
recorded, the original signal can be perfectly reconstructed. CD quality (44.1 kHz)
captures all frequencies up to 22.05 kHz, well above the human hearing limit of about
20 kHz. Compressed formats (MP3) do remove some data, but lossless digital formats
faithfully reproduce all audible sound.

A drummer tightens the
drumhead on a snare
drum. How will this
change the sound the
drum produces?

The drum will produce a higher-pitched sound because a tighter drumhead
vibrates faster — Tightening the drumhead increases the tension, causing it to vibrate
at a higher frequency when struck. Higher frequency means higher pitch. This is the
same principle used when tuning stringed instruments — tightening a string raises its
pitch, and loosening it lowers the pitch.

When you listen to a
recording of an orchestra
and a recording of the
same piece played by a
single synthesizer, the
orchestra sounds richer
and more complex.
Analyze what acoustic
properties contribute to
this difference in
perceived sound quality.

Each orchestral instrument has unique timbre, slight pitch and timing variations
between players create natural depth, and the physical positioning of
instruments in a hall adds spatial complexity that a single synthesizer cannot
fully replicate — An orchestra's richness comes from multiple factors: (1) the blend of
diverse timbres from dozens of different instruments, each with unique harmonic
profiles; (2) micro-variations in pitch and timing between individual players (called
chorus effect) that add warmth and depth; and (3) the spatial distribution of
instruments in a concert hall, creating complex reflections and a three-dimensional
sound. A single synthesizer produces one unified signal without these natural
variations.

What is resonance?

When an object vibrates at its natural frequency after receiving energy from
another vibrating source at the same frequency — Resonance occurs when a
vibrating source transfers energy to an object at the object's natural frequency, causing
it to vibrate with increasing amplitude. Like pushing a swing at the right timing, each
vibration adds energy to the system. All objects have natural frequencies at which they
vibrate most easily.

When a singer produces
an 'oo' vowel sound and
then changes to an 'ee'
vowel sound on the same
note, the pitch stays the
same but the sound
quality changes. Analyze
what is happening to the
harmonics when the
vowel changes.

The fundamental frequency stays the same, but the singer's mouth shape
changes which harmonics are amplified and which are dampened, altering the
timbre without changing the pitch — The vocal cords vibrate at the same
fundamental frequency for both vowels (same pitch). However, the shape of the
mouth, tongue, and throat changes between 'oo' and 'ee,' creating different resonant
cavities. These cavities act as filters, amplifying certain harmonics and dampening
others. The 'oo' shape boosts lower harmonics, while 'ee' boosts higher harmonics,
changing the timbre while keeping the pitch the same.

A musician claims that a
note played on a thick
string always sounds
lower than the same note
played on a thin string. Is
this claim accurate?
Evaluate this statement
considering all factors that
affect pitch.

Not necessarily accurate. While thicker strings tend to vibrate slower, a thick
string under high tension or with a short length can produce the same pitch as a
thin string. Tension and length also affect frequency — The claim oversimplifies.
Pitch depends on string length, thickness (mass per unit length), and tension — not
thickness alone. A thick string with high tension and short length could produce the
same frequency as a thin string with lower tension and longer length. Musicians and
instrument builders balance all three factors to achieve desired pitches.

How do string
instruments like guitars

By vibrating strings that cause the surrounding air to vibrate, creating sound
waves — String instruments produce sound through vibrating strings. When plucked,



and violins produce
sound?

bowed, or struck, the string vibrates rapidly, pushing and pulling the surrounding air
molecules. These vibrations create sound waves that travel to our ears. The body of the
instrument amplifies these vibrations.

What is a harmonic in
music?

A frequency that is a whole-number multiple of the fundamental frequency,
produced naturally when an instrument plays a note — A harmonic is a frequency
that is a whole-number multiple of the fundamental frequency. When a string vibrates
at 100 Hz (fundamental), it also vibrates at 200 Hz (2nd harmonic), 300 Hz (3rd
harmonic), 400 Hz (4th harmonic), and so on. These harmonics, or overtones, blend
together to create the characteristic sound of each instrument.

How does the length of a
vibrating string affect the
pitch of the note it
produces?

A shorter string vibrates faster, producing a higher-frequency wave and a higher
pitch — A shorter vibrating string produces a higher pitch because the wave has less
distance to travel back and forth, completing more vibration cycles per second (higher
frequency). This is why guitar players press strings against frets — shortening the
vibrating length raises the pitch. Halving the string length doubles the frequency,
raising the pitch by one octave.

Design a simple
experiment to show that a
single vibrating string
produces multiple
harmonics
simultaneously, not just
one frequency.

Lightly touch the midpoint of a vibrating guitar string to mute the fundamental
while allowing the 2nd harmonic to ring out, producing a note one octave higher
that proves the harmonic was already present — By lightly touching a vibrating
guitar string at its midpoint, you create a node that stops the fundamental frequency
(which needs the full string length) while allowing the 2nd harmonic (which vibrates in
two halves with a node at the center) to continue ringing. The resulting bell-like tone,
one octave higher than the original note, proves the harmonic was already present in
the original vibration. This technique is called playing a 'harmonic' or 'flageolet.'

An architect must design a
concert hall where the
stage area resonates to
amplify performers'
voices, but the seating
area does not create
excessive resonance that
would muddy the sound.
Evaluate the design
challenge and suggest
how materials might help
solve it.

Use hard, reflective surfaces near the stage to create beneficial resonance that
projects sound, and use absorptive materials (padded seats, wall panels) in the
audience area to control unwanted resonance and prevent muddiness — The
architect must balance resonance and absorption. Hard, curved surfaces near the
stage create beneficial resonance that projects sound toward the audience. In the
seating area, absorptive materials (upholstered seats, acoustic panels, diffuser
surfaces) prevent excessive resonance that would cause echoes and muddiness. The
room shape also matters — curved ceilings can focus sound, while irregular surfaces
prevent standing waves.

What is timbre (also called
tone quality or tone
color)?

The characteristic quality of a sound that distinguishes one instrument or voice
from another, even when playing the same pitch and volume — Timbre is the
quality of a sound that allows us to distinguish between different instruments or
voices, even when they play the same pitch at the same volume. It is determined by the
unique combination of harmonics (overtones) and how the sound evolves over time
(attack, sustain, decay). Every instrument and voice has a distinctive timbre.

Why does the body of an
acoustic guitar amplify the
sound of the strings even
though it has no
electronic components?

The guitar body resonates with the vibrating strings — The acoustic guitar body is a
resonating chamber. The vibrating strings transfer energy through the bridge to the
wooden top (soundboard), which vibrates in sympathy. The air inside the body also
resonates. Together, these resonances move much more air than the thin string alone
could, naturally amplifying the sound without electricity. — its air cavity and wooden
surfaces are designed to vibrate at the same frequencies as the strings, amplifying the
sound.



✂✂✂✂ Question (fold →) Answer

Radio telescopes detect radio
waves from space. Analyze why
radio telescopes need to be much
larger (often 25+ meters across)
than optical telescopes (typically 1-
10 meters) to capture useful
images.

Radio waves have much longer wavelengths than visible light, so radio
telescopes need much larger dishes to collect and focus enough radio
wave energy to produce detailed images — Radio waves have wavelengths
millions of times longer than visible light (meters vs. nanometers). To achieve
useful resolution, a telescope's collecting area must be significantly larger than
the wavelengths it detects. Radio telescopes need dishes 25+ meters across
(some are 500 meters!) to gather enough radio wave energy and resolve detail.
Optical telescopes can use much smaller mirrors because visible light
wavelengths are tiny.

A leaf appears green in sunlight.
What is happening to the visible
light that hits the leaf?

The leaf absorbs most colors of visible light but reflects green
wavelengths, which reach our eyes and make the leaf look green — When
white sunlight hits a leaf, the chlorophyll pigments absorb red and blue
wavelengths (using that energy for photosynthesis) but reflect green
wavelengths. The reflected green light enters our eyes, causing us to see the
leaf as green. An object's color is determined by the wavelengths it reflects, not
absorbs.

What are X-rays primarily used for
in medicine?

To create images of bones and internal structures by passing through
soft tissue but being absorbed by denser materials — X-rays are used in
medicine to create images of bones and internal structures. X-ray photons
have enough energy to pass through soft tissue (skin, muscle, organs) but are
absorbed by denser materials like bone and metal. A detector on the other
side records which X-rays made it through, creating a shadow image where
bones appear white and soft tissue appears darker.

Which type of electromagnetic
wave has the longest wavelength?

Radio waves — Radio waves have the longest wavelengths in the
electromagnetic spectrum, ranging from about 1 millimeter to over 100
kilometers. They carry the least energy per photon of all electromagnetic
waves. Despite their low energy, they are extremely useful for communication
because they can travel long distances and pass through many materials.

Why do we see a rainbow when
sunlight passes through a glass
prism?

White light contains all visible colors. Each color has a slightly different
wavelength and bends by a different amount during refraction,
separating the colors — White light is a mixture of all visible wavelengths.
When it enters a prism, each wavelength refracts by a slightly different amount
— violet light (short wavelength) bends the most, and red light (long
wavelength) bends the least. This differential refraction spreads the white light
into its component colors, creating the visible spectrum. Isaac Newton first
demonstrated this in 1666.

Some animals, like bees, can see
ultraviolet light that humans
cannot. Design a thought
experiment that would
demonstrate whether a flower has
UV-visible patterns that human
eyes cannot detect.

Photograph flowers using a camera modified to capture ultraviolet light
(with a UV-pass filter). Compare the UV photos to normal visible-light
photos — patterns invisible to human eyes would appear in the UV
images — By photographing flowers with a UV-sensitive camera (using a UV-
pass filter that blocks visible light), you can capture patterns invisible to
humans. Many flowers have 'nectar guides' — UV-reflective or UV-absorbing
patterns that direct pollinators to the nectar. These patterns are invisible to
humans but clearly visible to bees and in UV photography. Comparing UV and
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visible-light photos of the same flower reveals these hidden patterns.

The ozone layer in Earth's
atmosphere blocks most UV-C and
much UV-B radiation from the sun,
but allows visible light through.
Analyze why the ozone layer
selectively blocks UV while
transmitting visible light.

Ozone molecules (O3) absorb electromagnetic radiation specifically in the
UV wavelength range due to their molecular structure, but they do not
absorb visible light wavelengths, which pass through unaffected — Ozone
(O3) molecules selectively absorb UV radiation because their chemical bonds
require exactly the amount of energy carried by UV photons to break apart (O3
→ O2 + O). Visible light photons carry less energy, which is not the right
amount to break ozone bonds, so visible light passes through. This selective
absorption is determined by the molecular structure and energy levels of
ozone — different materials absorb different wavelengths based on their
molecular properties.

Gamma-ray bursts (GRBs) from
distant galaxies are the most
powerful explosions in the
universe, releasing more energy in
seconds than our sun will produce
in its entire lifetime. If a GRB were
aimed directly at Earth from a
nearby star, evaluate what threat
this would pose and whether any
practical shielding could protect
us.

A nearby GRB could strip away Earth's ozone layer and deliver lethal
radiation doses, and no practical shielding exists at planetary scale.
However, the probability is extremely low because GRBs are rare and
narrowly focused — A nearby GRB aimed at Earth would be catastrophic — it
could destroy the ozone layer (exposing all life to UV radiation), cause mass
extinction, and deliver lethal gamma radiation. No practical planetary-scale
shielding exists against such energy. However, the actual risk is extremely low:
GRBs are rare (roughly one per galaxy per million years), their beams are
narrowly focused, and the nearest candidate stars are far from Earth.
Scientists estimate the probability of a dangerous GRB affecting Earth at less
than once per billion years.

How are radio waves used in
everyday life?

For broadcasting AM/FM radio, television signals, WiFi, Bluetooth, and
cell phone communication — Radio waves have many everyday uses: AM
and FM radio broadcasting, television signals, WiFi networks, Bluetooth
devices, cell phone communication, GPS navigation, and walkie-talkies.
Different frequencies within the radio wave band are assigned to different
services to prevent interference.

Airport security uses X-ray
machines to scan luggage. If a bag
contains a metal laptop, a plastic
water bottle, and a cloth shirt,
predict which items would appear
most clearly on the X-ray image
and explain why.

The metal laptop would appear most clearly (brightest/most opaque)
because dense metal absorbs the most X-rays, followed by the water
bottle, with the cloth shirt being nearly invisible — The metal laptop would
appear most clearly because metals are very dense and absorb most X-rays,
creating a bright, opaque image. The water bottle would show as a moderately
visible shape because water is denser than air but less dense than metal. The
cloth shirt would be nearly invisible because its low density allows most X-rays
to pass through. This density-based contrast is what makes X-rays useful for
security screening.

CT scans (computed tomography)
use X-rays taken from many
angles and combine them with
computers to create detailed 3D
images. Compare the radiation
dose from a single chest X-ray to a
chest CT scan. A single chest X-ray
delivers about 0.02 mSv, while a
chest CT delivers about 7 mSv.
Why might a doctor order the
higher-dose CT scan despite the
increased radiation?

A CT scan shows detailed 3D cross-sections that can reveal tumors, blood
clots, and internal injuries that a flat 2D X-ray would miss. The diagnostic
benefit of finding serious conditions outweighs the small increased
radiation risk — A CT scan delivers about 350 times more radiation than a
single X-ray, but provides dramatically more diagnostic information — detailed
3D cross-sections that can detect tumors, internal bleeding, blood clots, and
organ damage that flat X-rays miss. Doctors weigh the risk-benefit: for
suspected serious conditions (cancer, internal injuries, pulmonary embolism),
the life-saving diagnostic value far outweighs the small radiation risk. For
simple fractures, a lower-dose regular X-ray is sufficient.



Under a red light, a white shirt
appears red and a blue shirt
appears nearly black. Analyze why
the blue shirt looks black under
red light using your understanding
of color and light absorption.

The blue shirt normally reflects only blue wavelengths and absorbs
others. Under red light, there are no blue wavelengths to reflect, so the
shirt absorbs all the red light and appears black — A blue shirt appears
blue in white light because it reflects blue wavelengths and absorbs others
(including red). Under red light, the only available wavelength is red — but the
blue shirt's dye absorbs red light. With no wavelengths being reflected back to
your eyes, the shirt appears nearly black. The white shirt reflects all
wavelengths, so under red light it reflects the red and appears red.

How are gamma rays used in
cancer treatment?

Focused beams of gamma rays are directed at cancer tumors to destroy
the cancer cells by damaging their DNA, in a treatment called radiation
therapy — In radiation therapy, precisely aimed beams of gamma rays are
focused on cancer tumors. The high-energy photons damage the DNA inside
cancer cells, preventing them from dividing and causing them to die. Multiple
beams from different angles converge on the tumor to maximize damage to
cancer while minimizing damage to surrounding healthy tissue. This technique
is used to treat many types of cancer.

Both gamma rays and visible light
are electromagnetic waves that
travel at the speed of light. Yet
gamma rays can pass through
several centimeters of lead while
visible light is blocked by a thin
sheet of paper. Analyze why these
two types of electromagnetic
waves interact so differently with
materials.

Gamma ray photons carry millions of times more energy than visible light
photons, allowing them to penetrate through material that easily
absorbs the lower-energy visible light. Higher energy means greater
penetrating power — Although both travel at the speed of light, gamma ray
photons carry enormously more energy per photon than visible light (millions
of times more). This energy determines how waves interact with matter. Low-
energy visible light photons are easily absorbed by the electrons in paper or
thin materials. High-energy gamma photons have enough energy to pass
through atoms without being absorbed, requiring dense materials like lead
(and lots of it) to stop them. Penetrating power increases with photon energy
across the electromagnetic spectrum.

A dermatologist recommends
wearing sunscreen rated SPF 30 or
higher. SPF 30 blocks about 97% of
UV-B rays. If 1,000 UV-B photons
hit sunscreen-protected skin,
approximately how many get
through to the skin?

About 30 photons — If SPF 30 blocks 97% of UV-B rays, then 3% get through.
Of 1,000 photons: 3% × 1,000 = 30 photons reach the skin. No sunscreen
blocks 100% of UV — this is why reapplication is important and why
dermatologists recommend combining sunscreen with other protective
measures like hats and shade.

Why do medical professionals
wear lead aprons when taking X-
ray images of patients?

Lead is very dense and absorbs X-rays effectively, shielding the workers'
bodies from the ionizing radiation that could damage cells with repeated
exposure — X-rays are ionizing radiation capable of damaging DNA and cells.
While patients receive occasional exposures, radiology workers face repeated
exposure daily. Lead is extremely dense (11.3 g/cm3) and effectively absorbs X-
rays before they reach the body. Lead aprons, thyroid shields, and leaded glass
protect workers from cumulative radiation damage that could increase cancer
risk.

An AM radio station broadcasts at
1,000 kHz and an FM station
broadcasts at 100 MHz. Which
station uses a longer wavelength?

The AM station, because lower frequency corresponds to longer
wavelength — The AM station uses a longer wavelength. AM broadcasts at
1,000 kHz (1 MHz), which is 100 times lower in frequency than the FM station
at 100 MHz. Since all electromagnetic waves travel at the speed of light, lower
frequency means longer wavelength. AM wavelengths are around 300 meters,
while FM wavelengths are around 3 meters.



A parent refuses all X-ray imaging
for their child, saying 'all radiation
is dangerous.' Evaluate this
blanket position using your
understanding of X-ray risks,
benefits, and dose levels.

While X-ray caution is reasonable, a blanket refusal may deny the child
critical diagnostic information. The risk from a single diagnostic X-ray is
extremely small compared to the potential benefit of detecting a
fracture, infection, or other serious condition — A blanket refusal of X-rays
involves a risk-benefit miscalculation. A single diagnostic X-ray delivers about
0.02 mSv — equivalent to a few days of natural background radiation
exposure. This tiny increase in lifetime cancer risk (estimated at less than 1 in
1,000,000) must be weighed against the potential consequence of missing a
fracture, pneumonia, or other serious condition. Medical professionals follow
the ALARA principle (As Low As Reasonably Achievable), using the minimum
radiation needed for diagnosis.

Gamma rays from a radioactive
source can be used to sterilize
medical equipment. A hospital
needs to sterilize a batch of
surgical instruments. If the gamma
source delivers a dose of 25
kilogray (kGy) and the minimum
dose for sterilization is 15 kGy, is
the equipment properly sterilized?

Yes, the equipment is properly sterilized because the delivered dose (25
kGy) exceeds the minimum required dose (15 kGy) — Yes, the equipment is
properly sterilized. The delivered dose (25 kGy) exceeds the minimum required
dose (15 kGy) by 10 kGy. Gamma sterilization works by destroying the DNA of
bacteria, viruses, and other microorganisms on the instruments. The extra
dose above the minimum provides a safety margin ensuring all pathogens are
eliminated.

Which type of electromagnetic
wave has the shortest wavelength
and highest energy?

Gamma rays — Gamma rays have the shortest wavelengths (less than 10
picometers) and the highest energy of all electromagnetic waves. They are
produced by nuclear reactions, radioactive decay, and extremely energetic
cosmic events like supernovae and neutron star collisions. Their extreme
energy makes them the most penetrating and most dangerous form of
electromagnetic radiation.

What are the colors of visible light
in order from longest wavelength
to shortest wavelength?

Red, orange, yellow, green, blue, indigo, violet — Visible light colors ordered
from longest to shortest wavelength are: Red (~700 nm), Orange (~600 nm),
Yellow (~580 nm), Green (~520 nm), Blue (~470 nm), Indigo (~445 nm), Violet
(~400 nm). The mnemonic ROY G. BIV helps remember this order. This is the
only portion of the electromagnetic spectrum that human eyes can detect.

Why is ultraviolet radiation more
dangerous to living cells than
visible light, even though both are
electromagnetic waves?

UV has a shorter wavelength and higher frequency than visible light,
giving each UV photon more energy — enough to damage DNA and cause
mutations in cells — UV radiation has shorter wavelengths and higher
frequencies than visible light, meaning each UV photon carries more energy.
This extra energy is enough to break chemical bonds in DNA molecules,
potentially causing mutations that can lead to skin cancer. Visible light photons
lack sufficient energy to cause this molecular damage. This is why UV is
classified as the beginning of the 'ionizing radiation' range.

Some people worry that radio
waves from cell towers cause
health problems. Based on what
you know about radio waves'
position on the electromagnetic
spectrum, evaluate whether this
concern is scientifically supported.

Radio waves have the lowest energy of all electromagnetic waves and are
classified as non-ionizing radiation, meaning they lack sufficient energy
to damage DNA. Scientific consensus, based on extensive research, has
not found evidence that normal cell tower exposure causes health
problems — Radio waves sit at the lowest-energy end of the electromagnetic
spectrum. They are non-ionizing radiation, meaning they do not carry enough
energy per photon to break chemical bonds or damage DNA. Extensive
scientific research, including large-scale studies by the WHO, has not
established a causal link between normal cell tower radio wave exposure and
health problems. This contrasts with ionizing radiation (UV, X-rays, gamma



rays) which can cause cellular damage.

What type of electromagnetic
radiation from the sun can cause
sunburn?

Ultraviolet (UV) radiation — Ultraviolet (UV) radiation from the sun causes
sunburn. UV has shorter wavelengths and higher energy than visible light,
giving it enough energy to damage skin cells and DNA. The ozone layer blocks
most UV, but enough reaches Earth's surface to cause sunburn, especially UV-
B rays (290-320 nm). Sunscreen works by absorbing or reflecting UV before it
reaches the skin.

A student says, 'Since UV light is
harmful, we should try to block all
UV from reaching Earth's surface.'
Evaluate whether this would be a
good idea, considering all the
effects of UV radiation.

This would be unwise because moderate UV exposure is essential for
human health (vitamin D production) and for ecosystems (plant growth
signaling, water purification). The goal should be to limit excessive UV
exposure, not eliminate it entirely — Blocking all UV would be harmful.
While excessive UV causes sunburn and skin cancer, moderate UV-B exposure
is essential for humans to synthesize vitamin D, which is vital for bone health
and immune function. UV also helps sterilize water naturally, signals plants for
growth regulation, and drives important atmospheric chemistry. The key is
moderation — protecting against excessive exposure while maintaining the
beneficial levels that life on Earth depends upon.



✂✂✂✂ Question (fold →) Answer

What is total internal
reflection?

When light traveling in a dense medium hits the boundary with a less dense
medium at a steep enough angle, all the light reflects back instead of passing
through — Total internal reflection occurs when light traveling through a denser
medium (like glass or water) hits the boundary with a less dense medium (like air) at
an angle greater than the critical angle. Instead of refracting through the boundary,
all the light reflects back into the denser medium. This is the fundamental principle
behind fiber optic cables and is why diamonds sparkle so brilliantly.

A student who is
nearsighted (can see nearby
objects clearly but distant
objects appear blurry) needs
corrective eyeglasses.
Should the lenses be convex
or concave?

Concave lenses, because they spread light rays slightly before they enter the
eye, allowing the nearsighted eye to focus distant objects correctly on the
retina — Nearsighted people need concave (diverging) lenses. In nearsightedness
(myopia), the eyeball is too long, causing distant light to focus in front of the retina. A
concave lens diverges the incoming light slightly before it enters the eye, effectively
pushing the focal point back onto the retina. Farsighted people need convex lenses,
which converge light to help a too-short eyeball focus.

Light behaves as both a
wave and a particle. In the
double-slit experiment, light
passing through two narrow
slits creates an interference
pattern on a screen.
However, when scientists
detect which slit each
photon passes through, the
interference pattern
disappears. Analyze what
this tells us about the nature
of light.

Light exhibits wave behavior (interference) when unobserved, but when
measured as individual photons, it behaves like particles. This wave-particle
duality means light's behavior depends on how it is observed — The double-slit
experiment reveals wave-particle duality — one of the most profound discoveries in
physics. When unobserved, light behaves as a wave, creating interference patterns.
When observed at the slit level, it behaves as individual particles (photons). This is
not a limitation of our equipment but a fundamental property of light and all
quantum objects. The act of measurement changes the behavior, demonstrating that
light's nature depends on the experimental context.

What type of lens is thicker
in the middle than at the
edges and bends light rays
inward toward a focal point?

A convex lens — A convex (converging) lens is thicker at its center than at its edges.
When parallel light rays pass through it, the lens refracts them inward toward a
single point called the focal point. Convex lenses are used in magnifying glasses,
cameras, eyeglasses for farsightedness, and the human eye.

A fiber optic cable has a
glass core with an index of
refraction of 1.62
surrounded by cladding with
an index of 1.52. If the
cladding were replaced with
material having an index of
1.60, would the fiber still
work? Explain your
reasoning.

It would still work but less effectively, because the smaller difference in
refractive index between core and cladding means a smaller critical angle, so
light must hit at steeper angles to achieve total internal reflection, and some
light that previously reflected would now escape — The fiber would still function
but with reduced efficiency. Total internal reflection requires a difference in
refractive index, and 1.62 vs. 1.60 still provides a boundary. However, the smaller
difference increases the critical angle, meaning light must travel at steeper angles to
stay trapped. Light rays hitting the boundary at shallower angles would escape
through the cladding, causing signal loss. Fiber optic engineers carefully choose core-
cladding index differences to maximize the range of angles that achieve total internal
reflection.

What type of mirror curves
inward like the inside of a

A concave mirror — A concave mirror curves inward (like the inside of a spoon) and
converges parallel light rays to a focal point. Concave mirrors are used in reflecting
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bowl and can focus parallel
light rays to a single point?

telescopes, headlights, satellite dishes, solar furnaces, and shaving/makeup mirrors.
When an object is close to the mirror, it produces a magnified, upright virtual image.
Converging mirror.

How do fiber optic cables
use light to transmit
information over long
distances?

Light signals enter a thin glass fiber and bounce along its length through total
internal reflection, carrying data as pulses of light that travel with minimal
loss of signal — Fiber optic cables consist of a thin glass core surrounded by
cladding with a lower refractive index. Light pulses (carrying digital data) enter one
end and travel the length of the fiber by repeatedly reflecting off the core-cladding
boundary through total internal reflection. The light bounces thousands of times per
meter but stays trapped inside the core. This allows signals to travel hundreds of
kilometers with minimal loss, much farther and faster than electrical signals in
copper wires.

Why are convex mirrors
used as side-view mirrors on
cars instead of flat mirrors?

Convex mirrors curve outward and diverge reflected light, providing a wider
field of view than flat mirrors so drivers can see more of the area beside and
behind the car — Convex mirrors curve outward, causing reflected light rays to
diverge. This spreads the reflected image over a wider angle, giving drivers a broader
field of view to see vehicles in adjacent lanes and blind spots. The trade-off is that
objects appear smaller and farther away than they actually are, which is why car
mirrors carry the warning 'Objects in mirror are closer than they appear.'

A reflecting telescope uses a
large concave primary
mirror instead of a large
lens to collect light. Analyze
what advantages a mirror
has over a lens for building
very large telescopes.

Mirrors can be supported from behind (lenses can only be held at edges),
mirrors have no chromatic aberration, and mirrors can be made much larger —
the largest telescope mirrors exceed 10 meters while the largest lenses are
about 1 meter — Mirrors have several advantages for large telescopes: (1) A mirror
can be supported from behind across its entire surface, while a lens can only be held
at its edges — large lenses sag under their own weight, distorting the image. (2)
Mirrors reflect light without passing through glass, eliminating chromatic aberration
entirely. (3) Only one surface needs to be precisely shaped (mirrors) versus two
surfaces (lenses). The largest telescope mirrors exceed 10 meters in diameter, while
the largest practical lens is about 1 meter.

A camera lens system uses a
combination of convex and
concave lenses. The convex
lens focuses the image, but
it also creates color fringing
(chromatic aberration)
because different
wavelengths bend by
different amounts. Analyze
how adding a concave lens
made of a different type of
glass helps correct this
problem.

The concave lens, made of glass with a different refractive index, partially
reverses the color separation caused by the convex lens, bringing the different
colors back to a common focus point without undoing the overall convergence
— This describes an achromatic doublet — a fundamental optical design. The convex
lens bends blue light more than red, creating color fringing. The concave lens, made
of glass with different dispersion properties (like flint glass), bends the colors back
together in the opposite direction. By carefully choosing the glass types and
curvatures, the color separation is canceled while the overall convergence (image
focusing) is maintained. This is why quality camera lenses have multiple elements.

The Hubble Space Telescope
was launched with a primary
mirror that had been ground
to the wrong shape by a
fraction of a human hair's
width. This tiny error caused
blurry images. Evaluate why

Visible light wavelengths are extremely small (400-700 nanometers), so mirror
surfaces must be accurate to a fraction of a wavelength. An error of even a few
micrometers is many times the wavelength of light, significantly misfocusing
the reflected rays — Telescope mirrors must be accurate to a fraction of the
wavelength of light — typically within 1/20 of a wavelength (~25 nanometers).
Hubble's mirror had a spherical aberration error of about 2 micrometers (2,000



such an incredibly small
manufacturing error could
have such a significant effect
on a telescope designed to
observe distant galaxies.

nanometers), which is small in everyday terms but represents about 4 full
wavelengths of visible light. This caused each point of light to spread into a blurry
disk instead of a sharp dot. NASA corrected it in 1993 by installing corrective optics
(COSTAR) — essentially 'eyeglasses' for the telescope.

Newton used a prism to split
white light into colors,
proving that white light is a
mixture. Before Newton,
many people believed that
the prism itself was adding
color to the light. Analyze
what experiment Newton
performed to disprove the
'prism adds color'
hypothesis.

Newton isolated a single color from the first prism's spectrum and passed it
through a second prism. The single color did not split further, proving the
prism was separating existing colors, not creating new ones — In his
'experimentum crucis' (crucial experiment), Newton used a screen with a small hole
to isolate a single color (say, red) from the first prism's spectrum. He passed this
isolated red light through a second prism. The red light refracted but did not split
into additional colors — it remained red. This proved the prism was only separating
colors already present in white light, not manufacturing new ones. If the prism
created colors, the second prism should have added more.

What is the approximate
speed of light in a vacuum?

300,000 kilometers per second — Light travels at approximately 300,000 km/s
(more precisely, 299,792,458 m/s) in a vacuum. This speed, denoted as 'c,' is the
universal speed limit — nothing with mass can travel faster. Light from the sun takes
about 8 minutes and 20 seconds to reach Earth at this speed.

Evaluate whether a single
convex lens or a
combination of convex and
concave lenses would
produce a better image in a
high-quality telescope.
Justify your answer using
your understanding of how
lenses affect light.

A combination is better because it corrects for chromatic aberration and other
optical distortions that a single lens cannot avoid, producing sharper, more
accurate images — A lens combination is superior for high-quality telescopes. A
single convex lens suffers from chromatic aberration (color fringing), spherical
aberration (edge distortion), and other optical imperfections. By combining lenses of
different shapes, curvatures, and glass types, each element corrects the flaws
introduced by others. Modern telescope objectives and camera lenses typically
contain 5-15 elements for this reason. This is why refracting telescopes evolved from
single lenses to complex multi-element designs.

What happens when white
light passes through a glass
prism?

The white light separates into a spectrum of colors (red through violet)
because each wavelength refracts by a different amount — When white light
passes through a prism, it separates into its component colors — the visible
spectrum from red to violet. This phenomenon, called dispersion, occurs because
glass refracts different wavelengths by different amounts. Violet light (short
wavelength) bends the most, and red light (long wavelength) bends the least,
spreading the white light into a rainbow of colors.

How does a concave lens
differ from a convex lens in
how it bends light?

A concave lens is thinner in the middle and spreads light rays apart (diverges
them), while a convex lens is thicker in the middle and brings light rays
together (converges them) — A concave (diverging) lens is thinner at its center than
at its edges — the opposite of convex. When parallel light rays pass through it, they
spread apart (diverge) as if they came from a virtual focal point behind the lens.
Concave lenses are used in eyeglasses for nearsightedness, peepholes in doors, and
some telescope designs.

Some scientists in the 1800s
believed light was purely a
wave, while others believed
it was purely a particle.
Given what we now know

Both groups correctly identified real properties of light — wave theorists
explained interference and diffraction, particle theorists explained the
photoelectric effect. Both were wrong to insist light was exclusively one or the
other — Both groups had valid evidence. Wave theorists (Huygens, Young, Maxwell)
correctly explained interference, diffraction, and polarization — distinctly wave
phenomena. Particle theorists correctly noted that light transfers energy in discrete



about wave-particle duality,
evaluate why both groups
were partially correct and
partially wrong.

packets (later proven by Einstein's photoelectric effect explanation). Their error was
philosophical: both assumed light must be one thing exclusively. Modern quantum
mechanics reveals that light has a dual nature — it genuinely exhibits both wave and
particle properties, depending on the experiment.

A telecommunications
engineer must choose
between copper wire and
fiber optic cable for a new
50-kilometer data link.
Analyze the advantages of
fiber optics over copper for
this application, considering
speed, signal loss, and
interference.

Fiber optics offers higher bandwidth (speed), lower signal loss over long
distances (light degrades less than electrical signals over 50 km), and immunity
to electromagnetic interference because light signals are not affected by
nearby electrical equipment or lightning — Fiber optics provides three key
advantages for this 50 km link: (1) Much higher bandwidth — a single fiber can carry
terabits per second versus copper's gigabits. (2) Lower signal loss (attenuation) —
light in modern fiber loses about 0.2 dB/km, while copper cables lose significantly
more over long distances, often requiring signal boosters every few kilometers. (3)
Complete immunity to electromagnetic interference — light signals are unaffected by
nearby power lines, radio transmitters, or lightning, while copper is susceptible to all
of these. The main trade-off is that fiber equipment costs more initially.

Why do we see rainbows
after rainstorms when the
sun comes out?

Raindrops act like tiny prisms, refracting, dispersing, and reflecting sunlight.
Each color exits at a slightly different angle, and millions of drops together
create the arc of colors we see as a rainbow — Rainbows form when sunlight
enters raindrops, which act like tiny prisms. Light refracts when entering the drop
(dispersing into colors), reflects off the back surface, and refracts again when exiting.
Each color leaves the drop at a slightly different angle — red at about 42 degrees and
violet at about 40 degrees. Millions of raindrops at different positions each
contribute one color to your eye, creating the full arc of the rainbow.

A concave mirror has a focal
length of 20 cm. An object is
placed 40 cm from the
mirror. Where will the image
form?

At 40 cm from the mirror, on the same side as the object — Using the mirror
equation: 1/f = 1/do + 1/di. Substituting: 1/20 = 1/40 + 1/di. Solving: 1/di = 1/20 - 1/40
= 1/40, so di = 40 cm. When an object is placed at exactly twice the focal length of a
concave mirror (called the center of curvature), the image forms at the same
distance on the same side, and is real, inverted, and the same size as the object.

Design a simple
demonstration using a water
stream and a laser pointer
that shows the principle of
total internal reflection used
in fiber optic cables.

Drill a hole near the bottom of a water bottle, shine a laser into the bottle from
the opposite side aimed at the hole, and turn off the lights. The laser light will
follow the curving water stream by total internal reflection, demonstrating
how light can be guided along a curved path — This classic demonstration uses a
plastic water bottle with a small hole near the bottom. A laser pointer shines into the
bottle from the opposite side, aimed at the hole. When water streams out and the
room lights are off, the laser light follows the curving water stream rather than
traveling in a straight line. The light undergoes total internal reflection at the water-
air boundary of the stream, bouncing along inside the water just as light bounces
along inside a fiber optic cable. This dramatically shows how light can be guided
along a curved path — the fundamental principle of fiber optics.

Unlike sound waves, light
waves can travel through
the vacuum of outer space.
Why is this possible?

Light is an electromagnetic wave that consists of oscillating electric and
magnetic fields, which do not require a physical medium to propagate — Light
is an electromagnetic wave composed of oscillating electric and magnetic fields that
regenerate each other as they travel. Unlike mechanical waves (sound, water waves)
that require particles to propagate, electromagnetic waves carry their own medium
in the form of self-sustaining field oscillations. This is why sunlight reaches us across
150 million kilometers of nearly empty space.

Diamonds sparkle with
Diamond's much higher index of refraction means it bends light more
dramatically at each surface, creating greater angular separation between



intense rainbow colors
(called 'fire') far more than
glass. Given that diamond
has an index of refraction of
2.42 compared to glass at
1.5, evaluate why diamond
disperses light more
dramatically.

different wavelengths and producing more vivid color dispersion (fire) —
Diamond's high refractive index (2.42 vs glass at 1.5) creates more dramatic
dispersion in two ways: (1) Greater refraction at each surface means larger angular
separation between different wavelengths, producing more vivid spectral colors. (2)
The high index causes greater total internal reflection, trapping light inside the
diamond where it bounces multiple times before escaping — each reflection
enhances the color separation. Diamond cutters design facets specifically to
maximize this 'fire,' which is why brilliant-cut diamonds sparkle with rainbow colors.

Light travels at 3 × 10^8 m/s
in a vacuum but slows to
about 2 × 10^8 m/s in glass.
Calculate the ratio of light's
speed in vacuum to its
speed in glass (this ratio is
called the index of
refraction).

1.5 — The index of refraction (n) = speed in vacuum / speed in material = (3 × 10^8) /
(2 × 10^8) = 1.5. This means light travels 1.5 times faster in a vacuum than in glass. A
higher index of refraction means light slows more and bends more when entering
the material. Glass has n ≈ 1.5, water has n ≈ 1.33, and diamond has n ≈ 2.42.

A scientist passes white light
through a prism to create a
spectrum, then uses a
second prism to recombine
the spectrum back into
white light. If she blocks just
the green portion of the
spectrum before the second
prism, what color would the
recombined light appear?

Magenta (pinkish-purple), because magenta is what white light looks like with
the green wavelengths removed — Removing green from white light produces
magenta (pinkish-purple). White light is the combination of all visible wavelengths.
When green is removed, the remaining wavelengths (red, orange, yellow, blue,
indigo, violet) combine to produce magenta — green's complementary color. This
demonstrates that colors we perceive result from the mixture of wavelengths
reaching our eyes, and removing one changes the overall perception.



✂✂✂✂ Question (fold →) Answer

At what condition does
resonance occur?

When a vibrating source applies energy at the natural frequency of an object,
causing the object to vibrate with increasing amplitude — Resonance occurs
when an external force or vibration matches the natural frequency of an object. At
this frequency, each successive energy input arrives in phase with the object's
existing vibration, adding to it rather than opposing it. The result is a dramatic
increase in amplitude. This is why a wine glass can shatter from a specific note, or
why a bridge can oscillate dangerously if wind or footsteps match its resonant
frequency.

A musician plays two notes
simultaneously on a guitar.
One string vibrates at 200 Hz
and the other at 203 Hz. She
hears 3 beats per second.
She then tightens the 200 Hz
string slightly and the beats
slow to 1 per second.
Analyze: what is the new
frequency of the tightened
string, and why did the beats
slow down?

The new frequency is 202 Hz. Tightening the string raised its frequency from
200 Hz closer to 203 Hz, reducing the difference from 3 Hz to 1 Hz, which
slowed the beats — The beats slowed from 3/s to 1/s, meaning the frequency
difference decreased from 3 Hz to 1 Hz. Since the 203 Hz string was unchanged and
tightening raised the frequency of the other string, the new frequency must be 203 -
1 = 202 Hz. The string went from 200 Hz to 202 Hz, bringing it closer to 203 Hz and
reducing the beat frequency from |203-200| = 3 Hz to |203-202| = 1 Hz. When the
beat frequency reaches 0, the strings are perfectly in tune.

A student says, 'Destructive
interference destroys energy
because the waves cancel
out.' Evaluate whether this
statement is consistent with
the law of conservation of
energy.

Incorrect. Energy is not destroyed — it is redistributed. Where destructive
interference reduces amplitude, the energy shifts to nearby regions of
constructive interference where amplitude is increased. Total energy is
conserved — This statement violates the law of conservation of energy. Destructive
interference does not destroy energy — it redistributes it. In an interference
pattern, energy is removed from the quiet zones (destructive interference) and
concentrated in the loud zones (constructive interference). The total energy across
the entire pattern remains exactly equal to the sum of both waves' energies. Energy
is rearranged spatially, not eliminated.

Wave A has an amplitude of 8
cm and Wave B has an
amplitude of 5 cm. They
undergo destructive
interference at a point. What
is the resulting amplitude?

3 cm — When waves undergo destructive interference, the resulting amplitude is
the difference of their individual amplitudes: 8 cm - 5 cm = 3 cm. Complete
cancellation (0 cm) only occurs when both waves have exactly equal amplitudes.
Since these waves have different amplitudes, partial destructive interference occurs,
leaving a reduced but non-zero wave.

Why do standing waves form
on a guitar string but not on
an infinitely long rope?

A guitar string is fixed at both ends, so waves reflect back and interfere with
incoming waves. An infinite rope has no endpoints to reflect waves, so
standing wave patterns cannot form — Standing waves require two waves
traveling in opposite directions. On a guitar string, waves created by plucking travel
to the fixed ends (nut and bridge), where they reflect and travel back. These
reflected waves interfere with the original waves, creating standing wave patterns.
An infinitely long rope has no boundaries to reflect waves, so no return wave exists
to create the interference pattern needed for standing waves. The fixed endpoints
also enforce specific wavelengths that 'fit' the string length.
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At a concert, certain seats in
the venue sound noticeably
louder than others, even
though no seat is significantly
closer to the stage. Analyze
what wave phenomenon
could cause these 'hot spots'
of louder sound.

Constructive interference from sound waves reflecting off walls and ceiling. At
certain seats, the direct sound and reflected sound arrive in phase, combining
to create louder perceived volume — These 'hot spots' occur due to constructive
interference. Sound reaches each seat via multiple paths — directly from the
speakers and after reflecting off walls, ceiling, and floor. At certain locations, the
path length differences cause the direct and reflected waves to arrive in phase
(crests meeting crests), producing constructive interference and louder sound. At
other seats, partial or destructive interference may make the sound quieter.
Acoustic engineers design concert halls to minimize these uneven spots.

Two water waves with
amplitudes of 3 cm each
undergo constructive
interference at a point. What
is the maximum possible
amplitude at that point?

6 cm — When two waves of equal amplitude (3 cm each) undergo perfect
constructive interference, their amplitudes add together: 3 cm + 3 cm = 6 cm. This
maximum occurs when the waves are perfectly in phase, meaning their crests arrive
at exactly the same point at exactly the same time. This is called total constructive
interference.

The Tacoma Narrows Bridge
collapsed in 1940 when
steady winds caused it to
oscillate with increasing
amplitude until it broke
apart. Engineers initially
designed the bridge to
withstand the wind's force,
but not its resonance effects.
Analyze why the bridge's
destruction was caused by
resonance rather than simply
by the wind being too strong.

The wind did not need to be exceptionally strong — The Tacoma Narrows Bridge
collapse was a resonance catastrophe. The 67 km/h wind was not unusually strong,
but it created alternating vortices (Von Karman vortex street) that pushed the bridge
up and down at a frequency near the bridge's natural resonant frequency. Like
pushing a swing at exactly the right moment, each small wind-driven push added
energy to the bridge's oscillation. Over time, the amplitude grew beyond the
structure's limits and it tore itself apart. The lesson: structural resonance can be far
more dangerous than raw force.

Some people claim they can
hear 'binaural beats' — a
beat frequency perceived
when slightly different
frequencies are played in
each ear through
headphones (e.g., 400 Hz in
the left ear and 410 Hz in the
right). Evaluate whether true
physical beats can occur in
this situation, and explain
why or why not.

True physical beats cannot form because the two sound waves never actually
meet and interfere — each ear hears only one frequency. Any perceived beat
effect is created by the brain's processing of the two separate signals, not by
physical wave interference — True physical beats require two waves to overlap in
the same physical space. With headphones, each ear receives only one frequency —
the waves never physically meet and cannot interfere. Binaural beats are a
perceptual phenomenon created by the brain's neural processing, not by acoustic
wave interference. The auditory cortex processes the two separate inputs and can
create a perceived pulsation, but this is fundamentally different from real acoustic
beats where waves constructively and destructively interfere in air. Scientific
evidence for binaural beats' effects on cognition or relaxation remains inconclusive.

How do piano tuners use
beats to tune a piano string
to the correct pitch?

The tuner strikes the piano key while a reference tone plays. If beats are
heard, the frequencies do not match. The tuner adjusts the string tension
until the beats slow down and eventually disappear, indicating the
frequencies are equal — Piano tuners play the target note alongside a reference
pitch (tuning fork or electronic tuner). If the piano string is slightly out of tune, they
hear beats — the pulsating sound of two close frequencies interfering. The beat
frequency equals the difference between the two frequencies. As the tuner adjusts
the string tension, the beats slow down as the frequencies get closer. When the
beats disappear completely, the frequencies match perfectly and the string is in
tune.



What happens when the
crest of one wave meets the
trough of another wave of
equal amplitude?

They cancel each other out, producing zero displacement at that point
(destructive interference) — When a crest meets a trough of equal amplitude,
they undergo complete destructive interference — the upward displacement of the
crest exactly cancels the downward displacement of the trough, resulting in zero
displacement at that point. If the amplitudes are not equal, partial destructive
interference occurs, producing a wave with reduced but non-zero amplitude.

Design an experiment using
a long spring toy (Slinky) to
demonstrate the first three
standing wave patterns
(harmonics). Describe exactly
how you would create each
pattern.

Fix one end of the Slinky and shake the other end. For the 1st harmonic, shake
slowly until one large antinode forms. For the 2nd harmonic, shake twice as
fast to get two antinodes with a node in the middle. For the 3rd harmonic,
shake three times faster to get three antinodes with two nodes — Fix one end
of the Slinky to a wall or have a partner hold it stationary. For the 1st harmonic
(fundamental): shake slowly at the natural resonant frequency until a single large
antinode appears in the center with nodes at both ends. For the 2nd harmonic:
double the shaking frequency to produce two antinodes with a stationary node in
the middle. For the 3rd harmonic: triple the frequency to produce three antinodes
separated by two interior nodes. Each successive harmonic requires the shaking
frequency to be an exact integer multiple of the fundamental.

Why does blowing across the
top of a bottle produce a
specific musical note, and
why does the note change
when you add water to the
bottle?

Blowing creates vibrations that resonate with the air column inside the bottle.
Adding water shortens the air column, raising the resonant frequency and
producing a higher-pitched note — Blowing across the bottle top creates
turbulent air flow that sets the air column inside vibrating at its resonant frequency.
The resonant frequency depends on the length of the air column — just as a shorter
pipe organ pipe produces a higher note. Adding water shortens the effective air
column, raising the resonant frequency and pitch. Removing water lengthens the air
column and lowers the pitch. This is an example of resonance in an open-closed air
column.

What are beats in the context
of sound waves?

A periodic variation in loudness that occurs when two sound waves with
slightly different frequencies interfere, creating a pulsating pattern of
constructive and destructive interference — Beats occur when two sound waves
of slightly different frequencies combine. The waves periodically go in and out of
phase: when in phase (crests aligned), constructive interference makes the sound
louder; when out of phase (crest meets trough), destructive interference makes it
softer. This creates a pulsating 'wah-wah-wah' effect. The beat frequency equals the
difference between the two original frequencies.

What happens when the
crests of two waves meet at
the same point at the same
time?

They combine to produce a wave with a larger amplitude — When two crests
meet, their amplitudes add together, creating a wave with a larger amplitude than
either individual wave. This is called constructive interference. If both waves have an
amplitude of 5 cm, their combined amplitude at that point is 10 cm. The waves
reinforce each other because they are in phase (peaks aligned with peaks).

Two tuning forks produce
frequencies of 440 Hz and
444 Hz. What is the beat
frequency when both are
sounded together?

4 beats per second — The beat frequency equals the absolute difference between
the two source frequencies: |444 - 440| = 4 Hz. This means you would hear 4
pulsations (loud-soft-loud-soft) per second. The tone you hear would be
approximately 442 Hz (the average), with its volume oscillating 4 times per second. If
the frequency difference were larger (say 20 Hz), the beats would be too fast to hear
as individual pulses and would instead sound like a rough, buzzing quality.

A pipe organ has pipes of
many different lengths. The
longest pipes produce the



lowest notes and the
shortest produce the highest.
If the longest pipe is 5 meters
and produces a note at 34
Hz, estimate the frequency
produced by a pipe that is 2.5
meters long.

Approximately 68 Hz — For open or closed pipes, resonant frequency is inversely
proportional to pipe length. Halving the pipe length from 5 m to 2.5 m doubles the
resonant frequency: 34 Hz × 2 = 68 Hz. This is one octave higher than the original
note. Pipe organs exploit this relationship to produce their full range of notes —
from deep 16 Hz pedal tones (pipes up to 10 m long) to bright high notes (pipes just
centimeters long).

In a physics lab, two speakers
emit identical sound waves. A
student walks slowly from
one speaker toward the
other and notices the sound
alternately gets louder and
softer in a regular pattern.
Analyze what is creating this
pattern and what determines
the spacing of the loud and
quiet zones.

The pattern is caused by alternating constructive and destructive
interference. At points where path length differences equal whole
wavelengths, constructive interference makes it loud; at half-wavelength
differences, destructive interference makes it quiet. The spacing depends on
the wavelength of the sound — As the student walks, the distance to each speaker
changes, altering the path length difference. When the path difference equals a
whole number of wavelengths (0, 1, 2...), the waves arrive in phase and
constructively interfere (loud). When the path difference equals a half wavelength
(0.5, 1.5, 2.5...), the waves arrive out of phase and destructively interfere (quiet). The
spacing between loud and quiet zones is half a wavelength. Lower frequency
sounds (longer wavelengths) produce wider spacing between zones.

A guitar string is 60 cm long.
The fundamental standing
wave has nodes at both ends
and one antinode in the
middle. What is the
wavelength of this
fundamental standing wave?

120 cm (1.2 meters) — For the fundamental standing wave on a string fixed at both
ends, exactly half a wavelength fits on the string: L = λ/2. So λ = 2L = 2 × 60 cm = 120
cm. The fundamental mode has the longest wavelength (and lowest frequency) of
any standing wave that can exist on the string. Higher harmonics fit more half-
wavelengths on the string: the 2nd harmonic fits one full wavelength (60 cm), the
3rd fits 1.5 wavelengths (40 cm), etc.

A sound engineer claims that
placing two identical
speakers facing each other
and playing the same tone
will always create louder
sound everywhere between
them. Evaluate this claim.

Incorrect. While constructive interference creates loud spots where crests
meet, destructive interference creates quiet spots where crests meet troughs.
The result is an alternating pattern of loud and quiet zones, not uniformly
louder sound — The claim is incorrect. Between two speakers playing the same
tone, an interference pattern forms with alternating zones of loud (constructive
interference where crests meet crests) and quiet (destructive interference where
crests meet troughs). The spacing of these zones depends on the wavelength.
Walking between the speakers, you would hear the sound get louder and softer in a
regular pattern — not uniformly louder.

When a singer produces a
note in a shower stall, certain
frequencies sound noticeably
louder than others. The
shower stall acts like a
resonant chamber. Analyze
why the dimensions of the
shower determine which
frequencies are amplified.

Standing waves form between the shower walls at frequencies whose
wavelengths fit exactly within the stall dimensions (whole number of half-
wavelengths). These resonant frequencies are amplified while others are not
reinforced — Hard shower walls reflect sound waves efficiently. When the distance
between walls equals a whole number of half-wavelengths, standing waves form
between the surfaces. These resonant frequencies constructively interfere with each
new reflection, building up in amplitude and sounding noticeably louder.
Frequencies that do not fit the standing wave condition do not reinforce and remain
at normal volume. Since a shower has three pairs of parallel surfaces (walls,
floor/ceiling), multiple resonant frequencies exist, creating a rich, amplified sound —
the famous 'singing in the shower' effect.

Why does constructive
interference result in a

The pressure waves from both speakers add together at points where crests
align, creating larger amplitude pressure variations that our ears perceive as
louder sound — When two speakers play the same frequency in phase, their sound



louder sound when two
speakers play the same tone
in phase?

waves constructively interfere at points where compressions from both speakers
arrive simultaneously. The combined pressure amplitude is greater than from either
speaker alone. Since our ears perceive larger pressure variations as louder sound,
constructive interference produces a louder perceived volume at those locations.

What is a standing wave?

A wave pattern that appears to stay in place, formed when two waves of the
same frequency travel in opposite directions and interfere, creating fixed
points of no movement (nodes) and points of maximum movement
(antinodes) — A standing wave is formed when two waves of the same frequency
and amplitude travel in opposite directions through the same medium. Their
interference creates a stable pattern of nodes (points of zero displacement where
destructive interference is permanent) and antinodes (points of maximum
displacement where constructive interference is permanent). The wave appears
stationary, though it is actually the result of continuous wave interaction.

Modern skyscraper designers
install massive pendulums
called 'tuned mass dampers'
near the tops of tall
buildings. These pendulums
swing opposite to the
building's sway during
earthquakes or strong winds.
Evaluate how a tuned mass
damper uses the principle of
destructive interference to
protect a building from
resonance.

The damper is tuned to the building's natural frequency. When the building
sways one direction, the damper swings the opposite way, creating a force
that destructively interferes with the building's oscillation, reducing the
dangerous resonant amplitude — A tuned mass damper is engineered to oscillate
at the building's natural resonant frequency but in the opposite phase (180 degrees
out of phase). When wind or an earthquake drives the building to sway, the massive
pendulum (often hundreds of tons) swings in the opposite direction, applying a
counterforce that destructively interferes with the building's motion. This reduces
resonant amplitude by 30-40%, preventing the dangerous buildup that could
damage the structure. Taipei 101's famous 730-ton damper is visible to visitors and
has measurably protected the building during typhoons and earthquakes.

How do noise-canceling
headphones use destructive
interference to reduce
unwanted sound?

A microphone detects incoming noise, and the headphones generate a sound
wave that is exactly out of phase (inverted) with the noise. When these two
waves combine, they destructively interfere, canceling the noise — Noise-
canceling headphones use active noise cancellation (ANC). Tiny microphones on the
headphones detect incoming ambient noise. A processor analyzes this noise and
generates an 'anti-noise' signal — a sound wave that is the exact inverse (180
degrees out of phase) of the detected noise. When the original noise and the anti-
noise combine in the ear, they destructively interfere, significantly reducing the
perceived noise. This works best for constant, low-frequency sounds like engine
hum.



✂✂✂✂ Question (fold →) Answer

When you stream a
video call, the audio
and video are
converted to digital
signals, compressed,
sent as data packets
over the internet, and
reassembled at the
other end. Sometimes
packets arrive out of
order or are lost.
Analyze how a video
calling application
handles lost packets
differently for audio
versus video.

For audio, lost packets are usually replaced with brief silence or interpolated from
surrounding packets, since small audio gaps are less noticeable. For video, lost
packets may cause brief freezing, pixelation, or reduced resolution as the system fills
in missing frame data from previous frames until new data arrives — Video calling
applications handle packet loss differently for each media type because they have different
characteristics. Audio: Lost audio packets (typically 20 ms each) create brief gaps. The
application usually interpolates the missing audio from surrounding packets or inserts
silence. Since each packet is so short, the gap is often imperceptible. Video: Lost packets
cause visible artifacts. The application typically displays the last complete frame (causing a
brief freeze) or uses partial data to render a degraded frame (causing pixelation or blocks).
Modern codecs use forward error correction (FEC) — extra redundant data that can
reconstruct lost packets without retransmission. Retransmission is generally avoided for
real-time communication because the delay would make the conversation unnatural.

Your family's WiFi
becomes slow when
many devices connect
simultaneously. If the
router has a
bandwidth of 100
Mbps and 10 devices
are actively
streaming,
approximately how
much bandwidth
does each device get?

About 10 Mbps per device — If 10 devices share a 100 Mbps connection equally, each gets
approximately 100 ÷ 10 = 10 Mbps. In practice, the distribution is not always equal —
devices performing larger tasks get more bandwidth while idle devices use less. HD video
streaming requires about 5-8 Mbps, so 10 Mbps per device is adequate for basic streaming
but may not support 4K video (which needs 15-25 Mbps). This bandwidth sharing is why
internet speeds slow noticeably when many devices are active.

Design a simple
coding system that
uses only light (on/off
flashes) to transmit
the letters A through
H. Describe your
encoding scheme and
explain how the
receiver would
decode the message.
Your system should
be able to transmit
any sequence of
these eight letters.

Assign each letter a unique 3-bit binary code (A=000, B=001, C=010, D=011, E=100,
F=101, G=110, H=111). Transmit each letter as three flashes where ON=1 and OFF=0,
with a pause between letters. The receiver reads groups of three and converts back
to letters using the same code table — Using 3-bit binary encoding: A=000 (off-off-off),
B=001 (off-off-on), C=010 (off-on-off), D=011 (off-on-on), E=100 (on-off-off), F=101 (on-off-
on), G=110 (on-on-off), H=111 (on-on-on). To send 'FACE': transmit 101-000-010-100, with a
longer pause between each group of three. The receiver groups the flashes into threes and
looks up each code in the shared code table. With 3 bits, 2^3 = 8 unique codes exist —
exactly enough for A through H. This is fundamentally how all digital communication works:
encoding information as binary sequences, transmitting as discrete on/off signals, and
decoding at the destination. Real systems use 8 bits (1 byte) per character, providing 256
possible codes.

Why is there a
noticeable delay
(about 0.5 seconds

The signal must travel approximately 36,000 km up to the satellite and 36,000 km
back down (72,000 km total each way), and even at the speed of light this journey
takes about 0.24 seconds each way, creating a round-trip delay of about 0.5 seconds
— The delay is caused by the enormous distance signals must travel. Even at the speed of
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round trip) during a
phone call routed
through a
geostationary
satellite?

light (300,000 km/s), a one-way trip to a geostationary satellite (36,000 km) takes about 120
milliseconds. A complete conversational round trip involves four legs: your voice travels up
to the satellite, down to the other person, their voice goes up to the satellite, and back
down to you — totaling about 480 milliseconds (roughly 0.5 seconds). This noticeable delay
makes real-time conversation feel awkward, which is why modern phone calls mostly use
terrestrial fiber optics or low-Earth orbit satellites.

What frequency band
does standard WiFi
(802.11) primarily use
for wireless internet?

2.4 GHz and 5 GHz bands — Standard WiFi primarily uses the 2.4 GHz and 5 GHz frequency
bands. The 2.4 GHz band provides better range and wall penetration but lower speeds (up
to ~600 Mbps). The 5 GHz band offers higher speeds (up to ~9.6 Gbps with WiFi 6) but
shorter range due to higher atmospheric absorption and reduced diffraction around
obstacles. WiFi 6E and WiFi 7 also use the 6 GHz band for even faster connections.

Evaluate whether WiFi
should replace
Ethernet (wired)
connections entirely
in a school computer
lab where students
take timed
standardized tests
online. Consider
reliability, speed, and
interference.

Ethernet should be kept for standardized testing because it provides consistent,
reliable connections without interference from other wireless devices,
environmental factors, or bandwidth sharing — all critical when many students need
simultaneous reliable internet during timed tests — Ethernet is strongly preferred for
standardized testing because: (1) Dedicated bandwidth — each Ethernet port provides its
full rated speed (typically 1 Gbps) without sharing. WiFi divides bandwidth among all
connected devices. (2) No interference — wired connections are immune to
electromagnetic interference, signal congestion, and environmental factors that affect WiFi.
(3) Consistent latency — Ethernet provides predictable, low-latency connections. WiFi
latency varies with distance, obstacles, and congestion. (4) Security — wired connections
are physically harder to intercept. During high-stakes timed tests, the reliability advantage
of Ethernet significantly outweighs WiFi's convenience of being wireless.

What orbit do most
communication
satellites use, and
approximately how
far above Earth is this
orbit?

Geostationary orbit, approximately 35,786 km (about 22,236 miles) above Earth's
equator — Most traditional communication satellites orbit in geostationary orbit (GEO) at
approximately 35,786 km above Earth's equator. At this altitude, the satellite's orbital
period is exactly 24 hours — matching Earth's rotation. This means the satellite appears
stationary over one point on Earth, allowing ground antennas to point at it permanently
without tracking. Three GEO satellites spaced 120 degrees apart can cover nearly the entire
Earth (except the poles).

With internet
streaming now
available, some argue
that traditional
AM/FM radio
broadcasting is
obsolete and should
be phased out.
Evaluate this position,
considering both the
strengths and
limitations of each
technology.

Radio broadcasting is not obsolete because it provides free, universally accessible
communication that works without internet infrastructure, is critical during
emergencies when cellular networks fail, and reaches areas without broadband
access. However, streaming offers on-demand content, higher quality, and
interactivity that radio cannot match — Radio broadcasting remains essential for
several reasons: (1) Emergency communication — radio works when cell towers and
internet infrastructure fail during disasters. Battery-powered radios are standard
emergency equipment. (2) Universal access — radio requires no subscription, internet
connection, or smartphone. It serves billions in areas without broadband. (3) Free, one-to-
many broadcasting — efficient for reaching large audiences simultaneously. However,
streaming offers superior capabilities: on-demand content selection, higher audio quality,
interactive features, and personalization. The technologies are complementary, not
competing — each serves needs the other cannot.

Why are cell phone
networks divided into
many small coverage
areas called 'cells'
instead of using a
single powerful

Dividing into cells allows the same frequencies to be reused in non-adjacent cells,
dramatically increasing the network's capacity to handle many simultaneous calls
and data connections — The cellular concept solves a fundamental problem: limited radio
spectrum. If one transmitter served an entire city, each frequency channel could only
support one call at a time. By dividing the city into small cells, non-adjacent cells reuse the
same frequencies without interference. A city might have hundreds of cells, each reusing



transmitter to cover a
whole city?

the same set of frequencies, enabling thousands of simultaneous connections. This
frequency reuse pattern is the key innovation that makes mobile networks scalable to
millions of users.

AM radio signals can
often be received
hundreds of
kilometers away,
especially at night,
while FM signals
typically reach only
about 50-100 km.
Why do AM signals
travel farther?

AM's longer wavelengths can bounce off the ionosphere (a layer of charged particles
in the upper atmosphere) and return to Earth at distant locations, while FM's shorter
wavelengths pass through the ionosphere into space — AM radio waves (530-1700 kHz)
have wavelengths of hundreds of meters, which allows them to reflect off the ionosphere
— a layer of electrically charged particles in the upper atmosphere. This 'skywave'
propagation bounces AM signals back to Earth hundreds of kilometers away, especially at
night when the ionosphere is more reflective. FM radio waves (88-108 MHz) have shorter
wavelengths that pass through the ionosphere into space rather than reflecting, limiting FM
to line-of-sight transmission range of about 50-100 km.

Your WiFi router
broadcasts at both
2.4 GHz and 5 GHz.
Why does the 2.4 GHz
signal reach your
bedroom on the
second floor better
than the 5 GHz signal?

The 2.4 GHz signal has a longer wavelength, which allows it to better penetrate walls
and floors and diffract around obstacles, giving it greater range despite lower speeds
— The 2.4 GHz signal has a wavelength of about 12.5 cm, roughly twice that of the 5 GHz
signal (~6 cm). Longer wavelengths penetrate solid materials (walls, floors, furniture) with
less energy loss and diffract more effectively around obstacles. The 5 GHz signal, with its
shorter wavelength, is more readily absorbed and scattered by building materials. This is
the classic range-versus-speed trade-off in wireless networking: 2.4 GHz goes farther but
carries less data, while 5 GHz is faster but covers a shorter range.

What type of
electromagnetic wave
is used to transmit
AM and FM radio
signals?

Radio waves — AM (Amplitude Modulation) and FM (Frequency Modulation) signals are
transmitted using radio waves, which are electromagnetic waves with frequencies typically
between 530 kHz and 1,700 kHz for AM, and 88 MHz to 108 MHz for FM. Radio waves were
first used for communication by Guglielmo Marconi in the 1890s.

5G networks use
higher frequencies
(up to 39 GHz) than
4G (up to 2.6 GHz).
These higher
frequencies can carry
much more data, but
5G cell towers must
be placed much
closer together.
Analyze the physics
behind why higher-
frequency signals
require more closely
spaced towers.

Higher-frequency radio waves are more easily absorbed by air, rain, and obstacles
(buildings, trees), and they diffract less around obstacles due to their shorter
wavelength. This causes the signal to weaken over shorter distances, requiring more
towers to maintain coverage — Higher-frequency waves face two physics challenges: (1)
Greater atmospheric absorption — air molecules, water vapor, and rain absorb higher
frequencies more than lower frequencies, causing signal attenuation over distance. At 39
GHz, rain can significantly degrade the signal. (2) Reduced diffraction — shorter
wavelengths (millimeters at 39 GHz versus centimeters at 2.6 GHz) are less able to bend
around obstacles like buildings and trees. This means 5G mmWave signals are more easily
blocked by physical obstructions. Both effects limit range, requiring towers every 150-250
meters in urban areas versus 1-5 km for 4G.

What is the difference
between how AM
radio and FM radio
encode audio
information onto a
carrier wave?

AM (Amplitude Modulation) varies the amplitude of the carrier wave to encode
audio, while FM (Frequency Modulation) varies the frequency of the carrier wave —
AM radio encodes audio by varying the amplitude (height) of a constant-frequency carrier
wave — louder sounds produce taller waves. FM radio encodes audio by varying the
frequency (pitch) of a constant-amplitude carrier wave — different audio sounds shift the
frequency slightly above and below the center frequency. FM generally produces better
sound quality because it is more resistant to electrical noise, which primarily affects wave
amplitude.



In the early days of
radio, AM was the
only broadcast
technology. Analyze
why FM radio
eventually became
preferred for music
broadcasting despite
AM's greater range
advantage.

FM provides higher fidelity sound because its frequency modulation is naturally
resistant to electrical noise (which affects amplitude), supports a wider audio
bandwidth for full musical range, and can broadcast in stereo — FM became preferred
for music because: (1) FM is resistant to amplitude-based noise — since information is
encoded in frequency changes, amplitude noise from lightning, motors, and electrical
equipment does not corrupt the signal. AM encodes in amplitude, so any noise directly
distorts the audio. (2) FM's wider bandwidth (200 kHz per channel vs AM's 10 kHz) carries
audio frequencies from 30 Hz to 15,000 Hz, capturing the full range of music. AM's narrow
bandwidth limits audio to about 5,000 Hz, sounding muffled. (3) FM supports stereo
broadcasting, critical for musical enjoyment.

What type of
electromagnetic wave
do cell phones use to
communicate with
cell towers?

Radio waves (specifically in the microwave frequency range, typically between 700
MHz and 2600 MHz for 4G, and up to 39 GHz for 5G) — Cell phones use radio waves in
the microwave frequency range. 4G/LTE typically operates between 700 MHz and 2600
MHz, while 5G uses frequencies from 600 MHz up to 39 GHz (and experimental bands even
higher). These are technically radio waves but at much higher frequencies than broadcast
radio, allowing them to carry much more data per second.

SpaceX's Starlink uses
thousands of
satellites in low Earth
orbit (550 km altitude)
instead of a few in
geostationary orbit
(36,000 km). Analyze
the trade-offs
between these two
approaches for
providing internet
service.

LEO satellites provide much lower latency (20-40 ms vs 500+ ms) due to their closer
distance and can serve polar regions, but require thousands of satellites in
coordinated constellations with complex handoff systems. GEO needs only 3
satellites for global coverage but has high latency and cannot serve polar areas well
— LEO advantages: (1) Much lower latency (~20-40 ms round trip vs ~500 ms for GEO),
making real-time communication and gaming practical. (2) Stronger signals due to
proximity, allowing smaller antennas. (3) Coverage of polar regions (GEO satellites are
positioned over the equator). LEO disadvantages: (1) Requires thousands of satellites
(Starlink has 6,000+) because each covers a small area and moves across the sky in
minutes. (2) Complex ground-tracking antennas and frequent satellite handoffs. (3)
Satellites have shorter lifespans (5 years vs 15+ for GEO) due to atmospheric drag. GEO
advantages: (1) Only 3 satellites for near-global coverage. (2) Fixed position means simple
antennas. (3) Long operational life.

Why are digital
signals generally
more reliable than
analog signals for
long-distance
communication?

Digital signals can be perfectly regenerated at repeater stations because the receiver
only needs to distinguish between two states (0 and 1). Analog signals accumulate
noise at each amplification stage because the noise cannot be separated from the
original signal — Digital signals are more reliable because they can be regenerated
perfectly. When a digital signal travels long distances and picks up noise, repeater stations
detect whether each bit is a 0 or 1 (despite noise distortion) and retransmit a clean, noise-
free copy. Analog signals cannot do this — when amplified, the noise is amplified along with
the signal. Over many amplification stages, the noise accumulates until the original signal is
buried. This is why analog TV signals got 'snowy' at long distances while digital TV is either
perfect or absent (the 'digital cliff' effect).

What is the
fundamental
difference between
an analog signal and
a digital signal?

An analog signal varies continuously and smoothly over time (like a wave), while a
digital signal represents information using discrete values, typically 0s and 1s (on/off
states) — An analog signal is a continuous wave that varies smoothly in amplitude and
frequency — like the output of a microphone or the groove on a vinyl record. It can take
any value within its range. A digital signal represents information as a sequence of discrete
values (typically binary: 0 and 1), like a series of on/off pulses. To convert analog audio to
digital, the continuous wave is sampled thousands of times per second, and each sample is
recorded as a number.

Space debris is an



increasing concern as
thousands of
satellites are
launched. Evaluate
the long-term
sustainability of
launching large
constellations of
thousands of LEO
satellites, considering
the risks of orbital
collisions and the
Kessler Syndrome.

Large constellations pose a real risk. Kessler Syndrome describes a chain reaction
where one collision creates debris that causes more collisions, potentially making
certain orbits unusable. Active debris mitigation (deorbiting at end-of-life, collision
avoidance, debris cleanup) is essential, but current regulations may be insufficient
for the scale of planned constellations — Large LEO constellations present genuine
sustainability concerns. The Kessler Syndrome (proposed by NASA scientist Donald Kessler
in 1978) describes a cascade where orbital collisions generate debris that causes more
collisions, potentially rendering certain altitudes unusable for decades. With ~10,000+ LEO
satellites planned (Starlink, OneWeb, Amazon Kuiper), the collision probability increases
significantly. Mitigation strategies include: designing satellites to deorbit within 5 years of
end-of-life, active collision avoidance maneuvers, and future debris cleanup missions.
However, the scale of planned launches outpaces current regulatory frameworks, and a
single catastrophic collision could jeopardize the entire LEO environment.

A satellite TV
company wants to
broadcast high-
definition television
to customers across
an entire continent.
Calculate
approximately how
many geostationary
satellites they would
need to provide
coverage, given that
each satellite can
cover about one-third
of Earth's surface.

One satellite, since a single geostationary satellite can cover one-third of Earth's
surface, which is more than enough to cover one continent — A single geostationary
satellite can cover about one-third of Earth's surface (approximately 170 million square
kilometers). Even the largest continent (Asia, at about 44 million km2) is only a fraction of
this coverage area. So one well-positioned GEO satellite is sufficient for continental TV
broadcasting. In practice, satellite TV companies may use multiple satellites over a
continent to provide redundancy and increase channel capacity, but one satellite provides
more than enough coverage area. Global coverage requires a minimum of three GEO
satellites.

A music producer
records a song and
wants to distribute it
digitally. The CD-
quality standard
samples audio at
44,100 times per
second, with each
sample stored as a
16-bit number.
Calculate how many
bits of data one
second of stereo CD-
quality audio
requires.

1,411,200 bits per second — For stereo CD-quality audio: Sample rate (44,100 Hz) × Bit
depth (16 bits) × Channels (2 for stereo) = 44,100 × 16 × 2 = 1,411,200 bits per second, or
approximately 1.41 Mbps. This means one minute of uncompressed CD audio requires
about 10.6 megabytes. Audio compression formats like MP3 and AAC reduce this to about
128-320 kbps (roughly 10-25% of the uncompressed size) by removing audio information
that humans cannot easily perceive.

A student notices that
their WiFi router
broadcasts a '2.4 GHz'
network and a '5 GHz'
network. Microwave
ovens also operate at
2.4 GHz. Analyze why

Both the microwave oven and WiFi router use the 2.4 GHz frequency band.
Microwave ovens can leak small amounts of 2.4 GHz radiation that interferes with
WiFi signals at the same frequency. Switching to the 5 GHz WiFi band eliminates this
interference since microwaves do not operate at 5 GHz — Microwave ovens and 2.4
GHz WiFi share the same frequency band (this is not a coincidence — 2.4 GHz was initially



a microwave oven
might sometimes
interfere with a WiFi
connection and
suggest what a user
could do to avoid this
interference.

designated for industrial, scientific, and medical use, which is why WiFi adopted this ISM
band). Microwave ovens are shielded but not hermetically sealed; small amounts of
powerful 2.4 GHz energy escape and can overwhelm nearby WiFi signals. Solutions: (1)
Switch to the 5 GHz WiFi band, which does not overlap with microwave ovens. (2) Move the
router farther from the kitchen. (3) Use a WiFi router with better filtering.

When you make a
phone call while
driving on a highway,
your phone
automatically
switches from one
cell tower to the next
without dropping the
call. What is this
seamless transfer
called?

A handoff (or handover) — A handoff (also called handover) is the process of
automatically transferring a phone connection from one cell tower to another as the user
moves between coverage areas. The network continuously monitors the signal strength
from nearby towers. When a neighboring tower provides a stronger signal, the network
coordinates the transfer in milliseconds, maintaining the connection seamlessly. Modern
4G/5G handoffs typically occur in under 50 milliseconds — too fast for the user to notice.

A concerned citizen
argues that 5G towers
should be banned
from residential
neighborhoods
because the higher
frequencies are
dangerous. Given that
5G frequencies (up to
39 GHz) are still far
below the ionizing
radiation threshold,
evaluate this health
concern scientifically.

5G radio waves are non-ionizing radiation with photon energies millions of times too
low to damage DNA or cells. While higher in frequency than 4G, they remain well
below the threshold where electromagnetic radiation becomes harmful (ultraviolet
and above). Scientific consensus from major health organizations finds no
established health risks from 5G at regulated exposure levels — 5G frequencies (up to
39 GHz) are non-ionizing radiation — their photons carry far too little energy to break
chemical bonds, damage DNA, or ionize atoms. The ionizing threshold begins at ultraviolet
(~750,000 GHz), which is about 20,000 times higher in frequency than 5G. At regulated
power levels, 5G exposure is well within safety guidelines established by WHO, ICNIRP, and
national health agencies. Higher-frequency 5G waves actually penetrate skin less than
lower-frequency 4G waves, being absorbed primarily in the outer skin layers. The scientific
consensus is that no mechanism exists for non-ionizing radiation at these levels to cause
health harm.



✂✂✂✂ Question (fold →) Answer

A doctor considers using
either X-rays or ultrasound to
examine a pregnant patient.
Analyze why ultrasound is
preferred in this situation.

X-rays carry enough energy to potentially harm developing cells, while
ultrasound uses safe sound waves — X-rays are high-energy electromagnetic
waves that can ionize molecules and damage DNA, posing a risk to rapidly dividing
fetal cells. Ultrasound uses harmless sound waves (not EM waves) to create images,
making it the safer choice for monitoring pregnancies.

A weather satellite measures
electromagnetic waves
emitted by the Earth's surface
to determine surface
temperature. Which type of
wave is it most likely
measuring?

Infrared waves — All objects emit infrared radiation based on their temperature.
Weather satellites detect these infrared waves to map surface temperatures, cloud
top temperatures, and other thermal data.

How are wavelength and
frequency related for
electromagnetic waves?

As wavelength increases, frequency decreases — Wavelength and frequency are
inversely proportional for electromagnetic waves. Since all EM waves travel at the
same speed (the speed of light), a longer wavelength means fewer wave cycles per
second (lower frequency).

Why do gamma rays pose a
greater health risk than radio
waves?

Gamma rays carry much more energy per photon — Gamma rays have
extremely high frequencies, which means each photon carries a large amount of
energy. This energy can damage DNA and living tissue, making gamma rays more
dangerous than low-energy radio waves.

If an electromagnetic wave
has a very short wavelength,
what can you predict about its
energy?

It has high energy — Shorter wavelengths correspond to higher frequencies, and
higher-frequency electromagnetic waves carry more energy per photon. This is why
short-wavelength waves like X-rays and gamma rays are high-energy.

What type of electromagnetic
wave has the longest
wavelength?

Radio waves — Radio waves have the longest wavelengths in the electromagnetic
spectrum, ranging from about 1 millimeter to over 100 kilometers.

A student compares radio
waves and gamma rays. Both
travel at the speed of light,
but gamma rays are far more
dangerous. What best
explains this difference?

Gamma rays have much higher frequency and energy per photon — Although
all EM waves travel at the same speed in a vacuum, gamma rays have much higher
frequencies than radio waves. Higher frequency means more energy per photon,
which gives gamma rays enough energy to ionize atoms and damage living tissue.

Which type of electromagnetic
wave is commonly used to
heat food?

Microwaves — Microwaves are used in microwave ovens to heat food. They cause
water molecules in food to vibrate rapidly, generating thermal energy.

An astronomer detects
electromagnetic waves
coming from a distant galaxy.
The waves have extremely
short wavelengths. What type
of wave is the astronomer

Gamma rays — Extremely short wavelength electromagnetic waves are gamma
rays, found at the highest-energy end of the EM spectrum. Astronomers detect
gamma rays from violent cosmic events such as supernovae and black hole jets.
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most likely detecting?

What do all electromagnetic
waves have in common
regarding their speed in a
vacuum?

They all travel at the speed of light — All electromagnetic waves travel at the
speed of light in a vacuum, approximately 3 x 10^8 meters per second, regardless
of their wavelength or frequency.

What does it mean when we
say electromagnetic waves do
not need a medium to travel?

They can travel through the vacuum of space — Unlike sound waves,
electromagnetic waves do not require matter (a medium) to propagate. They
consist of oscillating electric and magnetic fields that sustain each other, allowing
them to travel through the vacuum of space.

Which type of electromagnetic
wave is visible to the human
eye?

Visible light — Visible light is the only part of the electromagnetic spectrum that
human eyes can detect, spanning wavelengths from about 380 nm (violet) to 700
nm (red).

Why can infrared waves be
felt as heat even though they
are invisible?

Infrared waves transfer thermal energy to molecules in our skin — When
infrared waves strike our skin, the molecules absorb the wave energy and vibrate
faster, which we perceive as warmth. Our eyes lack receptors for infrared
wavelengths, so we cannot see them.

Two electromagnetic waves
are traveling through space.
Wave A has a wavelength of
500 nm and Wave B has a
wavelength of 0.01 nm.
Compare the properties of
these two waves.

Wave B has a much higher frequency and energy than Wave A — Wave A (500
nm) falls in the visible light range, while Wave B (0.01 nm) is in the gamma ray
range. Since wavelength and frequency are inversely proportional, Wave B has a
much higher frequency. Higher frequency means higher energy per photon.

A company advertises glasses
that block '100% of harmful
electromagnetic radiation.'
Evaluate whether this claim
makes scientific sense.

The claim is too vague; only specific wavelengths like UV are harmful to eyes,
and glasses cannot block all EM radiation — The claim is scientifically imprecise.
Most EM radiation (like visible light and radio waves) is harmless to eyes.
Sunglasses primarily need to block UV radiation, which can damage eyes. No
ordinary glasses block all EM radiation, and blocking visible light entirely would
make them useless.

A hospital uses a type of EM
wave to create images of
bones inside the body. Which
type of wave is most likely
being used?

X-rays — X-rays can penetrate soft tissue but are absorbed by denser materials like
bone. This property allows doctors to create images of the skeletal structure inside
the body.

A scientist notices that a star
appears reddish rather than
white. She knows the star is
moving away from Earth. How
does the electromagnetic
spectrum help explain this
observation?

The star's light waves are stretched to longer (redder) wavelengths due to the
Doppler effect — When a star moves away from an observer, its light waves are
stretched (shifted toward longer wavelengths). Since red light has a longer
wavelength than blue, the star appears redder. This is called redshift, an
application of the Doppler effect to light.

What is the name for the full
range of electromagnetic
wave frequencies?

The electromagnetic spectrum — The electromagnetic spectrum is the complete
range of all electromagnetic radiation frequencies, from the lowest-frequency radio
waves to the highest-frequency gamma rays.

Sunscreen protects skin from
sunburn. Which type of Ultraviolet (UV) waves — Sunscreen contains chemicals that absorb or reflect



electromagnetic wave does
sunscreen primarily block?

ultraviolet (UV) radiation from the sun. UV waves have enough energy to damage
skin cells and cause sunburn.

Which type of electromagnetic
wave has the highest
frequency?

Gamma rays — Gamma rays have the highest frequency of all electromagnetic
waves, which also means they have the shortest wavelength and the most energy
per photon.

A TV remote control sends a
signal to the television. Which
type of electromagnetic wave
does it most likely use?

Infrared waves — Most TV remote controls use infrared (IR) light-emitting diodes
to send coded signals to the television. Infrared waves are invisible to the eye, low
energy, and effective over short distances.

Why does a prism split white
light into a rainbow of colors?

Different wavelengths of visible light refract by different amounts — White
light is a mixture of all visible wavelengths. When it enters a prism, each wavelength
bends (refracts) at a slightly different angle because the glass slows shorter
wavelengths more than longer ones, spreading the light into the visible spectrum.

A friend claims that
microwaves are dangerous
because they are the same
type of energy as gamma
rays. Evaluate this claim.

The claim is misleading; while both are EM waves, microwaves have far less
energy per photon and do not ionize atoms — While both microwaves and
gamma rays are electromagnetic waves, they occupy very different positions on the
spectrum. Microwaves have much longer wavelengths and lower frequencies,
carrying far less energy per photon. They do not have enough energy to ionize
atoms, unlike gamma rays, so the comparison is misleading.

Design an experiment to
demonstrate that white light
is composed of multiple
colors using everyday
materials.

Shine a flashlight through a clear glass of water at an angle onto white paper
to separate light into a rainbow spectrum — When white light passes through
water or a prism at an angle, different wavelengths refract at different angles,
spreading into the visible spectrum. A simple setup involves shining a flashlight
through a glass of water onto white paper in a dim room, producing a small
rainbow that demonstrates white light is composed of multiple colors.

A student argues that since all
electromagnetic waves travel
at the same speed, they must
all have the same amount of
energy. Is this reasoning
valid?

No; wave energy depends on frequency, not speed, and different EM waves
have different frequencies — The reasoning is invalid. While all EM waves share
the same speed in a vacuum, their energies differ because energy depends on
frequency (E = hf). Gamma rays have extremely high frequencies and high energy,
while radio waves have low frequencies and low energy, despite traveling at the
same speed.



✂✂✂✂ Question (fold →) Answer

Why can you hear a train approaching by
placing your ear on the railroad track
before you can hear it through the air?

Sound travels faster through the solid steel rail than through air —
Steel is a solid with tightly packed molecules that can transmit vibrations
very efficiently. Sound travels about 5,960 m/s through steel compared
to only 343 m/s through air, so the vibrations from the train reach your
ear much sooner through the rail.

What property of a sound wave
determines its pitch?

Frequency — The pitch of a sound is determined by its frequency, which
is the number of wave cycles per second measured in hertz (Hz). Higher
frequency means higher pitch, and lower frequency means lower pitch.

In which medium does sound typically
travel fastest?

Solids — Sound generally travels fastest through solids because the
particles are closest together and can transmit vibrations most
efficiently. For example, sound travels about 5,960 m/s through steel,
compared to about 1,480 m/s in water and 343 m/s in air.

A drummer hits a drum softly, then hits
it hard. The pitch stays the same both
times. Analyze why the loudness
changes but the pitch does not.

Hitting harder increases amplitude (loudness) but the drum's
natural vibration frequency (pitch) stays the same — The pitch of a
drum depends on its physical properties (size, tension, material), which
determine its natural vibration frequency. Hitting the drum harder
increases the amplitude of vibration, transferring more energy to the air
and creating a louder sound, but the frequency remains the same
because the drum's physical properties have not changed.

A person at a rock concert stands near a
speaker producing 110 dB of sound.
They put in earplugs that reduce sound
by 30 dB. What sound level reaches their
eardrums?

80 dB — Earplugs reduce the sound intensity reaching the ear by
absorbing some of the sound energy. 110 dB - 30 dB = 80 dB. While 80
dB is still fairly loud (similar to a vacuum cleaner), it is much safer for
hearing than 110 dB.

Two students are comparing sounds.
Student A plays a note at 256 Hz with a
large amplitude. Student B plays a note
at 512 Hz with a small amplitude.
Compare the two sounds.

Student A's sound is lower-pitched but louder; Student B's sound is
higher-pitched but quieter — Frequency determines pitch: 256 Hz is
lower-pitched than 512 Hz. Amplitude determines loudness: a large
amplitude is louder than a small amplitude. Therefore, Student A
produces a lower-pitched, louder sound, and Student B produces a
higher-pitched, quieter sound.

What type of wave is a sound wave?

A longitudinal wave — Sound waves are longitudinal waves, meaning
the particles of the medium vibrate parallel to the direction the wave
travels. This creates alternating regions of compression (high pressure)
and rarefaction (low pressure).

A student designs a soundproofing
experiment by testing different materials
(foam, cardboard, fabric, and aluminum
foil) between a speaker and a
microphone. She measures that foam
blocked the most sound. Evaluate
whether her conclusion that foam is the
best soundproofing material is valid.

The conclusion may be valid for those four materials but cannot be
generalized without testing more materials and controlling all
variables — The experiment provides evidence that foam outperforms
the other three tested materials, but the conclusion has limitations. It
only applies to those four materials at the thicknesses tested. A more
comprehensive experiment would test more materials, ensure equal
thicknesses, control distance and volume, and repeat trials for reliability.
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What must sound waves have in order to
travel?

A medium such as air, water, or a solid — Sound waves require a
medium (matter) to travel through because they propagate by vibrating
particles. In a vacuum, there are no particles to vibrate, so sound cannot
travel. This is why there is no sound in outer space.

A classmate says that sound can travel
through outer space because astronauts
talk to each other during spacewalks.
Evaluate this claim.

The claim is incorrect; astronauts communicate via radio waves
(electromagnetic), not sound through space, because space is a
vacuum — The claim is incorrect. Space is a near-perfect vacuum with
almost no particles, so sound waves cannot propagate. Astronauts
communicate using radio waves, which are electromagnetic waves that
do not require a medium. Inside their helmets, speakers convert the
radio signal back to sound.

Why does sound travel faster in warm air
than in cold air?

Warm air molecules move faster and transmit vibrations more
quickly — In warmer air, molecules have more kinetic energy and move
faster. This allows them to transmit the compressions and rarefactions
of a sound wave more quickly to neighboring molecules, increasing the
speed of sound.

A guitar player tightens a string and
plucks it. What happens to the pitch of
the sound produced?

The pitch increases because the string vibrates at a higher
frequency — Tightening a guitar string increases the tension, which
causes it to vibrate at a higher frequency when plucked. Since pitch is
determined by frequency, a higher frequency produces a higher-pitched
sound.

A student blows across the top of a
bottle and hears a tone. If she adds
water to the bottle and blows again, how
will the pitch change?

The pitch will increase because the air column is shorter — When
water is added to the bottle, the air column above the water becomes
shorter. A shorter air column resonates at a higher frequency, producing
a higher-pitched tone when air is blown across the opening.

A whale's call can travel thousands of
kilometers through the ocean, but a
person shouting in air can only be heard
a short distance away. Analyze why.

Water transmits sound more efficiently than air because its
particles are closer together and absorb less energy — Water is
denser than air with more closely packed molecules, allowing sound
energy to transfer more efficiently with less loss. Additionally, the ocean
has channels (like the SOFAR channel) where sound waves can travel
great distances with minimal energy loss due to refraction patterns.

Sound travels at about 343 m/s in air
and 1,480 m/s in water. A diver
underwater hears a boat engine before a
person on a nearby dock hears it.
Analyze why.

Sound reaches the diver faster because it travels over 4 times
faster in water than in air — The boat engine creates vibrations that
propagate through both the water and the air. Since sound travels about
4.3 times faster in water (1,480 m/s) than in air (343 m/s), the sound
reaches the underwater diver before it reaches the person on the dock,
even if both are equidistant from the boat.

Design a simple musical instrument
using household materials that can
produce at least three different pitches.
Describe how it works.

Fill three glasses with different amounts of water and tap them
with a spoon; less water produces a higher pitch because the glass
vibrates faster — Filling glasses with different water levels creates a
simple instrument. Each glass vibrates at a different frequency when
tapped: more water slows the glass vibration (lower pitch), less water
allows faster vibration (higher pitch). By using three or more glasses with
varying water levels, you can produce distinct pitches and even play
simple melodies.

During a thunderstorm, you see
lightning and hear thunder 3 seconds About 1,029 meters — Using distance = speed x time: 343 m/s x 3 s =



later. Using the speed of sound in air
(343 m/s), approximately how far away is
the lightning?

1,029 meters, or approximately 1 kilometer. Light travels so fast that we
see the lightning almost instantly, but sound takes about 3 seconds to
travel 1 km.

What is the term for a repeated
reflection of sound off a surface?

Echo — An echo is a sound reflection that arrives back at the listener
after a noticeable delay. Echoes occur when sound waves bounce off
hard surfaces like canyon walls, building facades, or large empty rooms.

Why do concert halls often have curved
walls and special ceiling panels?

To control how sound waves reflect and distribute evenly
throughout the space — Concert hall designers use curved walls,
angled panels, and absorptive materials to control sound reflections.
This ensures sound is distributed evenly throughout the hall, prevents
echoes and dead spots, and creates clear acoustics for the audience.

A submarine uses sonar to detect
objects underwater. If a sonar pulse
takes 4 seconds for the round trip, and
sound travels at 1,480 m/s in water, how
far away is the object?

2,960 meters — The round-trip time is 4 seconds, so the one-way time is
2 seconds. Distance = speed x time = 1,480 m/s x 2 s = 2,960 meters.
Sonar calculations always divide the total time by 2 because the pulse
travels to the object and back.

An ambulance approaches you with its
siren on, then passes and drives away.
Describe how the siren's pitch changes.

The pitch sounds higher as it approaches and lower as it moves
away — As the ambulance approaches, the sound waves are
compressed, resulting in a shorter wavelength and higher perceived
pitch. As it moves away, the waves are stretched, producing a longer
wavelength and lower perceived pitch. This is the Doppler effect.

What is the unit used to measure the
loudness of sound?

Decibels (dB) — Loudness is measured in decibels (dB), a unit named
after Alexander Graham Bell. The decibel scale is logarithmic, meaning
every 10 dB increase represents a tenfold increase in sound intensity.

How does increasing the amplitude of a
sound wave affect what we hear?

The sound becomes louder — Amplitude is the maximum
displacement of particles from their rest position. A larger amplitude
means the sound wave carries more energy, which our ears perceive as
a louder sound. Amplitude does not change the pitch or speed of the
sound.

What causes the Doppler effect with
sound?

The motion of the sound source or listener compresses or stretches
the perceived wavelength — The Doppler effect occurs when a sound
source moves relative to a listener. As the source approaches, sound
waves are compressed (shorter wavelength, higher frequency, higher
pitch). As it moves away, waves are stretched (longer wavelength, lower
frequency, lower pitch). The actual speed of sound does not change.

A music producer claims that doubling
the frequency of a sound wave will make
it twice as loud. Evaluate this statement.

The statement is incorrect; doubling frequency doubles the pitch,
not the loudness, which depends on amplitude — The statement
confuses two different wave properties. Frequency determines pitch, not
loudness. Doubling the frequency raises the pitch by one octave.
Loudness depends on amplitude (the energy of the wave). A high-
frequency sound can be quiet, and a low-frequency sound can be loud.



✂✂✂✂ Question (fold →) Answer

Why can you hear someone talking
around a corner even though you
cannot see them?

Sound waves have longer wavelengths than light waves, so they diffract
more easily around obstacles — Sound waves have wavelengths ranging
from centimeters to meters, similar in size to doorways and corners. This
allows them to diffract (bend) significantly around obstacles. Visible light has
very tiny wavelengths (hundredths of micrometers), so it diffracts much less
and cannot bend noticeably around a corner.

A student notices that ocean waves
bend as they approach the
shoreline, causing them to arrive
nearly parallel to the beach
regardless of their original
direction. Analyze the cause.

The part of the wave in shallower water slows down first, causing the
wave front to gradually bend toward the shore (refraction) — As ocean
waves approach shore, the water gets progressively shallower. The portion of
the wave closest to shore enters shallower water first and slows down, while
the deeper portion continues at a faster speed. This speed difference causes
the wave front to pivot, gradually bending until the waves arrive nearly parallel
to the shoreline. This is wave refraction.

What is diffraction?

The bending or spreading of waves around obstacles or through
openings — Diffraction is the bending and spreading of waves as they pass
around obstacles or through openings. It is most noticeable when the size of
the obstacle or opening is similar to the wavelength of the wave.

What is reflection in the context of
waves?

When a wave bounces off a surface and changes direction — Reflection
occurs when a wave strikes a boundary or surface and bounces back into the
original medium. The angle of incidence equals the angle of reflection.
Examples include light reflecting off a mirror and sound echoing off a wall.

A pool of water gets shallower at
one end. A wave traveling from the
deep end to the shallow end
changes direction slightly. What
phenomenon is occurring?

Refraction — the wave changes speed in shallower water, causing it to
bend — Water waves travel slower in shallower water. When a wave moves
from deep to shallow water at an angle, one part of the wave front slows
down before the other, causing the wave to bend. This is refraction — the
same principle that causes light to bend when entering glass or water.

What is the principle of
superposition?

When two waves meet, their displacements add together — The principle
of superposition states that when two or more waves overlap in the same
space, the resulting displacement at any point is the sum of the individual
wave displacements. After passing through each other, the waves continue
unchanged.

What happens to a wave's speed
and wavelength when it refracts
into a denser medium, while
frequency stays the same?

Speed decreases and wavelength shortens, but frequency remains
constant — When a wave enters a denser medium, it slows down. Since
frequency is determined by the source and remains constant, the wave
equation (v = f x wavelength) requires the wavelength to decrease
proportionally. This is why light bends toward the normal when entering a
denser medium.

In a ripple tank experiment, a
student places a barrier with a gap
in the path of straight water waves.
She observes that waves spread
out in a semicircular pattern after
passing through the gap. When she

Diffraction is most pronounced when the gap is close to the wavelength;
a wider gap is much larger than the wavelength, reducing the diffraction
effect — Diffraction is strongest when the gap width is comparable to the
wavelength. With a small gap, the entire opening acts like a single point
source, radiating waves in a semicircular pattern. With a much wider gap,
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widens the gap significantly, the
spreading effect is much less
noticeable. Analyze why.

most of the wave front passes straight through undisturbed, with diffraction
only occurring at the edges, resulting in minimal overall spreading.

Noise-canceling headphones work
well for constant, low-frequency
sounds like airplane engines but
struggle with sudden, high-
frequency sounds like voices.
Analyze why.

The headphones need time to analyze and generate the anti-phase wave;
sudden, irregular sounds change too quickly for the electronics to
respond — Noise-canceling headphones analyze incoming sound and
generate an inverted wave in real time. Constant, low-frequency sounds (like
engine hum) are predictable, allowing accurate anti-phase generation. High-
frequency, sudden, or irregular sounds change faster than the electronics can
respond, making it difficult to generate a perfectly matched canceling wave in
time.

You drop two stones into a calm
pond at the same time, a short
distance apart. Where the
expanding ripples overlap, you
notice some areas with extra-tall
waves and some areas where the
water is nearly flat. Identify the two
types of interference occurring.

Constructive interference creates the tall waves; destructive
interference creates the flat areas — Where two crests or two troughs from
the different ripple sets overlap, constructive interference produces extra-tall
waves. Where a crest from one ripple meets a trough from the other,
destructive interference cancels the displacements, producing nearly flat
water. This creates a visible interference pattern.

Why does constructive interference
result in a louder sound when two
speakers play the same tone in
phase?

The crests of both sound waves align, adding their amplitudes together
and increasing the sound energy — When two speakers play the same
frequency in phase, their wave crests arrive at the same time and location.
The principle of superposition means the displacements add together,
doubling the amplitude. Since loudness depends on amplitude, the combined
sound is noticeably louder.

Why does a wave passing through
a small opening spread out more
than a wave passing through a
large opening?

Diffraction is more pronounced when the opening size is close to the
wavelength of the wave — Diffraction is strongest when the opening size is
comparable to the wavelength of the wave. A small opening is closer in size to
many wave wavelengths, causing significant spreading. A large opening is
much bigger than the wavelength, so the wave passes through mostly
unchanged with minimal bending at the edges.

Two speakers emit sound waves of
the same frequency. At some
positions in the room, the sound is
very loud, and at other positions, it
is nearly silent. Analyze what is
happening.

Constructive interference creates loud spots where waves arrive in
phase; destructive interference creates quiet spots where waves arrive
out of phase — At any point in the room, the sound waves from both
speakers overlap. If the path lengths from the two speakers differ by a whole
number of wavelengths, the waves arrive in phase (constructive interference,
loud). If the path difference is a half wavelength, they arrive out of phase
(destructive interference, quiet). This creates a pattern of loud and quiet
zones.

What is refraction?

The bending of a wave as it passes from one medium to another due to a
change in speed — Refraction is the bending of a wave as it passes from one
medium into another where its speed changes. For example, light bends when
it moves from air into water because it slows down, which is why objects
partially submerged in water appear shifted or bent.

Why do noise-canceling
headphones use destructive
interference to reduce unwanted

They generate sound waves that are exactly out of phase with the
incoming noise, so the waves cancel out — Noise-canceling headphones
use microphones to detect incoming noise, then electronically generate a
sound wave with the same amplitude but opposite phase (inverted). When



sound? this anti-phase wave meets the noise wave, destructive interference occurs
and the sounds cancel each other out.

A marching band is performing in a
stadium. A listener sitting behind a
large pillar can still hear the music.
Which wave phenomenon explains
this?

Diffraction — sound waves bend around the pillar — Sound waves from
the marching band have wavelengths (from centimeters to meters) that are
comparable in size to the pillar. This allows significant diffraction, causing the
sound waves to bend around the obstacle and reach the listener on the other
side.

What type of interference occurs
when two wave crests meet?

Constructive interference — Constructive interference occurs when two
wave crests (or two troughs) meet. The displacements are in the same
direction, so they add together, producing a combined wave with a larger
amplitude than either individual wave.

An architect proposes building a
seawall with a single narrow
opening to let small boats through,
claiming it will also protect the
harbor from large ocean waves.
Evaluate this design.

The design has a flaw: waves passing through a narrow opening will
diffract and spread into the harbor, reducing but not eliminating wave
energy inside — While the narrow opening blocks most of the wave front, any
waves that pass through will diffract and spread into the harbor in a
semicircular pattern. If the opening width is comparable to the ocean wave
wavelength, diffraction will be significant. The harbor would still receive wave
energy, though reduced. A better design might include an angled breakwater
to minimize diffraction effects.

What happens during destructive
interference?

A crest meets a trough and the waves partially or fully cancel out —
Destructive interference occurs when a crest of one wave meets a trough of
another. The positive and negative displacements add together, reducing the
overall amplitude. If the crest and trough are equal in size, they completely
cancel out.

A student argues that since light
travels in straight lines, it cannot
diffract. Evaluate this reasoning.

The reasoning is incorrect; light does diffract, but the effect is usually too
small to notice because light's wavelength is extremely small compared
to everyday objects — Light does exhibit diffraction, demonstrating its wave
nature. However, visible light has extremely short wavelengths (380-700 nm),
so diffraction effects are only noticeable with very small openings or obstacles
(like narrow slits or fine gratings). In everyday situations, objects are much
larger than light's wavelength, so diffraction is negligible and light appears to
travel in straight lines.

A classmate claims that when two
waves undergo destructive
interference, energy is destroyed.
Evaluate this claim.

The claim is incorrect; energy is not destroyed but redistributed — The
claim violates the law of conservation of energy. Energy cannot be created or
destroyed. During destructive interference, energy is not eliminated — it is
redistributed. At points of destructive interference, energy decreases, but at
points of constructive interference nearby, energy increases by the same
amount. The total energy is conserved. — it moves to regions of constructive
interference.

Wave A has a displacement of +4
cm and Wave B has a displacement
of -4 cm at the same point. What is
the resulting displacement?

0 cm (complete cancellation) — The resulting displacement is +4 cm + (-4
cm) = 0 cm. This is complete destructive interference because the crest of one
wave exactly cancels the trough of the other. The waves have equal
amplitudes but opposite displacements.

Design a simple experiment using
a bathtub or large pan of water to

Use two pencils to tap the water surface simultaneously at two nearby
points; observe where overlapping ripples create larger waves
(constructive) and where they create calm spots (destructive) — Fill a
large pan with still water. Dip two pencils simultaneously at points about 5-10



demonstrate both constructive and
destructive interference. Describe
the setup and expected
observations.

cm apart to create two sets of circular ripples. Where crests meet crests, you
will observe taller waves (constructive interference). Where crests meet
troughs, you will observe flattened water (destructive interference). The result
is a visible interference pattern of alternating tall and flat regions radiating
outward.

A student shines a laser through a
very narrow slit and observes the
pattern on a wall. The light spreads
out into a wider band instead of a
sharp line. What wave
phenomenon is this?

Diffraction — When light passes through a slit that is comparable in size to its
wavelength, it diffracts — spreading out rather than passing straight through.
The resulting pattern on the wall shows a central bright band with dimmer
bands on either side, called a diffraction pattern.

Two water waves meet. Wave A has
a displacement of +3 cm and Wave
B has a displacement of +2 cm at
the same point. What is the
resulting displacement?

+5 cm — Using the principle of superposition, the resulting displacement is
the sum of the individual displacements: +3 cm + (+2 cm) = +5 cm. Since both
waves have positive (upward) displacements, this is constructive interference
producing a larger combined wave.



✂✂✂✂ Question (fold →) Answer

Two buildings have different
Wi-Fi setups. Building A uses a
single powerful router in the
center. Building B uses
multiple low-power routers
spread throughout. Both have
the same total radio wave
output. Analyze which design
provides better coverage and
why.

Building B provides better coverage because multiple distributed sources
reduce the effect of the inverse square law and obstacles throughout the
building — Building B provides better coverage because each device is closer to a
router, reducing the signal loss from the inverse square law. Walls and obstacles
absorb and reflect Wi-Fi signals, so multiple nearby sources ensure that devices
always have a router within range. Building A's single router would leave distant
corners and rooms behind thick walls with weak signals.

How does sonar calculate the
distance to an underwater
object?

It measures the time for a sound pulse to travel to the object and back, then
uses the speed of sound in water to calculate distance — Sonar emits a sound
pulse and measures the time until the echo returns. Since the pulse travels to the
object and back, the one-way distance is calculated as: distance = (speed of sound
in water x round-trip time) / 2. With the speed of sound in seawater at about 1,480
m/s, this provides accurate distance measurements.

A student suggests replacing
all medical X-ray machines
with ultrasound because
ultrasound is safer. Evaluate
this proposal.

While ultrasound is safer, it cannot replace X-rays entirely because it is poor
at imaging bones and air-filled structures; each technology has specific
clinical strengths — The proposal oversimplifies the situation. Ultrasound excels
at imaging soft tissues and is safer (no ionizing radiation), but it cannot image
through bone or air-filled structures effectively. X-rays remain essential for
detecting fractures, dental problems, and lung conditions. The best approach is
using the right technology for each clinical situation, minimizing X-ray exposure
when ultrasound can provide the needed information.

A fishing boat uses sonar and
detects an echo from the
ocean floor after 0.5 seconds.
If the speed of sound in
seawater is 1,480 m/s, how
deep is the water?

370 meters — Round-trip time = 0.5 s, so one-way time = 0.25 s. Depth = speed x
time = 1,480 m/s x 0.25 s = 370 meters. Always remember to divide the round-trip
time by 2 when calculating sonar distances.

What technology uses sound
waves bouncing off objects
underwater to detect their
location?

Sonar — Sonar (Sound Navigation and Ranging) sends sound pulses through
water and listens for echoes. By measuring the time it takes for the echo to return,
the system calculates the distance to underwater objects. It is used by submarines,
ships, and marine researchers.

During an earthquake,
scientists at a monitoring
station record P-waves arriving
30 seconds before S-waves.
How does this time difference
help them locate the
earthquake?

The greater the time gap between P-wave and S-wave arrival, the farther
away the earthquake is from the station — Since P-waves travel faster than S-
waves, the time gap between their arrivals increases with distance from the
earthquake's epicenter. Scientists use the known speeds of both wave types and
the measured time gap to calculate the distance to the earthquake. Data from
three or more stations allows triangulation of the exact epicenter location.

Why can X-rays create images
of bones but visible light

X-rays have enough energy to pass through soft tissue but are absorbed by
dense bone, creating contrast; visible light is blocked by skin — X-rays are
high-energy electromagnetic waves that can penetrate soft tissue like skin and
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cannot? muscle. Dense materials like bone and metal absorb more X-rays, creating
shadows on the detector. Visible light has much lower energy and cannot
penetrate the skin at all, making it useless for internal imaging.

What does the acronym
RADAR stand for?

Radio Detection and Ranging — RADAR stands for Radio Detection and Ranging.
It works by emitting radio waves that bounce off objects and return to the receiver.
By measuring the time delay and direction of the returning signal, radar systems
determine the position, speed, and distance of objects.

Design a system that uses
wave-based technology to help
visually impaired people
navigate safely through a
room. Describe which waves
you would use and how the
system would work.

Use ultrasonic sensors mounted on a wearable device that emit sound pulses
and detect echoes from nearby objects, converting distances into haptic
vibrations or audio tones to alert the user — A wearable device (like a belt or
headband) with small ultrasonic sensors emits high-frequency sound pulses in
multiple directions. When the pulses bounce off nearby objects, the return time
indicates distance. The device converts this into feedback the user can perceive:
closer objects trigger stronger haptic vibrations or higher-pitched tones. This is
similar to how bats navigate using echolocation and builds on proven sonar
technology.

Seismologists detected that S-
waves from an earthquake did
not arrive at stations on the
opposite side of the Earth. P-
waves did arrive but were
delayed and bent. Analyze
what this tells scientists about
Earth's interior.

The absence of S-waves indicates a liquid layer (outer core) that S-waves
cannot pass through; bent P-waves indicate density changes inside Earth —
S-waves cannot travel through liquids because they require particles to shear
against each other, which liquid particles cannot do. The S-wave shadow zone on
the far side of Earth proves the outer core is liquid. P-waves refract as they pass
through layers of different density, and their bending pattern reveals the core's
size, depth, and composition.

What type of wave does Wi-Fi
use to transmit data
wirelessly?

Radio waves (microwaves) — Wi-Fi uses radio waves in the microwave frequency
range (typically 2.4 GHz and 5 GHz) to transmit data wirelessly between devices
and routers. These electromagnetic waves carry encoded digital information
through the air.

Why does Wi-Fi signal strength
decrease the farther you are
from the router?

The radio waves spread out as they travel, reducing the energy per unit area
at greater distances — Wi-Fi signals are radio waves that radiate outward from
the router in all directions. As the waves spread over a larger area, the energy per
unit area decreases with the square of the distance (inverse square law).
Additionally, walls, furniture, and other obstacles absorb or reflect some of the
signal, further reducing its strength.

What type of wave do radio
stations use to transmit music
and voice?

Radio waves — Radio stations encode audio signals onto radio waves, which are
electromagnetic waves with long wavelengths. These waves travel at the speed of
light through the air to your radio receiver, which decodes the signal back into
sound.

A hospital has both X-ray and
ultrasound machines. A doctor
chooses ultrasound to
examine a patient's liver but X-
ray to examine a broken arm.
Analyze why different
technologies are used for
different body parts.

Ultrasound is better for imaging soft organs without radiation risk; X-rays
are better for dense bones because bone absorbs X-rays to create clear
contrast — X-rays penetrate soft tissue but are absorbed by dense bone, making
them ideal for skeletal imaging with clear contrast. However, X-rays provide poor
contrast between soft tissues and expose patients to ionizing radiation.
Ultrasound reflects off boundaries between soft tissue types, making it excellent
for imaging organs like the liver, and it uses safe, non-ionizing sound waves.

The claim is scientifically questionable; earthquakes produce seismic waves



A company markets a device
that claims to detect
earthquakes using radio
waves. Evaluate this claim
based on your knowledge of
seismic waves.

(mechanical), not radio waves, and are detected by seismographs measuring
ground vibration — Earthquakes generate seismic waves, which are mechanical
waves that travel through the Earth. These are detected by seismographs that
measure physical ground vibrations. While there is some research into
electromagnetic signals associated with geological stress, standard earthquake
detection relies on seismographs, not radio wave receivers. The marketing claim is
misleading.

What instrument measures
ground vibrations caused by
earthquakes using seismic
waves?

Seismograph (seismometer) — A seismograph (or seismometer) is an instrument
that detects and records seismic waves generated by earthquakes. It measures
ground motion and produces a seismogram, which scientists analyze to determine
the earthquake's magnitude, location, and depth.

A building is designed with
fiber optic cables for internet
instead of copper wires. What
type of wave carries the data
through fiber optic cables?

Light waves (typically infrared laser light) — Fiber optic cables transmit data
using pulses of light, typically infrared laser light. The light bounces along the
inside of the glass fiber through total internal reflection, carrying data at extremely
high speeds with minimal signal loss. Fiber optics can transmit data much faster
than electrical signals in copper wires.

Why do cell phones use
electromagnetic waves instead
of sound waves for
communication?

Electromagnetic waves travel at the speed of light, work over long distances,
and do not require a physical medium — Cell phones use electromagnetic
waves (radio/microwaves) because they travel at the speed of light, can cover vast
distances via cell towers and satellites, pass through walls and air, and do not
require a physical medium. Sound waves travel much slower, weaken quickly over
distance, and cannot cross a vacuum.

A meteorologist uses radar to
track a storm. The radar pulse
takes 0.001 seconds to return
from the storm. If radio waves
travel at 3 x 10^8 m/s, how far
away is the storm?

150,000 meters (150 km) — Round-trip time = 0.001 s, so one-way time = 0.0005
s. Distance = speed x time = 3 x 10^8 m/s x 0.0005 s = 150,000 m = 150 km. Radar
uses the same time-distance principle as sonar, but with electromagnetic waves
traveling at the speed of light.

A parent is concerned that Wi-
Fi radio waves from the home
router could be harmful to
their child's health. Evaluate
this concern based on the
properties of the waves
involved.

Wi-Fi uses low-energy, non-ionizing radio waves with far less energy per
photon than visible light; scientific consensus shows no confirmed health
risks at standard power levels — Wi-Fi uses radio waves in the microwave range
(2.4-5 GHz), which are non-ionizing — they do not have enough energy per photon
to damage DNA or cells. The power level of a home router (typically 0.1 watts) is
thousands of times lower than a microwave oven. Extensive scientific research,
including reviews by the WHO, has found no confirmed health risks from Wi-Fi at
standard power levels.

An engineer needs to inspect
the inside of a metal bridge for
hidden cracks without cutting
it open. Which wave-based
technology would be most
appropriate?

Ultrasound testing — high-frequency sound waves can detect internal flaws
in metal — Ultrasonic testing sends high-frequency sound waves into the metal
structure. The waves reflect off internal cracks, voids, or defects, and the returning
echoes reveal the location and size of the flaws. This non-destructive testing
method is widely used in engineering to inspect bridges, pipelines, and aircraft
components.

Both radar and sonar use the
echo principle to detect
objects, but one uses
electromagnetic waves and the
other uses sound waves.
Analyze why sonar is used

Radio waves are quickly absorbed by seawater, making radar ineffective
underwater; sound waves travel efficiently through water over long
distances — Seawater strongly absorbs radio waves, limiting radar to very short
ranges underwater. Sound waves, however, travel efficiently through water
because the closely packed water molecules transmit vibrations well. Sound can
travel thousands of kilometers in the ocean, making sonar far more practical for



underwater instead of radar. underwater detection and navigation.

Why do earthquake P-waves
(primary waves) arrive at a
seismograph station before S-
waves (secondary waves)?

P-waves travel faster because they are longitudinal compression waves that
move through all types of material — P-waves (primary waves) are longitudinal
compression waves that travel faster than S-waves (secondary waves), which are
transverse shear waves. P-waves can move through solids, liquids, and gases,
while S-waves can only travel through solids. The speed difference is why P-waves
arrive first at seismograph stations.

What medical imaging
technology uses high-
frequency sound waves to
create images of internal body
structures?

Ultrasound — Ultrasound imaging sends high-frequency sound waves (above
20,000 Hz, beyond human hearing) into the body. The waves reflect off internal
structures at different rates, and a computer converts the returning echoes into
real-time images. It is safe, non-invasive, and does not use radiation.

A self-driving car uses a sensor
that emits light pulses and
measures the time for them to
bounce back from objects.
What wave property makes
this technology work?

The constant, known speed of light allows the car to calculate distances from
the round-trip travel time — This technology is called LiDAR (Light Detection and
Ranging). It works on the same principle as radar and sonar: distance = (speed x
round-trip time) / 2. Since light travels at a known constant speed (3 x 10^8 m/s),
precise timing of the returned light pulses allows accurate 3D mapping of the car's
surroundings.



✂✂✂✂ Question (fold →) Answer

A guitar string is 60 cm
long. The fundamental
standing wave has
nodes at both ends and
one antinode in the
middle. What is the
wavelength of this
fundamental standing
wave?

120 cm (1.2 meters) — For the fundamental standing wave on a string fixed at both
ends, exactly half a wavelength fits on the string: L = λ/2. So λ = 2L = 2 × 60 cm = 120 cm.
The fundamental mode has the longest wavelength (and lowest frequency) of any
standing wave that can exist on the string. Higher harmonics fit more half-wavelengths
on the string: the 2nd harmonic fits one full wavelength (60 cm), the 3rd fits 1.5
wavelengths (40 cm), etc.

You push and pull one
end of a spring toy
(Slinky) along its length.
What type of wave are
you creating?

A longitudinal wave — Pushing and pulling a Slinky along its length creates a
longitudinal wave. The coils compress (bunch up) and rarefy (spread out) in the same
direction the wave travels. If you shook the Slinky side to side instead, that would create
a transverse wave.

What is a standing
wave?

A wave pattern that appears to stay in place, formed when two waves of the same
frequency travel in opposite directions and interfere, creating fixed points of no
movement (nodes) and points of maximum movement (antinodes) — A standing
wave is formed when two waves of the same frequency and amplitude travel in opposite
directions through the same medium. Their interference creates a stable pattern of
nodes (points of zero displacement where destructive interference is permanent) and
antinodes (points of maximum displacement where constructive interference is
permanent). The wave appears stationary, though it is actually the result of continuous
wave interaction.

SpaceX's Starlink uses
thousands of satellites
in low Earth orbit (550
km altitude) instead of a
few in geostationary
orbit (36,000 km).
Analyze the trade-offs
between these two
approaches for
providing internet
service.

LEO satellites provide much lower latency (20-40 ms vs 500+ ms) due to their closer
distance and can serve polar regions, but require thousands of satellites in
coordinated constellations with complex handoff systems. GEO needs only 3
satellites for global coverage but has high latency and cannot serve polar areas
well — LEO advantages: (1) Much lower latency (~20-40 ms round trip vs ~500 ms for
GEO), making real-time communication and gaming practical. (2) Stronger signals due to
proximity, allowing smaller antennas. (3) Coverage of polar regions (GEO satellites are
positioned over the equator). LEO disadvantages: (1) Requires thousands of satellites
(Starlink has 6,000+) because each covers a small area and moves across the sky in
minutes. (2) Complex ground-tracking antennas and frequent satellite handoffs. (3)
Satellites have shorter lifespans (5 years vs 15+ for GEO) due to atmospheric drag. GEO
advantages: (1) Only 3 satellites for near-global coverage. (2) Fixed position means simple
antennas. (3) Long operational life.

Your teacher says that
turning up the volume
on a speaker makes the
sound louder but does
not change the pitch.
Use what you know
about sound waves to
predict what is changing
inside the speaker.

The speaker cone vibrates with larger movements but at the same speed — When
volume increases but pitch stays the same, the speaker cone is vibrating with greater
amplitude (larger back-and-forth movements) but at the same frequency (same speed).
Greater amplitude means more energy, which our ears perceive as louder sound.

13. Sound  



An architect must design
a concert hall where the
stage area resonates to
amplify performers'
voices, but the seating
area does not create
excessive resonance
that would muddy the
sound. Evaluate the
design challenge and
suggest how materials
might help solve it.

Use hard, reflective surfaces near the stage to create beneficial resonance that
projects sound, and use absorptive materials (padded seats, wall panels) in the
audience area to control unwanted resonance and prevent muddiness — The
architect must balance resonance and absorption. Hard, curved surfaces near the stage
create beneficial resonance that projects sound toward the audience. In the seating area,
absorptive materials (upholstered seats, acoustic panels, diffuser surfaces) prevent
excessive resonance that would cause echoes and muddiness. The room shape also
matters — curved ceilings can focus sound, while irregular surfaces prevent standing
waves.

Gamma-ray bursts
(GRBs) from distant
galaxies are the most
powerful explosions in
the universe, releasing
more energy in seconds
than our sun will
produce in its entire
lifetime. If a GRB were
aimed directly at Earth
from a nearby star,
evaluate what threat this
would pose and whether
any practical shielding
could protect us.

A nearby GRB could strip away Earth's ozone layer and deliver lethal radiation
doses, and no practical shielding exists at planetary scale. However, the
probability is extremely low because GRBs are rare and narrowly focused — A
nearby GRB aimed at Earth would be catastrophic — it could destroy the ozone layer
(exposing all life to UV radiation), cause mass extinction, and deliver lethal gamma
radiation. No practical planetary-scale shielding exists against such energy. However, the
actual risk is extremely low: GRBs are rare (roughly one per galaxy per million years),
their beams are narrowly focused, and the nearest candidate stars are far from Earth.
Scientists estimate the probability of a dangerous GRB affecting Earth at less than once
per billion years.

What type of lens is
thicker in the middle
than at the edges and
bends light rays inward
toward a focal point?

A convex lens — A convex (converging) lens is thicker at its center than at its edges.
When parallel light rays pass through it, the lens refracts them inward toward a single
point called the focal point. Convex lenses are used in magnifying glasses, cameras,
eyeglasses for farsightedness, and the human eye.

What frequency band
does standard WiFi
(802.11) primarily use
for wireless internet?

2.4 GHz and 5 GHz bands — Standard WiFi primarily uses the 2.4 GHz and 5 GHz
frequency bands. The 2.4 GHz band provides better range and wall penetration but
lower speeds (up to ~600 Mbps). The 5 GHz band offers higher speeds (up to ~9.6 Gbps
with WiFi 6) but shorter range due to higher atmospheric absorption and reduced
diffraction around obstacles. WiFi 6E and WiFi 7 also use the 6 GHz band for even faster
connections.

A student notices that
clapping hands together
makes a sharp, quick
sound while hitting a
large gong makes a long,
ringing sound. Use what
you know about
vibrations to explain
why the gong's sound
lasts longer.

The gong is larger and made of metal, so it continues vibrating for a longer time
after being struck — A metal gong is rigid and elastic, so once struck, it continues
vibrating for a long time. The metal stores the energy and releases it gradually as sound.
Hands are soft and absorb the energy of the clap quickly, so the vibration stops almost
immediately and the sound is very brief.

Sound waves have longer wavelengths that diffract easily around corners, while



Why can you hear
someone speaking from
around a corner, but
you cannot see them?

light waves have very short wavelengths and barely diffract around large objects
— Sound waves diffract around corners because their wavelengths (ranging from
centimeters to meters) are similar in size to walls and doorways. Light waves have
extremely short wavelengths (about 400-700 nanometers), far smaller than a wall corner,
so they do not diffract noticeably around large obstacles.

Gamma rays from a
radioactive source can
be used to sterilize
medical equipment. A
hospital needs to
sterilize a batch of
surgical instruments. If
the gamma source
delivers a dose of 25
kilogray (kGy) and the
minimum dose for
sterilization is 15 kGy, is
the equipment properly
sterilized?

Yes, the equipment is properly sterilized because the delivered dose (25 kGy)
exceeds the minimum required dose (15 kGy) — Yes, the equipment is properly
sterilized. The delivered dose (25 kGy) exceeds the minimum required dose (15 kGy) by
10 kGy. Gamma sterilization works by destroying the DNA of bacteria, viruses, and other
microorganisms on the instruments. The extra dose above the minimum provides a
safety margin ensuring all pathogens are eliminated.

When you listen to a
recording of an
orchestra and a
recording of the same
piece played by a single
synthesizer, the
orchestra sounds richer
and more complex.
Analyze what acoustic
properties contribute to
this difference in
perceived sound quality.

Each orchestral instrument has unique timbre, slight pitch and timing variations
between players create natural depth, and the physical positioning of instruments
in a hall adds spatial complexity that a single synthesizer cannot fully replicate —
An orchestra's richness comes from multiple factors: (1) the blend of diverse timbres
from dozens of different instruments, each with unique harmonic profiles; (2) micro-
variations in pitch and timing between individual players (called chorus effect) that add
warmth and depth; and (3) the spatial distribution of instruments in a concert hall,
creating complex reflections and a three-dimensional sound. A single synthesizer
produces one unified signal without these natural variations.

A sound engineer
records a violin and a
flute both playing the
note A at 440 Hz. Using
audio software, she
analyzes the frequency
content of each
recording. How would
the frequency analysis
graphs differ?

Both would show a strong peak at 440 Hz, but the violin would show stronger and
more numerous harmonic peaks above 440 Hz compared to the flute, which would
have fewer and weaker harmonics — Both graphs would have a peak at 440 Hz (the
fundamental). However, the violin's graph would show many strong harmonic peaks (880
Hz, 1320 Hz, 1760 Hz, etc.) because bowed strings produce rich harmonic content. The
flute's graph would show the 440 Hz fundamental strongly but with fewer and weaker
harmonics, reflecting its purer tone. This visual difference corresponds to the audible
difference in timbre.

Why can't astronauts
hear each other talk in
the vacuum of space
without using radios?

Sound needs a medium like air to travel through, and space is a vacuum with no
air — Sound requires a medium (solid, liquid, or gas) to travel through because it moves
as vibrations between particles. Space is a vacuum with virtually no particles, so there is
nothing to carry the vibrations from one astronaut to another.

A telecommunications
engineer must choose
between copper wire
and fiber optic cable for

Fiber optics offers higher bandwidth (speed), lower signal loss over long distances
(light degrades less than electrical signals over 50 km), and immunity to
electromagnetic interference because light signals are not affected by nearby
electrical equipment or lightning — Fiber optics provides three key advantages for this



a new 50-kilometer data
link. Analyze the
advantages of fiber
optics over copper for
this application,
considering speed,
signal loss, and
interference.

50 km link: (1) Much higher bandwidth — a single fiber can carry terabits per second
versus copper's gigabits. (2) Lower signal loss (attenuation) — light in modern fiber loses
about 0.2 dB/km, while copper cables lose significantly more over long distances, often
requiring signal boosters every few kilometers. (3) Complete immunity to
electromagnetic interference — light signals are unaffected by nearby power lines, radio
transmitters, or lightning, while copper is susceptible to all of these. The main trade-off is
that fiber equipment costs more initially.

When a singer produces
a note in a shower stall,
certain frequencies
sound noticeably louder
than others. The shower
stall acts like a resonant
chamber. Analyze why
the dimensions of the
shower determine which
frequencies are
amplified.

Standing waves form between the shower walls at frequencies whose wavelengths
fit exactly within the stall dimensions (whole number of half-wavelengths). These
resonant frequencies are amplified while others are not reinforced — Hard shower
walls reflect sound waves efficiently. When the distance between walls equals a whole
number of half-wavelengths, standing waves form between the surfaces. These resonant
frequencies constructively interfere with each new reflection, building up in amplitude
and sounding noticeably louder. Frequencies that do not fit the standing wave condition
do not reinforce and remain at normal volume. Since a shower has three pairs of parallel
surfaces (walls, floor/ceiling), multiple resonant frequencies exist, creating a rich,
amplified sound — the famous 'singing in the shower' effect.

A student says, 'Since UV
light is harmful, we
should try to block all UV
from reaching Earth's
surface.' Evaluate
whether this would be a
good idea, considering
all the effects of UV
radiation.

This would be unwise because moderate UV exposure is essential for human
health (vitamin D production) and for ecosystems (plant growth signaling, water
purification). The goal should be to limit excessive UV exposure, not eliminate it
entirely — Blocking all UV would be harmful. While excessive UV causes sunburn and
skin cancer, moderate UV-B exposure is essential for humans to synthesize vitamin D,
which is vital for bone health and immune function. UV also helps sterilize water
naturally, signals plants for growth regulation, and drives important atmospheric
chemistry. The key is moderation — protecting against excessive exposure while
maintaining the beneficial levels that life on Earth depends upon.

The Hubble Space
Telescope was launched
with a primary mirror
that had been ground to
the wrong shape by a
fraction of a human
hair's width. This tiny
error caused blurry
images. Evaluate why
such an incredibly small
manufacturing error
could have such a
significant effect on a
telescope designed to
observe distant galaxies.

Visible light wavelengths are extremely small (400-700 nanometers), so mirror
surfaces must be accurate to a fraction of a wavelength. An error of even a few
micrometers is many times the wavelength of light, significantly misfocusing the
reflected rays — Telescope mirrors must be accurate to a fraction of the wavelength of
light — typically within 1/20 of a wavelength (~25 nanometers). Hubble's mirror had a
spherical aberration error of about 2 micrometers (2,000 nanometers), which is small in
everyday terms but represents about 4 full wavelengths of visible light. This caused each
point of light to spread into a blurry disk instead of a sharp dot. NASA corrected it in
1993 by installing corrective optics (COSTAR) — essentially 'eyeglasses' for the telescope.

When you make a
phone call while driving
on a highway, your
phone automatically
switches from one cell
tower to the next
without dropping the

A handoff (or handover) — A handoff (also called handover) is the process of
automatically transferring a phone connection from one cell tower to another as the
user moves between coverage areas. The network continuously monitors the signal
strength from nearby towers. When a neighboring tower provides a stronger signal, the
network coordinates the transfer in milliseconds, maintaining the connection seamlessly.



call. What is this
seamless transfer
called?

Modern 4G/5G handoffs typically occur in under 50 milliseconds — too fast for the user
to notice.

What is an echo?

A reflected sound wave that is heard after a delay because it traveled to a distant
surface and back — An echo is a reflected sound wave that reaches the listener after a
noticeable delay. Sound travels to a hard surface (cliff, building, wall), reflects, and travels
back. For an echo to be heard distinctly, the reflecting surface must be at least about 17
meters away, creating enough delay for the brain to distinguish the reflected sound from
the original.

A school is building a
new music room and
wants to keep sound
from disturbing classes
next door. A student
suggests using thick
concrete walls. Another
student suggests using
soft foam panels on the
inside walls. Which
suggestion would be
more effective at
preventing sound from
reaching the next room,
and why?

Thick concrete walls would be more effective because dense, massive materials
block sound from passing through to the next room — Thick concrete walls are more
effective at keeping sound from reaching the next room because their mass and density
block sound transmission. Foam panels absorb sound reflections inside the room
(reducing echoes), but they do not block sound from passing through walls. Ideally, a
music room would use both: thick walls to block sound and foam panels to improve
sound quality inside.

During a thunderstorm,
you see lightning before
you hear thunder even
though they happen at
the same time. You
count 5 seconds
between the flash and
the boom. A friend says
the storm is about 1
mile away. What
evidence supports your
friend's estimate?

Sound travels about 1 mile every 5 seconds in air, so the 5-second delay means the
storm is roughly 1 mile away — Light travels so fast (about 300,000 km/s) that you see
lightning almost instantly. Sound travels about 343 meters per second in air, which works
out to roughly 1 mile every 5 seconds. Counting 5 seconds between the flash and the
thunder means the storm is approximately 1 mile away.

A scientist measures a
wave with a wavelength
of 0.5 meters. Her
colleague measures the
same wave and reports
a wavelength of 50
centimeters. Are both
measurements correct?
Why or why not?

Yes, both are correct because 0.5 meters and 50 centimeters are the same length
in different units — Both measurements are correct. Since 1 meter equals 100
centimeters, 0.5 meters is the same as 50 centimeters. Wavelength can be expressed in
any unit of length, and both scientists measured the same distance.

What is the formula for
calculating wave speed?

Wave speed = frequency × wavelength — Wave speed equals frequency multiplied by
wavelength (v = f × λ). This means the speed of a wave depends on how many waves
pass per second (frequency) and how long each wave is (wavelength).



✂✂✂✂ Question (fold →) Answer

Why is ultraviolet
radiation more
dangerous to living
cells than visible light,
even though both are
electromagnetic
waves?

UV has a shorter wavelength and higher frequency than visible light, giving each UV
photon more energy — enough to damage DNA and cause mutations in cells — UV
radiation has shorter wavelengths and higher frequencies than visible light, meaning each
UV photon carries more energy. This extra energy is enough to break chemical bonds in
DNA molecules, potentially causing mutations that can lead to skin cancer. Visible light
photons lack sufficient energy to cause this molecular damage. This is why UV is classified
as the beginning of the 'ionizing radiation' range.

A student claims that
black objects do not
reflect any light at all.
Is this claim fully
accurate? Evaluate
using your
understanding of
reflection.

Not fully accurate. Black objects reflect very little visible light, but they still reflect a
small amount — no common surface absorbs 100% of light — The claim is not fully
accurate. While black objects absorb most visible light, they still reflect a small amount —
otherwise we could not see them at all. We see objects only when reflected light reaches
our eyes. Even the blackest materials reflect about 0.04% of light. Only theoretical 'perfect
blackbodies' absorb 100%.

Why do medical
professionals wear
lead aprons when
taking X-ray images of
patients?

Lead is very dense and absorbs X-rays effectively, shielding the workers' bodies from
the ionizing radiation that could damage cells with repeated exposure — X-rays are
ionizing radiation capable of damaging DNA and cells. While patients receive occasional
exposures, radiology workers face repeated exposure daily. Lead is extremely dense (11.3
g/cm3) and effectively absorbs X-rays before they reach the body. Lead aprons, thyroid
shields, and leaded glass protect workers from cumulative radiation damage that could
increase cancer risk.

What is a harmonic in
music?

A frequency that is a whole-number multiple of the fundamental frequency,
produced naturally when an instrument plays a note — A harmonic is a frequency that
is a whole-number multiple of the fundamental frequency. When a string vibrates at 100 Hz
(fundamental), it also vibrates at 200 Hz (2nd harmonic), 300 Hz (3rd harmonic), 400 Hz (4th
harmonic), and so on. These harmonics, or overtones, blend together to create the
characteristic sound of each instrument.

A wave has a
frequency of 5 Hz.
How many complete
wave cycles pass a
point in 4 seconds?

20 cycles — A frequency of 5 Hz means 5 complete wave cycles pass a point every second.
Over 4 seconds, the total number of cycles is 5 × 4 = 20 cycles.

What must an object
do to produce a
sound?

Vibrate — All sounds are produced by vibrations. When an object vibrates, it moves back
and forth rapidly, pushing the air around it and creating sound waves that travel to our
ears.

Wave A has an
amplitude of 8 cm
and Wave B has an
amplitude of 5 cm.
They undergo
destructive
interference at a
point. What is the

3 cm — When waves undergo destructive interference, the resulting amplitude is the
difference of their individual amplitudes: 8 cm - 5 cm = 3 cm. Complete cancellation (0 cm)
only occurs when both waves have exactly equal amplitudes. Since these waves have
different amplitudes, partial destructive interference occurs, leaving a reduced but non-
zero wave.
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resulting amplitude?

A wave in a pool has a
height of 10 cm from
rest to crest. Another
wave has a height of
20 cm. Which wave
carries more energy?

The 20 cm wave — The 20 cm wave carries more energy because it has a larger amplitude.
Amplitude and energy are directly related — doubling the amplitude actually quadruples
the energy a wave carries.

When you stream a
video call, the audio
and video are
converted to digital
signals, compressed,
sent as data packets
over the internet, and
reassembled at the
other end. Sometimes
packets arrive out of
order or are lost.
Analyze how a video
calling application
handles lost packets
differently for audio
versus video.

For audio, lost packets are usually replaced with brief silence or interpolated from
surrounding packets, since small audio gaps are less noticeable. For video, lost
packets may cause brief freezing, pixelation, or reduced resolution as the system fills
in missing frame data from previous frames until new data arrives — Video calling
applications handle packet loss differently for each media type because they have different
characteristics. Audio: Lost audio packets (typically 20 ms each) create brief gaps. The
application usually interpolates the missing audio from surrounding packets or inserts
silence. Since each packet is so short, the gap is often imperceptible. Video: Lost packets
cause visible artifacts. The application typically displays the last complete frame (causing a
brief freeze) or uses partial data to render a degraded frame (causing pixelation or blocks).
Modern codecs use forward error correction (FEC) — extra redundant data that can
reconstruct lost packets without retransmission. Retransmission is generally avoided for
real-time communication because the delay would make the conversation unnatural.

Why do standing
waves form on a
guitar string but not
on an infinitely long
rope?

A guitar string is fixed at both ends, so waves reflect back and interfere with
incoming waves. An infinite rope has no endpoints to reflect waves, so standing wave
patterns cannot form — Standing waves require two waves traveling in opposite
directions. On a guitar string, waves created by plucking travel to the fixed ends (nut and
bridge), where they reflect and travel back. These reflected waves interfere with the original
waves, creating standing wave patterns. An infinitely long rope has no boundaries to reflect
waves, so no return wave exists to create the interference pattern needed for standing
waves. The fixed endpoints also enforce specific wavelengths that 'fit' the string length.

Light behaves as both
a wave and a particle.
In the double-slit
experiment, light
passing through two
narrow slits creates
an interference
pattern on a screen.
However, when
scientists detect
which slit each
photon passes
through, the
interference pattern
disappears. Analyze
what this tells us
about the nature of
light.

Light exhibits wave behavior (interference) when unobserved, but when measured as
individual photons, it behaves like particles. This wave-particle duality means light's
behavior depends on how it is observed — The double-slit experiment reveals wave-
particle duality — one of the most profound discoveries in physics. When unobserved, light
behaves as a wave, creating interference patterns. When observed at the slit level, it
behaves as individual particles (photons). This is not a limitation of our equipment but a
fundamental property of light and all quantum objects. The act of measurement changes
the behavior, demonstrating that light's nature depends on the experimental context.



Why does the body of
an acoustic guitar
amplify the sound of
the strings even
though it has no
electronic
components?

The guitar body resonates with the vibrating strings — The acoustic guitar body is a
resonating chamber. The vibrating strings transfer energy through the bridge to the
wooden top (soundboard), which vibrates in sympathy. The air inside the body also
resonates. Together, these resonances move much more air than the thin string alone
could, naturally amplifying the sound without electricity. — its air cavity and wooden
surfaces are designed to vibrate at the same frequencies as the strings, amplifying the
sound.

What is the
fundamental
difference between
an analog signal and a
digital signal?

An analog signal varies continuously and smoothly over time (like a wave), while a
digital signal represents information using discrete values, typically 0s and 1s (on/off
states) — An analog signal is a continuous wave that varies smoothly in amplitude and
frequency — like the output of a microphone or the groove on a vinyl record. It can take
any value within its range. A digital signal represents information as a sequence of discrete
values (typically binary: 0 and 1), like a series of on/off pulses. To convert analog audio to
digital, the continuous wave is sampled thousands of times per second, and each sample is
recorded as a number.

Why does a small bird
make a higher-
pitched sound than a
large lion?

The bird's smaller vocal structures vibrate faster than the lion's larger ones — Smaller
vocal structures vibrate at higher frequencies, producing higher-pitched sounds. A bird's
tiny vocal organs vibrate much faster than a lion's larger vocal cords, just like a small flute
produces higher notes than a large tuba.

A reflecting telescope
uses a large concave
primary mirror
instead of a large lens
to collect light.
Analyze what
advantages a mirror
has over a lens for
building very large
telescopes.

Mirrors can be supported from behind (lenses can only be held at edges), mirrors
have no chromatic aberration, and mirrors can be made much larger — the largest
telescope mirrors exceed 10 meters while the largest lenses are about 1 meter —
Mirrors have several advantages for large telescopes: (1) A mirror can be supported from
behind across its entire surface, while a lens can only be held at its edges — large lenses
sag under their own weight, distorting the image. (2) Mirrors reflect light without passing
through glass, eliminating chromatic aberration entirely. (3) Only one surface needs to be
precisely shaped (mirrors) versus two surfaces (lenses). The largest telescope mirrors
exceed 10 meters in diameter, while the largest practical lens is about 1 meter.

Radio telescopes
detect radio waves
from space. Analyze
why radio telescopes
need to be much
larger (often 25+
meters across) than
optical telescopes
(typically 1-10 meters)
to capture useful
images.

Radio waves have much longer wavelengths than visible light, so radio telescopes
need much larger dishes to collect and focus enough radio wave energy to produce
detailed images — Radio waves have wavelengths millions of times longer than visible
light (meters vs. nanometers). To achieve useful resolution, a telescope's collecting area
must be significantly larger than the wavelengths it detects. Radio telescopes need dishes
25+ meters across (some are 500 meters!) to gather enough radio wave energy and resolve
detail. Optical telescopes can use much smaller mirrors because visible light wavelengths
are tiny.

In the early days of
radio, AM was the
only broadcast
technology. Analyze
why FM radio
eventually became
preferred for music
broadcasting despite
AM's greater range

FM provides higher fidelity sound because its frequency modulation is naturally
resistant to electrical noise (which affects amplitude), supports a wider audio
bandwidth for full musical range, and can broadcast in stereo — FM became preferred
for music because: (1) FM is resistant to amplitude-based noise — since information is
encoded in frequency changes, amplitude noise from lightning, motors, and electrical
equipment does not corrupt the signal. AM encodes in amplitude, so any noise directly
distorts the audio. (2) FM's wider bandwidth (200 kHz per channel vs AM's 10 kHz) carries
audio frequencies from 30 Hz to 15,000 Hz, capturing the full range of music. AM's narrow
bandwidth limits audio to about 5,000 Hz, sounding muffled. (3) FM supports stereo



advantage. broadcasting, critical for musical enjoyment.

What is the difference
between how AM
radio and FM radio
encode audio
information onto a
carrier wave?

AM (Amplitude Modulation) varies the amplitude of the carrier wave to encode
audio, while FM (Frequency Modulation) varies the frequency of the carrier wave —
AM radio encodes audio by varying the amplitude (height) of a constant-frequency carrier
wave — louder sounds produce taller waves. FM radio encodes audio by varying the
frequency (pitch) of a constant-amplitude carrier wave — different audio sounds shift the
frequency slightly above and below the center frequency. FM generally produces better
sound quality because it is more resistant to electrical noise, which primarily affects wave
amplitude.

Sound travels fastest
through which state
of matter?

Solids — Sound travels fastest through solids because the particles in a solid are packed
closely together. This allows vibrations to pass quickly from one particle to the next. Sound
travels slowest through gases, where particles are far apart.

What are beats in the
context of sound
waves?

A periodic variation in loudness that occurs when two sound waves with slightly
different frequencies interfere, creating a pulsating pattern of constructive and
destructive interference — Beats occur when two sound waves of slightly different
frequencies combine. The waves periodically go in and out of phase: when in phase (crests
aligned), constructive interference makes the sound louder; when out of phase (crest meets
trough), destructive interference makes it softer. This creates a pulsating 'wah-wah-wah'
effect. The beat frequency equals the difference between the two original frequencies.

Why do you hear
echoes in a large
empty gymnasium
but not in a small
carpeted bedroom?

The gymnasium's large hard surfaces reflect sound with enough delay to hear an
echo, while the bedroom's soft carpeted surfaces absorb sound and the room is too
small for a delay — Two factors prevent echoes in the bedroom: (1) the room is too small
for the reflected sound to have a noticeable delay, and (2) soft materials like carpet,
bedding, and curtains absorb sound energy rather than reflecting it. The gymnasium has
large, hard surfaces that strongly reflect sound over distances great enough to create a
time delay.

How are gamma rays
used in cancer
treatment?

Focused beams of gamma rays are directed at cancer tumors to destroy the cancer
cells by damaging their DNA, in a treatment called radiation therapy — In radiation
therapy, precisely aimed beams of gamma rays are focused on cancer tumors. The high-
energy photons damage the DNA inside cancer cells, preventing them from dividing and
causing them to die. Multiple beams from different angles converge on the tumor to
maximize damage to cancer while minimizing damage to surrounding healthy tissue. This
technique is used to treat many types of cancer.

A guitar string has a
fundamental
frequency of 200 Hz.
What is the frequency
of its 3rd harmonic?

600 Hz — The 3rd harmonic is 3 times the fundamental frequency: 3 × 200 Hz = 600 Hz. The
harmonic series for a 200 Hz fundamental is: 200, 400, 600, 800, 1000 Hz, and so on. Each
harmonic corresponds to the string vibrating in additional equal segments.

How does increasing
the frequency of a
wave affect its
wavelength, assuming
the wave speed stays
the same?

The wavelength decreases — When wave speed is constant, frequency and wavelength
have an inverse relationship. Increasing frequency means more wave cycles per second, so
each individual wave must be shorter to fit. This is described by the equation: speed =
frequency × wavelength.

Why do dark-colored
cars get hotter in the
sun than light-colored

Dark colors absorb more light energy and convert it to heat, while light colors reflect
more light away — Dark-colored surfaces absorb a greater percentage of incoming light
energy, converting it to thermal energy (heat). Light-colored surfaces reflect most of the



cars? incoming light, so less energy is absorbed and less heat is produced. This is why people in
hot climates often wear light-colored clothing.



✂✂✂✂ Question (fold →) Answer

A singer shatters a wine
glass by singing a
sustained note at exactly
the right pitch. What
principle explains this,
and what specific
conditions must be met?

Resonance — the singer matches the glass's natural frequency, causing it to
vibrate with increasing amplitude until the glass exceeds its structural limit and
breaks — This demonstrates resonance. Every glass has a natural resonant frequency
(you can hear it by flicking the rim). When a singer sustains a note at exactly this
frequency, each incoming sound wave adds energy to the glass's vibration. The
amplitude grows progressively until the glass vibrates beyond its elastic limit and
shatters. Both the correct frequency and sufficient duration are required.

Why does the note
middle C sound different
when played on a piano
versus a clarinet, even
though both are the
same pitch?

Each instrument produces a different set of harmonics with different relative
strengths, giving each its unique timbre or tone quality — Both instruments produce
the same fundamental frequency (about 262 Hz for middle C), but they generate
different harmonics at different strengths. A piano's hammered string emphasizes
certain harmonics, while a clarinet's vibrating reed and cylindrical bore emphasize odd
harmonics (3rd, 5th, 7th). This unique harmonic signature is called timbre and is why we
can distinguish instruments playing the same note.

Evaluate whether a
single convex lens or a
combination of convex
and concave lenses
would produce a better
image in a high-quality
telescope. Justify your
answer using your
understanding of how
lenses affect light.

A combination is better because it corrects for chromatic aberration and other
optical distortions that a single lens cannot avoid, producing sharper, more
accurate images — A lens combination is superior for high-quality telescopes. A single
convex lens suffers from chromatic aberration (color fringing), spherical aberration (edge
distortion), and other optical imperfections. By combining lenses of different shapes,
curvatures, and glass types, each element corrects the flaws introduced by others.
Modern telescope objectives and camera lenses typically contain 5-15 elements for this
reason. This is why refracting telescopes evolved from single lenses to complex multi-
element designs.

Your WiFi router
broadcasts at both 2.4
GHz and 5 GHz. Why
does the 2.4 GHz signal
reach your bedroom on
the second floor better
than the 5 GHz signal?

The 2.4 GHz signal has a longer wavelength, which allows it to better penetrate
walls and floors and diffract around obstacles, giving it greater range despite
lower speeds — The 2.4 GHz signal has a wavelength of about 12.5 cm, roughly twice
that of the 5 GHz signal (~6 cm). Longer wavelengths penetrate solid materials (walls,
floors, furniture) with less energy loss and diffract more effectively around obstacles.
The 5 GHz signal, with its shorter wavelength, is more readily absorbed and scattered by
building materials. This is the classic range-versus-speed trade-off in wireless
networking: 2.4 GHz goes farther but carries less data, while 5 GHz is faster but covers a
shorter range.

What happens when the
crests of two waves
meet at the same point
at the same time?

They combine to produce a wave with a larger amplitude — When two crests meet,
their amplitudes add together, creating a wave with a larger amplitude than either
individual wave. This is called constructive interference. If both waves have an amplitude
of 5 cm, their combined amplitude at that point is 10 cm. The waves reinforce each other
because they are in phase (peaks aligned with peaks).

What is the relationship
between the speed of a
vibration and the pitch
of the sound it makes?

Faster vibrations produce higher-pitched sounds — Pitch is how high or low a sound
seems. Objects that vibrate faster (higher frequency) produce higher-pitched sounds,
like a whistle. Objects that vibrate slower (lower frequency) produce lower-pitched
sounds, like a bass drum.

Why does stretching a
rubber band tighter

Tighter tension makes the rubber band vibrate faster, raising the pitch — When a
rubber band is stretched tighter, it has more tension. Higher tension makes it vibrate
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make a higher sound
when you pluck it?

faster when plucked, and faster vibrations produce a higher-pitched sound. This is the
same reason guitar players tune strings by tightening them.

How are radio waves
used in everyday life?

For broadcasting AM/FM radio, television signals, WiFi, Bluetooth, and cell phone
communication — Radio waves have many everyday uses: AM and FM radio
broadcasting, television signals, WiFi networks, Bluetooth devices, cell phone
communication, GPS navigation, and walkie-talkies. Different frequencies within the
radio wave band are assigned to different services to prevent interference.

You are holding two
rubber bands of the
same length. One is thick
and one is thin. Which
one will produce a
higher-pitched sound
when plucked with the
same force?

The thin rubber band — The thin rubber band produces a higher-pitched sound
because it has less mass and can vibrate faster than the thick one. This is the same
principle used in stringed instruments, where thinner strings produce higher notes.

What is the difference
between a pure tone
and a complex tone?

A pure tone consists of a single frequency (like a tuning fork), while a complex
tone contains a fundamental frequency plus multiple harmonics (like most
musical instruments) — A pure tone is a single sine wave at one frequency, like the
sound from a tuning fork or electronic tone generator. A complex tone contains a
fundamental frequency plus multiple harmonics at various strengths. Most musical
instruments produce complex tones — the blend of harmonics creates the rich, full
sound we associate with music.

What happens when the
crest of one wave meets
the trough of another
wave of equal
amplitude?

They cancel each other out, producing zero displacement at that point (destructive
interference) — When a crest meets a trough of equal amplitude, they undergo
complete destructive interference — the upward displacement of the crest exactly
cancels the downward displacement of the trough, resulting in zero displacement at that
point. If the amplitudes are not equal, partial destructive interference occurs, producing
a wave with reduced but non-zero amplitude.

According to the law of
reflection, how does the
angle at which a wave
hits a surface compare
to the angle at which it
bounces away?

The angle of incidence equals the angle of reflection — The law of reflection states
that the angle of incidence (the angle at which a wave arrives at a surface) equals the
angle of reflection (the angle at which it bounces away). Both angles are measured from
an imaginary line perpendicular to the surface called the normal.

What is wavelength?

The distance from one crest to the next crest — Wavelength is the distance between
two consecutive identical points on a wave, such as from one crest to the next crest or
from one trough to the next trough. It is measured in units of length like meters or
centimeters.

Design a simple
demonstration using
household items that
shows the difference
between transverse and
longitudinal waves.
Describe what you
would use and what
each demonstration
would look like.

Use a Slinky: shake it side-to-side for a transverse wave (wave moves forward, coils
move sideways) and push-pull it along its length for a longitudinal wave (wave
moves forward, coils compress and expand) — A Slinky is ideal for demonstrating
both wave types. Shaking it side-to-side creates a visible transverse wave where coils
move perpendicular to the wave direction. Pushing and pulling along its length creates a
longitudinal wave with visible compressions and rarefactions. This clearly shows how
particle motion differs between the two wave types.



Two students create
waves in identical ropes.
Student A's wave is tall
with a small amplitude
compared to Student B's
very tall wave. Why does
Student B's wave feel
stronger when it hits the
end of the rope?

Student B's wave has greater amplitude, so it carries more energy — A wave with
greater amplitude carries more energy. Student B shook the rope harder, creating a
wave with larger amplitude. When this wave reaches the end, it transfers more energy,
which is felt as a stronger impact.

What type of
electromagnetic wave is
used to transmit AM and
FM radio signals?

Radio waves — AM (Amplitude Modulation) and FM (Frequency Modulation) signals are
transmitted using radio waves, which are electromagnetic waves with frequencies
typically between 530 kHz and 1,700 kHz for AM, and 88 MHz to 108 MHz for FM. Radio
waves were first used for communication by Guglielmo Marconi in the 1890s.

Why do we see rainbows
after rainstorms when
the sun comes out?

Raindrops act like tiny prisms, refracting, dispersing, and reflecting sunlight. Each
color exits at a slightly different angle, and millions of drops together create the
arc of colors we see as a rainbow — Rainbows form when sunlight enters raindrops,
which act like tiny prisms. Light refracts when entering the drop (dispersing into colors),
reflects off the back surface, and refracts again when exiting. Each color leaves the drop
at a slightly different angle — red at about 42 degrees and violet at about 40 degrees.
Millions of raindrops at different positions each contribute one color to your eye,
creating the full arc of the rainbow.

A musician plays two
notes simultaneously on
a guitar. One string
vibrates at 200 Hz and
the other at 203 Hz. She
hears 3 beats per
second. She then
tightens the 200 Hz
string slightly and the
beats slow to 1 per
second. Analyze: what is
the new frequency of the
tightened string, and
why did the beats slow
down?

The new frequency is 202 Hz. Tightening the string raised its frequency from 200 Hz
closer to 203 Hz, reducing the difference from 3 Hz to 1 Hz, which slowed the beats
— The beats slowed from 3/s to 1/s, meaning the frequency difference decreased from 3
Hz to 1 Hz. Since the 203 Hz string was unchanged and tightening raised the frequency
of the other string, the new frequency must be 203 - 1 = 202 Hz. The string went from
200 Hz to 202 Hz, bringing it closer to 203 Hz and reducing the beat frequency from
|203-200| = 3 Hz to |203-202| = 1 Hz. When the beat frequency reaches 0, the strings
are perfectly in tune.

Why do we see a
rainbow when sunlight
passes through a glass
prism?

White light contains all visible colors. Each color has a slightly different
wavelength and bends by a different amount during refraction, separating the
colors — White light is a mixture of all visible wavelengths. When it enters a prism, each
wavelength refracts by a slightly different amount — violet light (short wavelength)
bends the most, and red light (long wavelength) bends the least. This differential
refraction spreads the white light into its component colors, creating the visible
spectrum. Isaac Newton first demonstrated this in 1666.

Design a simple
demonstration using a
water stream and a laser

Drill a hole near the bottom of a water bottle, shine a laser into the bottle from
the opposite side aimed at the hole, and turn off the lights. The laser light will
follow the curving water stream by total internal reflection, demonstrating how
light can be guided along a curved path — This classic demonstration uses a plastic
water bottle with a small hole near the bottom. A laser pointer shines into the bottle



pointer that shows the
principle of total internal
reflection used in fiber
optic cables.

from the opposite side, aimed at the hole. When water streams out and the room lights
are off, the laser light follows the curving water stream rather than traveling in a straight
line. The light undergoes total internal reflection at the water-air boundary of the
stream, bouncing along inside the water just as light bounces along inside a fiber optic
cable. This dramatically shows how light can be guided along a curved path — the
fundamental principle of fiber optics.

Some scientists in the
1800s believed light was
purely a wave, while
others believed it was
purely a particle. Given
what we now know
about wave-particle
duality, evaluate why
both groups were
partially correct and
partially wrong.

Both groups correctly identified real properties of light — wave theorists
explained interference and diffraction, particle theorists explained the
photoelectric effect. Both were wrong to insist light was exclusively one or the
other — Both groups had valid evidence. Wave theorists (Huygens, Young, Maxwell)
correctly explained interference, diffraction, and polarization — distinctly wave
phenomena. Particle theorists correctly noted that light transfers energy in discrete
packets (later proven by Einstein's photoelectric effect explanation). Their error was
philosophical: both assumed light must be one thing exclusively. Modern quantum
mechanics reveals that light has a dual nature — it genuinely exhibits both wave and
particle properties, depending on the experiment.

Light travels from air
into a glass block at an
angle. If the speed of
light is slower in glass
than in air, which
direction does the light
bend?

Toward the normal — When light enters a denser medium (glass) where it travels
slower, it bends toward the normal — the imaginary line perpendicular to the surface at
the point of entry. This is like a marching band turning when one side hits soft ground
first and slows down.

A friend claims that
putting your phone
speaker inside an empty
bowl makes the music
louder because the bowl
'adds energy' to the
sound. Do you agree or
disagree, and what is
actually happening?

Disagree -- the bowl does not add energy; it reflects and focuses the sound waves
in one direction, making it seem louder to listeners in front of it — The bowl does
not add energy to the sound. Instead, the hard, curved surface reflects sound waves that
would normally spread out in all directions and focuses them in one direction. This
concentration makes the sound seem louder to someone in front of the bowl, even
though the total sound energy is the same.

A smooth lake reflects a
mountain clearly, but a
choppy lake creates a
blurry, distorted image.
What causes this
difference in reflection
quality?

Smooth surfaces reflect light in a uniform direction (specular reflection), while
rough surfaces scatter light in many directions (diffuse reflection) — A smooth
surface produces specular reflection — all light rays reflect in the same direction,
creating a clear image. A rough or choppy surface produces diffuse reflection — each
small section of the surface faces a different direction, scattering reflected light and
producing a blurred image.

Design a simple coding
system that uses only
light (on/off flashes) to
transmit the letters A
through H. Describe
your encoding scheme
and explain how the
receiver would decode
the message. Your

Assign each letter a unique 3-bit binary code (A=000, B=001, C=010, D=011, E=100,
F=101, G=110, H=111). Transmit each letter as three flashes where ON=1 and
OFF=0, with a pause between letters. The receiver reads groups of three and
converts back to letters using the same code table — Using 3-bit binary encoding:
A=000 (off-off-off), B=001 (off-off-on), C=010 (off-on-off), D=011 (off-on-on), E=100 (on-
off-off), F=101 (on-off-on), G=110 (on-on-off), H=111 (on-on-on). To send 'FACE': transmit
101-000-010-100, with a longer pause between each group of three. The receiver groups
the flashes into threes and looks up each code in the shared code table. With 3 bits, 2^3
= 8 unique codes exist — exactly enough for A through H. This is fundamentally how all



system should be able to
transmit any sequence
of these eight letters.

digital communication works: encoding information as binary sequences, transmitting as
discrete on/off signals, and decoding at the destination. Real systems use 8 bits (1 byte)
per character, providing 256 possible codes.



✂✂✂✂ Question (fold →) Answer

At a concert, certain
seats in the venue
sound noticeably
louder than others,
even though no seat is
significantly closer to
the stage. Analyze
what wave
phenomenon could
cause these 'hot spots'
of louder sound.

Constructive interference from sound waves reflecting off walls and ceiling. At
certain seats, the direct sound and reflected sound arrive in phase, combining to
create louder perceived volume — These 'hot spots' occur due to constructive
interference. Sound reaches each seat via multiple paths — directly from the speakers and
after reflecting off walls, ceiling, and floor. At certain locations, the path length differences
cause the direct and reflected waves to arrive in phase (crests meeting crests), producing
constructive interference and louder sound. At other seats, partial or destructive
interference may make the sound quieter. Acoustic engineers design concert halls to
minimize these uneven spots.

What is the highest
point of a transverse
wave called?

Crest — The crest is the highest point of a transverse wave. It represents the maximum
upward displacement from the resting position. The lowest point is called the trough.

5G networks use
higher frequencies (up
to 39 GHz) than 4G
(up to 2.6 GHz). These
higher frequencies
can carry much more
data, but 5G cell
towers must be
placed much closer
together. Analyze the
physics behind why
higher-frequency
signals require more
closely spaced towers.

Higher-frequency radio waves are more easily absorbed by air, rain, and obstacles
(buildings, trees), and they diffract less around obstacles due to their shorter
wavelength. This causes the signal to weaken over shorter distances, requiring more
towers to maintain coverage — Higher-frequency waves face two physics challenges: (1)
Greater atmospheric absorption — air molecules, water vapor, and rain absorb higher
frequencies more than lower frequencies, causing signal attenuation over distance. At 39
GHz, rain can significantly degrade the signal. (2) Reduced diffraction — shorter
wavelengths (millimeters at 39 GHz versus centimeters at 2.6 GHz) are less able to bend
around obstacles like buildings and trees. This means 5G mmWave signals are more easily
blocked by physical obstructions. Both effects limit range, requiring towers every 150-250
meters in urban areas versus 1-5 km for 4G.

Space debris is an
increasing concern as
thousands of satellites
are launched. Evaluate
the long-term
sustainability of
launching large
constellations of
thousands of LEO
satellites, considering
the risks of orbital
collisions and the
Kessler Syndrome.

Large constellations pose a real risk. Kessler Syndrome describes a chain reaction
where one collision creates debris that causes more collisions, potentially making
certain orbits unusable. Active debris mitigation (deorbiting at end-of-life, collision
avoidance, debris cleanup) is essential, but current regulations may be insufficient
for the scale of planned constellations — Large LEO constellations present genuine
sustainability concerns. The Kessler Syndrome (proposed by NASA scientist Donald Kessler
in 1978) describes a cascade where orbital collisions generate debris that causes more
collisions, potentially rendering certain altitudes unusable for decades. With ~10,000+ LEO
satellites planned (Starlink, OneWeb, Amazon Kuiper), the collision probability increases
significantly. Mitigation strategies include: designing satellites to deorbit within 5 years of
end-of-life, active collision avoidance maneuvers, and future debris cleanup missions.
However, the scale of planned launches outpaces current regulatory frameworks, and a
single catastrophic collision could jeopardize the entire LEO environment.

A guitar string
produces a note at
330 Hz. If the player
presses the string at 660 Hz — When the vibrating length of a string is halved, the frequency doubles. So 330 Hz
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exactly the halfway
point, reducing the
vibrating length by
half, what frequency
will the new note
have?

× 2 = 660 Hz. This relationship means the new note is exactly one octave higher than the
original. This principle is fundamental to stringed instrument design and is why frets on a
guitar are spaced the way they are.

What type of mirror
curves inward like the
inside of a bowl and
can focus parallel light
rays to a single point?

A concave mirror (converging mirror) — A concave mirror curves inward (like the inside
of a spoon) and converges parallel light rays to a focal point. Concave mirrors are used in
reflecting telescopes, headlights, satellite dishes, solar furnaces, and shaving/makeup
mirrors. When an object is close to the mirror, it produces a magnified, upright virtual
image.

A concerned citizen
argues that 5G towers
should be banned
from residential
neighborhoods
because the higher
frequencies are
dangerous. Given that
5G frequencies (up to
39 GHz) are still far
below the ionizing
radiation threshold,
evaluate this health
concern scientifically.

5G radio waves are non-ionizing radiation with photon energies millions of times too
low to damage DNA or cells. While higher in frequency than 4G, they remain well
below the threshold where electromagnetic radiation becomes harmful (ultraviolet
and above). Scientific consensus from major health organizations finds no
established health risks from 5G at regulated exposure levels — 5G frequencies (up to
39 GHz) are non-ionizing radiation — their photons carry far too little energy to break
chemical bonds, damage DNA, or ionize atoms. The ionizing threshold begins at ultraviolet
(~750,000 GHz), which is about 20,000 times higher in frequency than 5G. At regulated
power levels, 5G exposure is well within safety guidelines established by WHO, ICNIRP, and
national health agencies. Higher-frequency 5G waves actually penetrate skin less than
lower-frequency 4G waves, being absorbed primarily in the outer skin layers. The scientific
consensus is that no mechanism exists for non-ionizing radiation at these levels to cause
health harm.

A camera lens system
uses a combination of
convex and concave
lenses. The convex
lens focuses the
image, but it also
creates color fringing
(chromatic aberration)
because different
wavelengths bend by
different amounts.
Analyze how adding a
concave lens made of
a different type of
glass helps correct
this problem.

The concave lens, made of glass with a different refractive index, partially reverses
the color separation caused by the convex lens, bringing the different colors back to
a common focus point without undoing the overall convergence — This describes an
achromatic doublet — a fundamental optical design. The convex lens bends blue light
more than red, creating color fringing. The concave lens, made of glass with different
dispersion properties (like flint glass), bends the colors back together in the opposite
direction. By carefully choosing the glass types and curvatures, the color separation is
canceled while the overall convergence (image focusing) is maintained. This is why quality
camera lenses have multiple elements.

At what condition
does resonance
occur?

When a vibrating source applies energy at the natural frequency of an object,
causing the object to vibrate with increasing amplitude — Resonance occurs when an
external force or vibration matches the natural frequency of an object. At this frequency,
each successive energy input arrives in phase with the object's existing vibration, adding to
it rather than opposing it. The result is a dramatic increase in amplitude. This is why a wine
glass can shatter from a specific note, or why a bridge can oscillate dangerously if wind or
footsteps match its resonant frequency.

The signal must travel approximately 36,000 km up to the satellite and 36,000 km



Why is there a
noticeable delay
(about 0.5 seconds
round trip) during a
phone call routed
through a
geostationary
satellite?

back down (72,000 km total each way), and even at the speed of light this journey
takes about 0.24 seconds each way, creating a round-trip delay of about 0.5 seconds
— The delay is caused by the enormous distance signals must travel. Even at the speed of
light (300,000 km/s), a one-way trip to a geostationary satellite (36,000 km) takes about 120
milliseconds. A complete conversational round trip involves four legs: your voice travels up
to the satellite, down to the other person, their voice goes up to the satellite, and back
down to you — totaling about 480 milliseconds (roughly 0.5 seconds). This noticeable delay
makes real-time conversation feel awkward, which is why modern phone calls mostly use
terrestrial fiber optics or low-Earth orbit satellites.

A student notices that
their WiFi router
broadcasts a '2.4 GHz'
network and a '5 GHz'
network. Microwave
ovens also operate at
2.4 GHz. Analyze why
a microwave oven
might sometimes
interfere with a WiFi
connection and
suggest what a user
could do to avoid this
interference.

Both the microwave oven and WiFi router use the 2.4 GHz frequency band.
Microwave ovens can leak small amounts of 2.4 GHz radiation that interferes with
WiFi signals at the same frequency. Switching to the 5 GHz WiFi band eliminates this
interference since microwaves do not operate at 5 GHz — Microwave ovens and 2.4
GHz WiFi share the same frequency band (this is not a coincidence — 2.4 GHz was initially
designated for industrial, scientific, and medical use, which is why WiFi adopted this ISM
band). Microwave ovens are shielded but not hermetically sealed; small amounts of
powerful 2.4 GHz energy escape and can overwhelm nearby WiFi signals. Solutions: (1)
Switch to the 5 GHz WiFi band, which does not overlap with microwave ovens. (2) Move the
router farther from the kitchen. (3) Use a WiFi router with better filtering.

A student plucks a
guitar string and
notices the sound gets
softer over time until
it stops. What is
happening to the
energy of the vibrating
string?

The string's vibration energy is gradually transferred to the air as sound and
converted to heat through friction — The vibrating string gradually transfers its energy
to the surrounding air molecules (creating sound waves) and also loses energy as heat
through friction and air resistance. As the string loses energy, its vibrations get smaller
(lower amplitude), making the sound softer until the energy is fully dissipated.

Two tuning forks are
struck. Fork A vibrates
at 256 Hz and Fork B
vibrates at 512 Hz.
How do the sounds
they produce
compare?

Fork B produces a higher-pitched sound because it has a higher frequency — Fork B
produces a higher-pitched sound because pitch is determined by frequency. Fork B
vibrates at 512 Hz (512 times per second), which is twice the frequency of Fork A (256 Hz).
Higher frequency means higher pitch, not louder volume.

What does the
frequency of a wave
measure?

The number of complete wave cycles that pass a point per second — Frequency
measures how many complete wave cycles pass a given point in one second. It is measured
in hertz (Hz). A wave with a frequency of 10 Hz means 10 complete waves pass a point
every second.

What is timbre (also
called tone quality or
tone color)?

The characteristic quality of a sound that distinguishes one instrument or voice from
another, even when playing the same pitch and volume — Timbre is the quality of a
sound that allows us to distinguish between different instruments or voices, even when
they play the same pitch at the same volume. It is determined by the unique combination
of harmonics (overtones) and how the sound evolves over time (attack, sustain, decay).
Every instrument and voice has a distinctive timbre.



A dermatologist
recommends wearing
sunscreen rated SPF
30 or higher. SPF 30
blocks about 97% of
UV-B rays. If 1,000 UV-
B photons hit
sunscreen-protected
skin, approximately
how many get
through to the skin?

About 30 photons — If SPF 30 blocks 97% of UV-B rays, then 3% get through. Of 1,000
photons: 3% × 1,000 = 30 photons reach the skin. No sunscreen blocks 100% of UV — this
is why reapplication is important and why dermatologists recommend combining
sunscreen with other protective measures like hats and shade.

What happens when a
wave bounces off a
surface and changes
direction?

Reflection — Reflection occurs when a wave bounces off a surface and changes direction.
The wave does not pass through the surface but instead returns to the medium it came
from. Mirrors, smooth water, and polished metal are common reflective surfaces.

You are designing a
solar cooker for a
science project.
Should you paint the
inside surface black or
white to maximize
heat absorption?
Apply your knowledge
of absorption.

Black, because dark surfaces absorb the most light energy and convert it to heat —
The inside should be painted black because black surfaces absorb the most light energy,
converting it into heat for cooking. White surfaces would reflect most of the light away,
wasting the solar energy. Many real solar cookers use black pots inside reflective
enclosures to maximize both collection and absorption.

Design a simple
experiment to show
that a single vibrating
string produces
multiple harmonics
simultaneously, not
just one frequency.

Lightly touch the midpoint of a vibrating guitar string to mute the fundamental
while allowing the 2nd harmonic to ring out, producing a note one octave higher that
proves the harmonic was already present — By lightly touching a vibrating guitar string
at its midpoint, you create a node that stops the fundamental frequency (which needs the
full string length) while allowing the 2nd harmonic (which vibrates in two halves with a
node at the center) to continue ringing. The resulting bell-like tone, one octave higher than
the original note, proves the harmonic was already present in the original vibration. This
technique is called playing a 'harmonic' or 'flageolet.'

What is resonance?

When an object vibrates at its natural frequency after receiving energy from another
vibrating source at the same frequency — Resonance occurs when a vibrating source
transfers energy to an object at the object's natural frequency, causing it to vibrate with
increasing amplitude. Like pushing a swing at the right timing, each vibration adds energy
to the system. All objects have natural frequencies at which they vibrate most easily.

Two sound waves
travel through the
same room. Wave A
has a frequency of
200 Hz and Wave B
has a frequency of
400 Hz. Compare their
speeds and explain
your reasoning.

Both waves travel at the same speed because sound speed depends on the medium,
not frequency — Both waves travel at the same speed. The speed of sound in a given
medium (like air in a room) is constant regardless of frequency. In the same room, both
waves travel at about 343 m/s. Wave B has a shorter wavelength to compensate for its
higher frequency.

A drummer tightens
the drumhead on a
snare drum. How will

The drum will produce a higher-pitched sound because a tighter drumhead vibrates
faster — Tightening the drumhead increases the tension, causing it to vibrate at a higher
frequency when struck. Higher frequency means higher pitch. This is the same principle



this change the sound
the drum produces?

used when tuning stringed instruments — tightening a string raises its pitch, and loosening
it lowers the pitch.

Soldiers historically
were ordered to break
step when crossing
bridges. Using the
concept of resonance,
analyze why marching
in rhythm on a bridge
could be dangerous.

If the soldiers' marching rhythm matches the bridge's natural frequency, resonance
could cause the bridge to vibrate with dangerously increasing amplitude, potentially
leading to structural failure — Synchronized marching applies a periodic force to the
bridge. If the marching frequency matches the bridge's natural frequency, resonance
occurs — each step adds energy to the bridge's vibration, causing the amplitude to grow
dangerously. This could lead to structural failure. Breaking step ensures no single
frequency is reinforced. The 1831 Broughton Suspension Bridge collapse is attributed to
this effect.

Design a simple
experiment using
common classroom
materials to
demonstrate that
sound is caused by
vibrations. Describe
what materials you
would use, what you
would do, and what
you would observe.

Stretch a rubber band over an open box, pluck it, and observe the rubber band
vibrating back and forth while hearing a sound; when you stop the vibration by
touching the band, the sound stops immediately — A rubber band stretched over an
open box is an excellent demonstration. When plucked, you can see the rubber band
vibrating and hear the sound simultaneously. When you touch the band to stop its
vibration, the sound stops immediately, proving the direct link between vibration and
sound. The open box amplifies the sound by resonating with the vibrations.

Some people claim
they can hear
'binaural beats' — a
beat frequency
perceived when
slightly different
frequencies are
played in each ear
through headphones
(e.g., 400 Hz in the left
ear and 410 Hz in the
right). Evaluate
whether true physical
beats can occur in this
situation, and explain
why or why not.

True physical beats cannot form because the two sound waves never actually meet
and interfere — each ear hears only one frequency. Any perceived beat effect is
created by the brain's processing of the two separate signals, not by physical wave
interference — True physical beats require two waves to overlap in the same physical
space. With headphones, each ear receives only one frequency — the waves never
physically meet and cannot interfere. Binaural beats are a perceptual phenomenon created
by the brain's neural processing, not by acoustic wave interference. The auditory cortex
processes the two separate inputs and can create a perceived pulsation, but this is
fundamentally different from real acoustic beats where waves constructively and
destructively interfere in air. Scientific evidence for binaural beats' effects on cognition or
relaxation remains inconclusive.
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