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Teacher’s Introduction

These ‘Stretch and Challenge’ articles are designed to provide stimulation and new challenges for Physics AQA
A Level students.

The pack contains 16 articles that cover areas of topical interest to physicists. The articles reach beyond the
frontiers of the specification, although there are links to the AQA Physics A Level Year 1 content.

The aim of the resource is to challenge the most capable and engaged physics students. However, it should also
be accessible to students of a range of ability levels as the articles add to the specification knowledge. However,
the aim of the resource is to be challenging.

For each article, a mix of the following activities is included:

* comprehension questions to ensure understanding of the material and link ideas in the articles to core
concepts in physics

» discussion questions to encourage debate on topical issues and wider scientific and ethical questions

e extension tasks that encourage students to conduct further research and support them to structure a written
piece

Each article has a link to the specification, but also goes beyond the specification, including recent discoveries,
case studies and applications of theories to the wider natural world.

Each article is between 1,000 and 2,000 words, and is expected to take a student approximately 30 minutes to
read. The discussion questions can be whole-class activities, guided by the teacher, or small-group activities to
encourage less-confident students to take part. The extension activities take a range of forms (individual and pair
work), while the comprehension questions should be attempted individually.

All resources can be photocopied in black and white. We hope you enjoy reading and using these resources.

June 2019

Free Updates! ——————————————————————————————————————————

Register your email address to receive any future free updates*
made to this resource or other Physics resources your school
has purchased, and details of any promotions for your subject.

* resulting from minor spectfication changes, suggestions from teachers
and peer reviews, or occasional errors reported by customers
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When Particles Col.

3.2.1 Particles
Particle accelerators are used to probe the nature of the universe: t

Charge
Hadron

-

afuc’cing a par’cicle accelerator

Like any object, a particle will accelerate if a resultant force acts upon the gar
This is just Newton's second law. But the kinds of particle that particle sc:«
deal with are subatomic, so are too small to simply give them a shove. Inst
these particles are accelerated using the force exerted by electric fields. <7 ¢
this means our particle accelerator can only accelerate charged particles, bt st
we can manipulate gravity it's the best we've got.

LINACs
Consider the simple circuit of a battery connected to two plates, i.e. 2
An electric field will be set up between these plates. A charaed.

_ Qv

=

5 of many of these ‘capacitor’ set-ugs
rarticle, like an electron, passes through one capaciios

A linear accelerat

- TJeR ctron reaches the next gap between capacitors, it's movisg o
A ¢ =W 5late to a negative plate — it starts to decelerate. To stop this

appening, a LINAC uses an alternating current to reverse the polarity of the
charged plates as the electron passes through, so the electron carries on
accelerating to the next plate, which is how positive.

To make an electron continually accelerate, the frequency of this polarity switc

controlling the frequency manually, the LINAC is built so that the electran ha:
of one section before the polarity switches. This means that each section is i
gets faster, it covers more space in less time. This means LINACs are typicalhy v
higher energies.

LINACs are commonly used in industry and in medicine. There
99 % are used in industry or medicine. LINACs are used
maintain (compared to particle accelerators used.:n
energies, so the LINACs aren't as likely :
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Cyclotrons

The particle accelerators used in scientific research tend to be circular
accelerators. The particle continually accelerates around the ring, reaching
much higher energies before colliding with its target.

its radlus of circular motion to increase. Eventually, the particle collides witi o o
cyclotrons can only accelerate protons to around 15 MeV, or 10 % of the spaea o

An approach to solve this problem is to increase the strength of the magnsiic « 0

cyclotron. Therefore, as the relativistic mass of the particle increases, the surios

the cyclotron, experiencing a stronger magnetic field and, therefore, a stromg e o
towards its original circular path. This cyclotron is called an isochronous cyckat

The energies reached by particle accelerators can be further increased by
present only over the path of the partlcles and not over an entire re”:

These synchrotrons tend to come in groups, each a different size. A LINAC wall 70
into the smallest synchrotron. The speed of the particles increases untif the s
them. They are then fed into the next largest synchrotron to continue acce
Hadron Collider is the last ring in this chain, where particles are acce': "«

2 wgether what happened in the colfision,
Zacles and their kinetic energies, the particie i
ated after the collision. This is how the Higgs bosorn s
~107 s,
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ISIS neutron and muon source

--------------------------------

Situated in the Rutherford Appleton Labs in Oxford in the UK, the ISIS NQ%
accelerator that accelerates neutrons and muons to probe the structu

The Large Hadron Collider (LHC) is the largest ring of the particle acceleratoiz = &
Switzerland. CERN is a collaboration between 22 countries and was first iuifz o0
hot the only experiments being performed at CERN, but they are the mast fam

ap of the particle accelerators and their detectors at CERN.

A proton is first created by stripping the electrons away from hydrogen stz
e These protons are injected through LINAC2 and into the PS booster {5,

e They are accelerated by the booster to 1.4 GeV before being injected it
e  They are further accelerated to 25 GeV before being injected into the 5u
e The SPS accelerates these protons to 450 GeV before, finally, they are ir
e  After 20 minutes inside the LHC, these protons have an energy of 6.5 1¢

e The LHC can accelerate heavy nuclei up to lead — this requires much highsr oo
can achieve.

The detectors

The two main detectors situated along the LHC are
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What's the Higgs idea?

One of the LHC's most famous discoveries was that of the Higgs bosorn an
primary reasons for building such a high-energy particle accelerator

--------------------------------

The Higgs boson has a number of effects in particle physF
¢ It contributes to the mass of leptons, qu "
It is essential for electroweak symrs

" «g;,é;"“l pggs field might be the grand unification of the fundamentai fmcﬁ:szaz:; ot
“nportant and sought after aspects of particle physics.

This was one of the last missing pieces of the standard model which physicisis o
and if it wasn't found, it would have had profound effects on what we kngw 2l
particles that make up the universe.

Discovering a new particle in a particle accelerator isn't as simple as firding
interaction, though. Scientists at CERN don't declare the discovery of & ris
points are collected, and the discovery achieves a 56 value — essentially mizasin
collected that physicists are sure that there's only a probability of 0.0000¢, ~ %
a fluke.

collf.ecmd RS T

Wstween the plates.
2.  Why are LINACs used in industry and medicine?
3. Explain how a cyclotron causes a charged particle to move in a circuiar i
4. Describe the increase in energy of a proton as it's accelerated around the
CERN to get it up to 6.5 TeV.

Discussion
The LHC is a collaboration between many nations involving thousands of sciznii CQPYWGH}"
Discuss the advantages and disadvantages of performing large-scale ex; PRQTEQTE

Extension

The Diamond facility located at the Ru

Education,
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The origin of antimatter

3.2.1.3: Particles, antiparticles and photons

Anti particle

eX|stence teleport through solid barriers, and don’t even really exist untai
of the universe had to be altered to accommodate this new and strangs g:s

Around this time, Albert Einstein published his paper on special relativity, i1
universal constant and that space and time vary around this constant for
Einstein's theory of special relativity explained numerous observations ans ;
different aspects of physics, so it was quickly widely accepted by the sciertitic <o

A consequence of Einstein's theory was that energy and mass are closely raiaia:
— two sides of the same coin. The exact connection is shown in Einst. ‘s

Which for a stationary object (no mo

The solutions of this equation to find the energy of a particle don't have s
lower bound, and the equation describes particles with negative energy just
as well as it describes particles with positive energy.

This is hinted at by taking the square root of the Einstein relation:

E= iszc”f + p2c?

Which (like all square roots) can have a positive and neg

correspondmg negative energy state in the
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Energy

Particle

These holes have the same magnitude of energy (and, therefore, the sams i
counterparts.

Say the particle created is an electron; the corresponding hole has the
same mass as an electron, and therefore acts like a particle with the -
of an electron. However, its other intrinsic properties, such
and quantum numbers like spin are opposite to an e'actr #.
that particles can be created without violati i
like charge or lepton number.

at all particles — protons, neutrons and even the weird | ..
ons and kaons - have antiparticle equivalents. :

Antiparticles are formed in a process called pair production - if a
photon has energy equal to or greater than the mass of two particles {by
E = mc?), it can spontaneously turn into a particle-antiparticle pair, with
any leftover energy being carried away by the particle and antiparticle.

The opposite of pair production can also occur. If an antiparticle was 1o
collide with its particle counterpart, the two would annihilate, releasing
energy in the form of two gamma photons. The energy of the photors o ';COPYR'I?GHT
would equal the energy equivalent of the total mass of the particles and o PRDTEC?E@
their kinetic energy. oo e -

The majority of mass in the universe is normal matte:: th
antimatter that is created has a high chance.; i '
counterpart and annihilating, res'%:

f

 Education
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Where is the antimatter?

Laws of symmetry in physics arise quite frequently. Symmetry in physics
is the idea of particles fitting neat hierarchies — if one particle has an
antiparticle, all other particles must as well.

--------------------------------

Symmetry can be used to predict undiscover ik A8
third generation of quarks, the top and L

solve symmetry breaking obsery,. .
with the three generatic. evcct‘ron muon and tau).

o t. But the vast majority of the matter we observe is ordinary
matter with antimatter only being formed in high-energy particle
interactions in particle accelerators and cosmic rays. So where is all the

antimatter?

It's suggested that shortly after the Big Bang, the amounts of matter
and antimatter weren't quite equal, there was a slight imbalance. This
imbalance breaks charge symmetry (given the letter C), which states
that each particle has an equal but opposite charge counterpart, i.e. an
antiparticle. Whether charge symmetry breaking exists is a current hot
topic in scientific research.

There are a few theories about why there might be ¢
e The Big Bang initially created unequal 2
All the antimatter created quirk

A mis

“increase over time. Most of this imbalance would have been
created in the high energies of the Big Bang, giving a potential
cause for the initial imbalance of matter and antimatter in the
universe.

» Matter and antimatter may have been created in equal amounts,
but kept localised and separated from each other, so they
couldn't annihilate. This could mean that somewhere out there
are entire galaxies made from antimatter. Just think what would
happen if two galaxies annihilated with each other!
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Impor’can’c experiments

--------------------------------

The Bevatron
The Bevatron was a particle accelerator situated at the Lawrence Berks!
operating in 1954, and after a year of operation the antiproton .

In 1865 at i
the first anty

one aniiprod
same fiie,
From this point on, CERN became a hub of antimatter the Alterns it
research. In 1978 CERN announced they had held several York also olmmer
hundred antiprotons circling around their proton
synchrotron for over 85 hours. Previous experiments had
only contained antimatter for several hundred microseconds.

Then in 1981 the first proton-antiproton collision was performed at
CERN's super proton synchrotron. Finally in 1995, a team led by

Walter Oelert announced they had created atoms of antihydroge»
CERN's Low Energy Antiproton Ring. Only nine atoms w

hs before annihilating.

s containing the

One of the big challenggc ir:
the abundance of normal

antimatter witho

iment at CERN) reported that it had held antimatter atoms for
over 16 minutes!

CERN currently has five active antimatter experiments based at its
antiproton decelerator (which slows down antiprotons so they can
be studied in depth):

e ATRAP and ALPHA compare and study hydrogen and
antihydrogen atoms by slowing down and holding the
antihydrogen atoms using electron gases and strong magnetic
fields.

e ASACUSA studies the detailed structure of electron
the nucleus of antiprotonic helium (an antiprotr;

helium nucleus with an electron) and a*:

e  AEgIS measures the Fe:
acceleration g

cha‘i*'g"je and spin) to one part in a billion. This measure of precision means ¢
performed, one result (on average) will suggest that matter and antimatier
precision gives us a lot of confidence in our understanding of antimatter, i»
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Applica’cions of antimatter

--------------------------------

Positron emission tomography (PET)
A positron-emitting radioactive tracer is injected into the body. Like ©*
to be imaged. The positrons emitted annihilate with electrons i

Problem collect antimatter from the space they travel through to power thzir s

Weapons
A weapon that combines antimatter with matter on detonation would als¢ raiwa
1 kg of antimatter annihilating with 1 kg of matter would produce 1.8 x 157
bomba, the largest thermonuclear weapon ever detonated. Luckily, it's ver
fact, it's the most expensive material in the world, at an estimated $25 bilic
therefore wouldn’t be feasible to use in weapons or as fuel in the near "

Comprehension questions
Describe how Einstein’s relatin»
What is meant by anni
What is one

. i/

ivéand negative ensygies o
in antimatter research?

m ifie antimatter experiments at CERN mean we can b
itter act the same (apart from their opposite characts

g P~ W=

A team of scientists has invented a way to drastically reduce the cost of produc e
the costs by 99.9 %. Discuss whether this team of scientists should publish thei o

precautions should be put in place.

Extension

N N N N N N N N N N N N N N N N R W R R RO W T T

The imbalance of matter and antimatter in the universe breaks charge sy,
Research the other types of symmetry and examples of where or when i phvysios
been broken. Present your findings as a mind map, where each prima
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What's Neutrino, Pus

3.2.1.5 Classification of particles

Cherenkov radiation  Emitted when light tr:
similar to a - i
Standard model

e have masses so low that they can't be measured
o areleptons ,
e  are neutrally charged ¢l

Because of these properties, all particle interactions involving
heutrinos are mediated by the weak nuclear force. This means
that neutrinos rarely interact - for an interaction mediated by the
weak nuclear force, the two particles have to come within an area of
102 m2. Of the hundreds of trillions of neutrinos that pass thre::-h -
your body, only 5000 neutrinos are likely to interact with * .-

If neutrinos it oW were they ever even discovered? The tirstirnii o
. . . . 1‘ i
15 WY th

R,

gPiisaus decay, a neutron turns into a proton, giving off an electron il a0

When beta decay was first discovered, the electrons produced were found 1o b
made no sense — for energy to be conserved, the kinetic energy of the electros b

binding energy in the nucleus, which would be a fixed amount. A new pastic)
would need to have neutral charge and a very low mass, so that it couldn't o
These two properties give the neutrino its name - literally meaning ‘the jitiie ro

This is how the paths of neutrinos are still calculated to this day, in particie aivsio
Collider at CERN - they can't detect the neutrinos produced in an inter=
momenta of the particles they can detect, they can determine
clearer picture of the interactions occurring.

Neutrinos can be detected indirect ‘teraction that's & iof i b
with an electron antineutrino to *i nd a positron:

p+V.—~n+e’

solution, until it was absorbed by a cadmium nucleus, which would ther: r#i:
ray would then be easily detected by scintillators around the solution.
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Other detectors, such as the Super-Kamiokande detector in Japan, detect st
When a high-energy neutrino interacts with a hydrogen electron or nucieus
positron which moves faster than the speed of light in water. This produs
is produced when a particle moves through a medium faster than ligh*
similar principle to a sonic boom, but with light instead of sou
around the outside of the detector.

Neutrinos interact with matter so rare

detectlon of a neutrino.

he detector need to be ultrapure, as any impurities could produs:s: IR P

The Sun’ll go out, tomorrow

Once neutrino detectors became sensitive enough, they were a useful assat 7 i

In the centre of the Sun, protons fuse to form helium, giving out positrons, fisi
gamma photons almost immediately interact with another particle in the denzs - o
promptly interact with another particle. The gamma photons bounce et
over 100,000 years for a photon produced in the core of the Su “

Neutrinos, however, have no such problem with IPa_\':z;'
pass straight through the Sun, and stream t
interior than photons.

th' ----- Bin's core had been miscalculated? Some people even put forward the
Sun were changing, with solar neutrinos being the first indication, and the =
effects, effectively turning off the Sun.

All of these theories had their own problems - if the standard model was iic:
physics on its head, but have knock-on effects on the particle interactions ok |
with the standard model. Helioseismology, using waves in the Sun's ¢orons 1o o
confirmed the predicted pressures and temperatures at the Sun’s core. Ang ©
science fiction — and there would surely be more signs than just fewer neuir

COPYRIGHT
PROTECTED

Education

S'E‘l’éctron neutrinos are produced in the Sun but due to their high ensryy s
heutrinos, as long as their energy at least meets the higher mass neutrinag’ rzor oo
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change back to electron neutrinos, or the other type. By the time the newtsios
would be roughly evenly mixed.

This oscillation between types of neutrino actually proved that neutrino
measured, so it was previously unknown whether they even ha
different types of neutrinos, they must have mass.

Lowest m~zs

Charged leptons Muon ()

tron neutrino (v,) Muon neutrin (v, ;

bnfirming that neutrinos have mass also confirmed that neutrinos
speed of light in a vacuum, ¢, as only massless particles (like photors: can
light.

In 2011, an experiment in Switzerland and Italy found something iz
measured neutrinos travelling faster than light! This contradicts afi krioe: o
scientists worked for months trying to determine what was happessri:.

In the end though, it turns out a loose fibre-optic cable was at fauit, st
neutrino source and detector out by a few nanoseconds from each «
Qoving this fast, that's enough to make a big difference!

Majorana’s mask.

-3 that there’s still a lot we don‘t know abc
w what their antiparticles are. Neutrinos may b i

Neutrlnos are ¢

bo‘son might both be Majorana particles. What makes neutrlnos SO interesting i1
particle interactions.

When a neutron decays into a proton via beta decay it gives off an eleciron &
antineutrinos were identical, this would mean that lepton number wouid not !
If neutrinos were Majorana particles, lepton number not being conserved woii oo
there’s so much more matter than antimatter in the universe.

Comprehension ques’tions

1. What are two of the main methods of detecting neutriz >
2. Why are fewer neutrinos detected from the Sur;
3. What are the theoretical consequence:

Discussion

i — - - - A U R AR R P R e e

neutrinos from celestial sources?

W ARV W W W

Do some research into sterile neutrinos, and write two or three paragraphs de:o
they might be so significant to physics.

Stretch and Challenge Articles for A Level AQA Physics Page 14 of &0
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Ga’ceway to the Quantu:

3.2.2 Electromagnetic radiation and quantum phenomena

Black body A body or object that
Photons Quantised packe*’

Wave function <er Aurit mechanical state of a gari

mass of an obJect are the same for different observers among other intuitive 2o
explained the world pretty well; however, there were a few discrepancies i) o
unified theory was formulated.

The quantisation of light (1900)

From studying black bodies, you know that all objects emit radiation, witis ths v
radiation depending on the object’'s temperature. Humans have a body ter
emit infrared radiation. The hotter an object is, the shorter the wavelengt

..................

The electromagnetic radiation can take lots of different wavelengths,
but must be a whole number of wavelengths, so can only take certain
modes, shown by the diagram to the right. Think of it like stationary
waves of a string — the wave can have an infinite number of
wavelengths, but only certain wavelengths won't interfere destructively,
so only certain wavelengths are seen.

In one dimension, x, the possible wavelengths of the modes are:

e sirie function, so
“#stube are of the form:

2h
BAAT) = 5 e

e?\kBT _1

Stretch and Challenge Articles for A Level AQA Physics page 15 of 80
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The graph above shr,

quantity.

Planck initially thought the quantisation of electromagnetic radiation o formiai

workaround and didn't mean anything physically significant. A couple of vz
a model for the photoelectric effect. The physics at the time expected the en
photoelectric effect to increase with the intensity of the incident light. Haowes
frequency of light that determined the energy of the electrons. Einstein suz
packets called photons, and one photon collides with one electron onk
particle.

R
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The quantisation of matter (1913)

Niels Bohr also suggested that the energy of atoms is quantised. Specificaity
that electrons can only exist around the atom in discrete orbits, depenf*’f’
their energy.

............................

Think of the circumference of each electron
waves in Planck’s derivation, each electr-

The Schrédinger equation (1925)

The shape of an electron orbital is modelled by a wave function - this gives the o

a specific place. Erwin Schrédinger developed an equation that modelied v o £

The Schrédinger equation is fundamental to quantum physics. Itis best to e

a particle trapped in an infinite potential well.

( Did you

Max Planck was awa
derivation tk

awarded the Nobel prize in 1929 for his wmk O
wave nature of electrons. A successful 11 years for
quantum theory!
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Particle trapped in an infinite potential we

For simplicity, we will ignore the progression of time and only consider rru

~ime-independent Schrici

To describe the particle in this well, this equation needs to be solved for ${xy, o
function of a particle is a description of the particle in space and time, giving the -
in a particular location at a particular point in time.

COPYRIGHT
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Salving the Schrodinger equation for our particle in an infinite well gives th:

where n is an integer (representsi
solution of the electro :

0 e possible solufigis: oo
des in the derivation of Planck's

Educat’icn

N2Tie il

2mL?

n=
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Each wave function corresponds to a possible state the particle can be in. Eschi o0
the particle, given by the energy equation above. The particle cannot exist
have one of the quantised energies from this equation. Below is a plot of ¢
in an infinite potential well.

inding the particle at a point x is given by thie o
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The orbital of an electron in an atom is a type of potential well. This potential v

functions, and, therefore, energy levels that can exist. This is why Niels Bobw i

have discrete energies, which led to his Nobel Prize.

The predictions from the Schrodinger equation and other qua

theories ever developed.

But what do these equations me
Bohr, Heisenberg andﬂ_'
interpretation

sical significance of the war
nver these questions. Their descriptios: o

gSBor enhagen interpretation

%‘ég

DM®Z0 between 1925 and 1927, the Copenhagen

interpretation came from a meeting of world-leading / -

physicists to try and determine the physical meaning of the Norrall

theories and results emerging from quantum mechanics. one iy
coin fiiy

The interpretation states that a system is in all possible states grap ¢

at once. So our particle in the infinite well is at all positions systerm:

along the x-axis at the same time! Just let that sink in for a

second. The particle only ‘decides’ to be in a particular

position when forced to by being observed, or interacting
with its environment.

Each state has an associated probability calculated f....
function, ¥5(x) and its associated probabili
has this wave function when its '

m

So the wave function for ou
the centre. Repeatir.::

to one position, i.e. we measii ¢
‘nt'would find the particle in another o«

| 2‘5‘5 Pateresting thing about this interpretation is that a quantum msct
staves at the same time. It's only when an observation of the system is A
collapses, resulting in the system being in one state; the one that matches e v
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Schrédinger described this principle with a famous analogy called Schradinges™: ¢

sealed. At any point, the nucleus could decay, breaking the vial, releasing i
be known whether the nucleus has decayed or not until it is observed. Thuss, 1 = o
two possibilities.

While the box is closed, and the nucleus is both decayed and undecayed {0
simultaneously considered to be alive and dead, with the probability of the
wave function. It is only when the box is opened that the state of the cat is <=t
function collapses into a single possibility.

Schrodinger suggested this analogy to point out the flaw in the Cope” .. L

more grueso
Ll 01 L

1. Describe how the possible modes of electromagnetic radiation in a confine:
quantisation of energy.
2. What does the Copenhagen interpretation say about the quantum states o

3. Describe how the famous analogy known as Schrodinger's cat appliss to v

Discussion

How does the Copenhagen interpretation affect larger, classical systems? is i

ihe barrier. Research this phenomernoy: so -
n A4 poster to be used in a science fair.
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Me’ca-magie

Material
Black body ' 3 | ation on .
Refractive index The meas'.iii ]

oniy affect the electric part of light, causing common optical effects such a5
refraction. However, it is possible to develop materials that also interact
with the magnetic part, leading to new effects unseen in nature. These
materials are called metamaterials because they go beyond what is
observed in nature {meta — Greek preposition meaning ‘beyond’).

Every time a news article reports on new findings in metamaterial sciencsg,
reference to Harry Potter’s invisibility cloak tends to be made. This is

because some metamaterials have the ability to bend light around an ¢hjex
object, effectively making the object invisible. Although current metar:
certain wavelengths of light in the infrared or radio wave parts 7. .=

and absorption of radiation is equal However, the Earth receives a Iare:;e AT
radiation from the Sun during the day, and then very little during the night.
the temperature of the atmosphere to vary accordingly, normally lagging bef
intensity of radiation by a few hours. This is nothing new, everyone kricws it gt
during the day and cold at night.

During the night there is very little radiation being absorbed by the atmosghers © o
space, but there is a lot of infrared radiation being emitted into space. Tha i¢
absolute zero at 2.7 K. The temperature of the Earth’s atmosphere and suyia«
hot radiating on the Earth, there is a large temperature gradient from
300 K mostly emit radiation with wavelengths in the range 8-17
which Earth’s atmosphere barely interacts with. Therafo
temperature will just escape into space. The 7200 .= of | .2 Fcar
Earth's surface!

COPYRIGHT
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This principle was used
the end of thy

:  Education
" E.@c’ 2P ature of the water to drop below 0 °C causing it to freeze. The Pes ) 4
be®& <unrise and store the ice in cool ice houses to use later on.
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The issue with this cooling technique is it can only be used at night. During tha o o
overwhelms the emitted radiation from objects, causing their temperature o
come in. Aaswath Raman and Shanhui Fan run a company called Ramar: L
reflects most light but allows a small window (813 um) of wavelengt!
this material, any incident radiation from the Sun will be reflec T
object due to its temperature can pass through the mate aiar LS

material will cool dow
0 the Sun. Theoretécaé%m

This is very unintuitive because an obi

d on the roof of the bLuIdlng The water then coaols in these pmf
system Field trials have shown this increases the efficiency of the cooling =

Adaptable antennas

A typical antenna will emit a signal in all directions
at once. If there is only once receiver, say a satellite
in space, then the majority of the energy used to
emit the signal misses the satellite and is wasted. A
satellite dish is better as it can be directed at the
satellite to emit a beam containing the signal;

however, this involves the mechanical movement of
the dish.

Posit;
A new type of antenna is a flat p refractiy
They have no mechanic?

of electronics an

Siig a mix
the direction

- refractive index (see right). The individual elements can be turned o a0
electronlcs in such a way as to track the satellite as it moves across the sk,

actually moving. These antennas are much more efficient than standard @
compared to satellite dishes, making them useful for mobile applications su«

Comprehension ques’cions

A S S A 5 S R o S T

1.  What is the definition of a metamaterial?

2. What wavelength range do objects at 300 K mostly emit electromagnetis v o 'COPYRT‘GH'}«
3. How did the Persians create ice in the middle of the dessert? PROTEQTE'
4. What is meant by a negative refractive index? . o0 Ll
Discussion

In groups of three or four, try to
metamaterial as you can

Vg

""" Education

to your class as a two-minute presentation.
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Seismic waves
Attenuation
Plasma

This outer layer is split into plates (like puzzle
pieces) that move around due to convection
currents in the mantle — a thick layer of magma
around the Earth’s core. These plates are budged
up tightly to one another, with high friction
coefficients. When the stress becomes too high for
the plate boundary (the limit known as the local
strength) the plates slip causing a shockwave of
vibrations to propagate through the plates and
molten rock. This is called an earthquake.

Earth's crust is split into eight major plates with
be categorised into three ways:

A transform boundary i< -
oving horizc,
i cas

e reach the surface and cool, creating volcanoes and islands if posis
was tormed around 16 million years ago).

Convergent boundaries result in a less dense plate sliding on top of the mors oo
dense plate down into the mantle. This can lead to the construction of mour
also to strong earthquakes.

B
G

o ) Horecw

ivergent boundary

Educaticn
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Seismic waves

--------------------------------

Earthquakes release a lot of energy. The size of an earthquake is
commonly measured using the Richter scale, although this doesn't
distinguish large earthquakes from one another.

A modern replacement of the Richter scale is the
(MMS), used for earthquakes of more th-:
earthquake in 1994 in Northridg
scale and 6.7 on the mc:
energy release’.

::-xs(_ale) A lower bound for the
om the MMS, My, as:

E>10 2 W 1 1125

t the Northridge earthquake is an energy of:

pithoront e

E>20x10°")

The largest bomb ever denoted by humans was the Tsar Bomba in 1961, i iz |
earthquake in California released more than 9500 times the energy of the Tzar i
Richter scale, a medium-level earthquake.

Most of this energy is used to deform rocks or cause heating near the epic
some is radiated away from the epicentre as seismic waves. In our 3D way!
directions. However, the position of the epicentre means Earth's surf>:
another. This part of the surface will, therefore,

receive more energy and much more quickly after
the earthquake has occurred.

Energy is radiated away in the
These seismic waves i
each amvma £h2

The P-waves (stands for primary waves) are longitudinal, like sound waves, an i+
around 10 km/s.

S-waves (stands for secondary waves), on the other hand, are transverse and .o

Finally, surface waves carry the majority of the energy (so cause the most desiri i
surface (as the name suggests), so have further to travel to a detection poirit,

COPYRIGHT
PROTECTED

The different arrival times of the parts of a seismic wave can be used
is from the epicentre. Using many detections sites, the positior:

 Education
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Seismographs

--------------------------------

Detection points dotted around the globe use seismographs to determins
any motion in the ground. The basic principle of a selsmograph IS to 1%
pin point that moves across paper due to some motion,

The simple seismograph shown on the right
in the vertical direction moving the he=:

2 fe first pulse is the arrival of the P-waves, then come the
S waves and finally the majority of the energy of the earthquake hits
the detection point as the surface waves.

Waves are attenuated (lose energy) when they travel through a
medium. Seismic waves are no different. The further a detection
point is from the epicentre, the smaller the amplitude of the measured
waves. By comparing this distance to other seismographs, the positon

of the epicentre can be determined. S

Replacing the seismograph

Nowadays, seismographs are digital and

much more sensitive than the mechanica!
apparatus described above. How
are not the only metho
earthquakes Thesri

Therefore, the future of predicting
earthquakes will see an array of satellites
constantly orbiting and monitoring tectonic
plates in the ELF and IR parts of the
electromagnetic spectrum. Signatures in
these parts of the spectrum that lead to
earthquakes can be used to predict future earthquakes weeks in advance, as o000

S-wave

millions of lives. To do this, though, the equipment must be extremely ser:-
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Sun surfing

------------------------------

Helioseismology is the study of waves that propagate through the Sura Thi

Waves travellmg through the Sur éd into three types:

‘_aused by the gravity due to the mass of the Sun, these slower waves 2+
They are analogous to the S-waves that travel through the Earth. As i

observation of G-waves has been made, but their existence is impiéed by i

. F-waves

Also known as surface gravity waves, these are transverse waves that zro o

like water waves over the sea.

Comprehension questions

1. Name one example of a transform fault line. |
2. What is the minimum energy released by an #a hq
moment scale? "
3.  What fact, other than the arri
the epicentre of an e2
4, Descrlbe the &

>nttypes of seismi¢ waves, o

through the Earth) or helioseismology (study of waves through the Sur‘sj

Extension

The Solar and Heliospheric Observatory (SOHO) satellite has been monitoring

years. Research this satellite and its findings and present your research as a fa0 @00
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Interferometers: GeHing into

3.3.2 Refraction, diffraction and interference

The interference of two w
resultant wave
Relativity =~ Theidea ths . ystem can depend or the relai

Superposition

Space-time Z:ensional continuum that comprises of three st

@é&f‘ Fometer is a tool that measures the intereference between two wizve:

extremely small changes in distances, useful in many scientific experiments.

Basic principles

The linear interferometer is the simplest form of interferometer. Devised vy s
device shines light at a beam splitter, creating two beams, 4 and B, that proga s
These beams reflect off mirrars and return to the beam splitter.

The waves of these two beams interefere and propagate towards a detects:
the same source of light, so are initially coherent (in phase); however. ' 5.

The phase difference between the waves is related to the difference in path fero

using extremely coherent light, such as LASER light, with small wavelengths, st -
can be measured.
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M|rrorA

vel at a speed of v, + v,. This simple addition of velocities for differan: o

Brugs
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atjust like the way s
ether'. Also during the mig i

 Education

its aether, a constant in the background. Up until this point, however, the za1
observed. No other matter interacts with this aether, it's only suggested 1 sunis
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This is where the Michelson—-Marley experiment comes in. Their hypothesis was @
this aether, the two arms of the interferometer will be travelling at differant
results in a difference in path length which will result in some change ir i+
experiment found no change in the path length between the two ar

Light propagated along each arm at the same speed,; the
just constant to any observer. This contradicts G

weighing scale. Standing on the weighing scale when the elevator is static:
elevator starts accelerating upwards at g = 9.81 m s™, the weight would inst
space and accelerating upwards at 9.81 m s, the weighing scales would s}
inertial effects (acceleration) and gravitational effects are indistinguishable, s <o

General relativity explains gravity as a curvature in space and time, which
light follows. This means that gravitational effects can only travel at the
speed of light and no faster.

This weird consequence means that if the Sun were to sudz -~
disappear, the Earth would continue to orbit about ti2 p
Sun was for another 8 minutes (the time it t

light, but is the speed lim* 1
the universe.

. Ubjects with mass distort this space-time, causing it to ‘bend” tomw
s gravitational forces between objects with mass.

If an object with a large enough mass distorts space-time with a large encugh oo
like water waves rippling across the surface. The energy needed to create & |
is enormous, even on the cosmological scale. Therefore, only events kks the oo
holes will result in gravitational waves, and even these waves are small,

Detecting these waves requires extremely precise equipment, such as an irtsfe
emitted from somewhere in outer space will pass through the Earth, causing 1
to oscillate. The length of the arms of an interferometer will, therefore, vary =

COPYRIGHT

The Laser Interferometer Gravitational Wave Observatory (LIGO) i< d rhor s T
consists of two interferometers situated 3000 km apart i [ IRl
source of the gravitational waves can be deduced,

Each interferometer has arms that >
interferometer used by Micl. “and - 'c eyi“At the end of each arm are 40 4
mirrors suspender!.i:: Jwidr-segment pendulum (a pendulurms fi

a Dolum pén ulum that is hanging from a pendulums}. -

/ag

 Education

To further increase the sensitivity of the interferometers, mirrors are addesd
travels up and down its arm many times before interfering at the bearn stttz
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the LIGO interferometers 1120 km long, 144,000 times longer than the irts:f
Morley! All of this means the LIGO interferometers can detect a change in =

After only a few days of operation, on 14™ September 2015, both LIGC

~1.0

- s

Since then, four other black hole mergers have been detected and the first sz
17 August 2017. LIGO is currently on pause but will continue operationr v

The European Space Agency hopes to build its own gravi
Antenna (LISA) will work on the same principles as
contend with interference caused by vibrati
smaller and lower-frequency gravi:

rces, making Liks

: hat was the aim of the Michelson—Morley experiment?
3.  What was proposed by Einstein to solve the issue of the results of the ¢
4. How large were the black holes that merged to create the first detectsd o

Discussion

Previously, astronomy has collected all of its data by looking into the sky zsi
electromagnetic radiation emitted by the stars and galaxies. Now with the at
there is a new way to study the universe. Discuss as a group the implicatigns of 7 ¢
universe.

Extension

The Laser Interferometer Space Antent
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Holograms: Seeing Things The

3.3.2 Refraction, diffraction and interference

Laser
Lens
Interference

le uiid -gram means ‘'message’, so a hologras i i o
gram’ has been used to mean a message or imags ¢

Laser holography

A laser beam is split into two using a beam splitter. One of these beams is ¢y
reflected off the object towards a holographic plate. The second beam skig
the holographic plate using a mirror. This second beam is known as the referso.

The two beams meet and interfere at the holographic plate. Their interfereres oo
holographic plate, just like the way a camera takes a picture by exposing # :

The pattern recorded on the holographic plate doesn't look like

Beam splitter

PROTECTED

7og

\ Educgtion
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The emerging wave front from the holographic plate
is exactly the same as if the object was actually
there. Therefore, optical manipulation such as
placing a lens in the path of the wave front will
magnify the image of the object, just as if the
observer was looking at the real object through the
lens.

- kdeonstruction
" beam

A common example of refle
found on credit card< n
holoarams a | making fraudulent

\ @ o
Dynamic holograms

The classic laser holography process is equivalent to taking ‘5
photos and printing them out. But what is the holographic .
equivalent of videos and are they even possible?

Well, the technology is young but with the use of metamaterials,
generating holograms that can change with time are possible. A
metamaterial is a material that 'goes beyond’ what is naturally

possible. Basically, these are materials that are designed and {0y
engineered to manipulate light in a specific way.

In early 2017, a team of scientists published a pa~

- g Wars- -esque dynamic holograms won't be replacing our vides «=
the prlmary method of communciation.

Acoustic holography

Holograms aren't specific to light. Any wave can be used to create a holograry: w0
process works slightly differently to laser holography. The basic princigie is : i
that interfere to create a pattern of pressure variations in the medium i which £

COPYRIGHT
PROTECTED

One method uses a 3D printed sheet placed on top of a speaker.
This sheet is designed in such a way as to transmit the sound to
create the desired pressure waves. Another method uses
of speakers that emit waves that interfere with one ¢, ot
creating pockets of high and low pressure,

 Education

a need to transport an object without making direct contact
with the object.
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The holographic principle

--------------------------------

The three-dimensional image produced by a holographic plate looks exacit
in theory whereas in reality things I|ke resolutlon and dlrty mlrrors/Iem

A black hole is the remnant of a very massive star. It's so dense that not evern by
surface around a black hole called the event horizon, where anything that ¢ |
no chance of escaping. As the object falls into the black hole it takes its ifoyiat
molecules and how they are arranged to make up the object.

A problem arises when merging this extreme case of gravity with quantusy i
mechanics state that information cannot be created or destroyed, just mo:
into a black hole isn't destroyed, where does it go? According to the hois B
information contained by the matter is displayed as deformations in the 2
horizon.

Some scientists have taken this prmaple one step furthe :

1 this

Bow o — e

" Describe the construction of a metamaterial that can produce dynaric bobo
Describe one application of acoustic holography.
How does the holographic principle propose a solution to a problers foursl
quantum mechanics?
Discussion

N N N N N N N N N N N N N N N N N N U AU O R R G G
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does this theory affect your view of the universe?

Extension

Holograms are commonly used on credit ca;
other common application of ho

ur findings as a short o

Education,
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Laser Focus

Ground state
Energy transition
Optical resonator

1'an atom has an associated energy level. These energy evs
n electron is only allowed to have energies that correpsond to thass o
change energy level if it gains or loses energy. It can do this via three ways.

Spon’caneous emission

An electron in an excited state (a higher energy level than hormal)

will eventually transition into its ground state. The average time it S p—
takes to do this is called the damping time constant and is
typically a few nanoseconds. When the electron does decay to its
lower energy level, it emits a photon with an energy equal to the
difference in energy levels. The higher the excited energy level, the
shorter the wavelength of the emitted photon. This emissi ' e
photon is called spontaneous emission. | "

Absorp’cion

As the name sug

_jUSt miss the electron without mteractlng with it.

Stimulated emission

Consider an electron in a high energy state, as for

spontaneous emission. If an incident photon

with an energy equal to the energy transition EM
(E; —E4) comes along, the photon will interact
with the electron, causing the electron to
transition to the lower energy level. The
change in energy causes a new photon to be
emitted with an energy equal to the energy
transition (E; —E,). There are now two
each with an energy equal to th
transition (E, - E4) that :

h other.

stimulated emission.
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HOW a ].d.SQl’ WOII{S

--------------------------------

A laser uses the principle of stimulated emission to create many coherenst i
frequency. The photons are generated using a gain medium. This a =
plasma) that is excited by either external light sources (optical =

pumping).

one of the exoitss -

The emission of one photon (via spont2: |
<amlated emission. {f the s

SN\ e e

li:)plica’cions of lasers

Lasers have a huge number of applications, from barcode scanners and cpticat
and cutting-edge research.

COPYRIGHT
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Op’cical disc drives

--------------------------------

An optical disc drive is a common method of storing data. Information is =
The discs used are split into three types: compact discs (CDs), digital
types are ordered in increasing storage capacity but are also or

The basic optical drive is made of a pick-up hea¢
servomechanism. Informatlon is store:
The PUH usually contains a "

detect the reflected link
laser light is

2 féns for focusing the Emv
. .#hé lens also has a servomechanism
t'on the disc.

Reflective layer

Discs can come in vavi
the read -on

fecordable (write once) and rews!
omes with pre-written data, such as a music i

i |vely interferes with the incoming laser light. The reduction in amgitic e o
the photodlodes recording the hard-coded information electronically.

To increase the data storage capacity of a disc, the distance between adiacer
the pits are read correctly and the laser dot doesn't spread over multipie pits, the
be decreased. This is why the older CDs use infrared light (A = 780 nmj} wheras:
light (A = 405 nm), hence the name Blu-ray.

COPYRIGHT
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Laser cutters

--------------------------------

Powerful lasers can be used to cut through materials such as stainless stse
head can be moved using servomotors, allowing intricate designs to b= o
cleanly and smoothly cuts the metal in comparison to conventi : e

Mirror

Lasar rasar

Lens

- Laser gasinlet

Sheet metal

being cut, a gas is injected around the point :f
“steel, which is cut usmg an oxygen- fuelled bumm\

N N N N N N A N N N N N N N N N N AR VST A LA RS A LR A R L

1. Describe how light is amplified in a gain medium.

2. What is the approximate ratio between the wavelength of light used by a 11
created in a disc?

3. Whyis a gas used in a laser cutter?

Discussion

With the rise of solid state drives (SSDs) which use microchips (-
discs to store information, discuss the future of optical di i

Extension

Lasers come in a vari
someone’s eve..Fu

the laser safety standards and present your firic
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Imagmg the Invisi.

3.3.2 Refraction, diffraction and interference

Photon An elementary particle th
Focal length The distance betwe-:
Wave function The prope """""

cts such as absorption, transmission and reflecticn.

%éﬁg f is reflected off an object and enters our eye, our brain then detarizg
OLWE The object will absorb and reflect certain wavelengths by different a0
as the colour of the object.

However, light doesn't interact with everything. This could be because the s
energy of incident photons, or the object is much smaller than the waveier: !
interactions are very rare. So how do we image things which don't interact with 1

Schlieren pho’cography

To see these pressure waves, August Toepler developed an imaging techrigue o
{'Schlieren’ means streak in German. This technique amplifies the refraction ¢
of varying density, resulting in images like the image of a flammable liguid sat 0
hot, less dense air is seen to rise above the cool, denser air to the sides, sirntday o
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How does it work?

There are a number of ways to set up a schlieren imaging system, the
below. You will need a high-definition camera, a point source of Ilghf «
and a parabolic mirror,

--------------------------------

e  Set up the camera and light source clos
e Then position the parabolic mlrror -
on the diagram below. . .=
e Next, turn the lioht:
the camer>. 71, move the camera back a little.

2 x focallengih

Knife edge

Laser pointer

The point so
e so this focused light instead just misses ¢

ht should then pass a knife edge or the edge

§ lour filter. This edge will block some light

“"going in one direction, but allowing light in a slightly
different direction to pass on (see the diagram on the
right).

Remember that any variation in density in the air near the mirror will cause ratioo

Therefore, some densities of air, say low density, will be blocked by the kritfe .
will pass through. This gives our final image some contrast so we see the ¢

A small point source of light is used, so any change in direction of the light, diie 10
variations in air density, will cause the focused light to miss the norma
image in the camera showing the slight variations in air density
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Probing the nanoscale

--------------------------------

How do you image something that is too small to interact with the light, su
something smaller than an atom, like an electron, or use the mteractifm
two methods that are used in scanning tunnelling microscony (%

Scanning Jcun:melling mi

An STM uses a tungsten tip that is close, but not ‘touching’ the surface of
material that is to be imaged. The word touching doesn't mean much hers,
because we are talking about the interactions of atoms which never actuatly
touch, just interact via potential fields.

A potential difference is set up between the tip and the material. This
decreases the energy barrier between the tip and surface, increasing the
tunnelling current that occurs. The tip and surface are connected to a seriss
of actuators (precision motors) and a computer. These work together to
keep the tunnelling current, the number of electrons that tunnel fror
to the surface (or vice versa), constant. |

o

tai ne

= "up will raise and lower

The tunnelling current is directly proportio
tip and surface, so if the surface h=:

measurements an STM makes, if the STM were the size of the &
variations in height due to the ‘bumps’ of each atom would be around 2 ¢

STMs can also be used to manipulate atoms. By allowing the tunnelling cusyer
to a particular atom, the tunnelling current increases. This results in an atfras

tip which allows the tip to drag and position the atom anywhere on the surface. @

this technique called ‘A Boy and His Atom'
(https://www.youtube.com/watch?v=0SCX78-8-q0).

Atomic force microscopy (AFM)

The disadvantage of STMs is that the surface must be able t
complete and no potential difference between the S""fa
however, can also image the surface of insulz:.2q

An AFM uses a technique that
surface. The tip in thic
the microscor
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The tip used is a cantilever, a spring-like object that will experience a restoring 7
equilibrium position, such as being pushed up or down by the atoms of the sura
of this cantilever, and a detector is positioned in the path of this reflected § ¥

away from the surface and cantilever so any small variation in the cant

Detector

Surface atoms

The difficulty with AFM is the number of sources of forces that can act on thie oo

cantilever could be due to:

e Van der Waals forces. These are the forces caused by the electrostat
is an object that is positively charged on one side, and negatively chargao o
(due to the electric field) and attract one another.

e  Electrostatic forces. These are caused purely by the attraction = - = isive o
tip and surface.

e  Chemical forces. These are caused by the cov

These forces tend to be short range co

~lent

“condensation in the a0
he two. The meniscus {ihe b
ate all other forces. To get around this, i

Name the pieces of apparatus needed to set up a schlieren photogragihy <t
Describe how schlieren photography is useful to aerospace enginesss.

1

2.

3.  What is meant by quantum tunnelling?

4. Describe capillary forces acting on an AFM and how they can be reducsd vee

Discussion

surface.

Extension

similar style to this article, on th
s electron microsco

. Possible topics to resazy o o
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0% Op’cical Fibres

3.3.2.3 Refraction at a plane surface

Keywords

Cladding The outer material of a fi
Core The inner material rf
Dispersion The spreadin.: ..

parts of a signal as it ;}mg,.;_,

weeguide that transmit light in a controlled manna:
hals resulting in fast (at light speed) data connacticss o

; f‘they’ work

The basic fibre is constructed with a core encased in a cladding. The core has o o
cladding (n,>n;), so a light ray that is incident at the boundary between ti
critical angle will be totally reflected. This principle is called total internai refi::
waveguides such as fibre-optic cables.

hs where you can expand trigonometric functions suchs &2

1 1

— oy
6 122)(\.5()4{}*

In this analogy, the powers of x are the different modes and the coefficients i %
mode has to the overall function (sinx). The first three modes (N = 1,2,3} for & o

e and black represent positive and negative amplitudes of the wawe
ide can hold is finite, typically only a few. A waveguide can alsgo b oo

the fundamental mode (N = 1) can propagate through it with all others E:s.;.-;
removes the effect of dispersion but is also expensive to manufacture.

Stretch and Challenge Articles for A Level AQA Physics page 43 of 80

COPYRIGHT
PROTECTED

Educ:aticn




Dispersion

A pulse of light can be made up of many different components that each
travels at the same speed through a vacuum, different wavelengths t
even for a single wavelength ina medlum dependlng onthear:

at the same speed.

If the length of the fibre-opti
times, which could inter

_,,___‘:,_,.:.‘-..rohatlc dispersion: Different frequenues of light (i.e. different i:s:sé
radiation outside the visible part of the spectrum) travel at different zpza::
subdivided into two other types of dispersion:;

»  Material dispersion: The refractive index of a material may vary deped

travelling through it.

»  Wavequide dispersion: The way the materials have been used £
frequency dependence on the refractive index, even though the smater
dependence.

A pulse of light will have a range of frequencies when generated, ms
propagation. For a high density of information, as in today’s sic

which becomes a problem. A regenerator is position s

signal and remove this chromatic dispersive eff
frequency) reduces the effect of this di
Polarisation mode dispersiz .

o gt‘hs exciting their electrons to higher energy levels. Comblne th
W|II be exempt from impurities, which results in the absorption of some kgt v

The longer the signal travels down a fibre, the more light is absorbed. The meas -
light is called its attenuation and is measured in decibels, dB. Below is the abao

common material in fibre optics.

A

N
o

=]

-------------------------------------

800 1000 1200 1380 1550
Wavelength {nm
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From the attenuation spectrum of silica it can be seen that the wavelengihs of 1% °
the spectrum) experience the lowest attenuation, which is why this waveleng
communications. The peak at 1380 nm is caused by O-H bonds (oxygen
This impurity is mainly water, which is why fibre-optic cables must b
also why food, which contains water, heats up in a microwave.

Fwe

telecommunlcatlons cable (TAT) connects Europe to North
America via a shielded optical fibre (see right). A netwark
of these cables ensures large amounts of data can
continuously be sent between the continents. Without
them, we wouldn’t be able to use websites based in
America, or make phone calls to people across the pond.

These cables run along the sea bed, placed by a large boat that unreels t% SEV I
one coast to the other. A robot then moves across the sea floor (as |T <
using water jets to dig a trench and lay the cable in. The cable
its environment.

¥
ueto an anchor
ce the risk of this

The most common faultin TATs isa b
from a boat dragging and cuttin "
happening, cables are k-
cross sectio

around corners without distorting the image (there is a limit to how
much a fibre bends before the signal is distorted, however).

he and industry because optical flbres are thin and can bend e

An endoscope is used in medicine to get a better look at something e
within the body. It's made of two fibre-optic cables that both join to
the capturing lens. The first fibre-optic cable is used to supply a light
source. Light travels down this cable into the body, reflects off the part
of the body that is to be looked at, and then is reflected into the
second fibre-optic cable. This image is sent through the second cable
up to the doctor’s eye.
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Optical fibres are also used in cutting-edge research.;nto

A synapse is the tiny gap between two neur

et

Education
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Comprehension ques’cions
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1. Draw an image that represents the second mode of an optical fibre,
2. What type of fibre-optic cable is used for short distance transmis;.
3. Describe one type of dispersion.

4.  What wavelength of light is typically used in fi

A photonic crystal fibre is created using only one material. An array of 'hoiss” 2000 -

whereas the centre is purely the material used and acts like the core. Resgarsh
report on the research currently being done on them.
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Biq Engineering: The Internation
g g9 g9

3.4 Mechanics and materials

Keywords
Monolithic An object built with one piece
Orbit The curved trajectorv of :
orbits

Use ""’5y the gravitatiowin

Module

at combines with other modudes 10

tioh (ISS) is the largest structure ever built by b

B;ore the ISS

The first ever space station was the Salyut 1; a monolithic (launched
in one piece) space station launched on 19™ April 1971 by the Soviet
Union. It stayed in orbit for 175 days before re-entering

on 11" October,

The following six Salyut missions throughout the seventies were all
successful, apart from one which failed during its launch. All

monolithic space stations were sent into space unmanned, so th
failed missions only resulted in financial loss.

The last Salyut mission, Salyut 7, stayed ir.o
predecessors, a total of 3216 day-
it was only occupied by 7.4
7 provided the lec
ol Nd

+«d 1991. However,
6 23 up until June 1986. Salyut
tion between monolithic space
stations, the type used today.

T

Using everything they b
2 the Soviets launched i
into low Earth orbit in i
habitable modules an
in space. These moduies v
in orbit using six launches o 1
launch of the Americarn spaoe
module in 1995,

LY This was the first long-terv o0
human presence - the sr

/

{"_g&\
Kvant-?

|

UK, France, Germary, i
LN ~ studies took advantage o ©i
‘ (:%;’”#/,ﬁ positioning, including exgei
e o space on humans, piants #:
: biotechnologies whick: wers
comparably high gravity, z000
The space shuttle Atlantis docking with Mir future missions; astroptsics

molecules taken from s
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allowed monitoring of climate change, changing land use, weather systems o o0
than simply a scientific laboratory — with tensions high surrounding the Sov
scientific collaboration which broke language and cultural barriers was arn iny

After the Soviet Union (USSR) collapsed in 1991, the operation

1999 due to a lack of funding. Mir broke up |
27 March 2001. How a satelllte beha\ re

¥ onal media event creating excitement and panlc so much so the? £
on natlonal television to calm the nation. NASA said the chance of deistis &

Building the ISS

The first module of the ISS was the Russian Zarya module, launched on 20
November 1998. Two weeks later, space shuttle Endeavour brought the
Unity module to be connected to Zarya, laying the foundations of the
American and Russian partnership to build the ISS that would later foliow.
The 1SS wasn’t manned until after 26 July 2000, when the third mOdUEP :’
Russian Zvezda was added. Since then, another 29 launches ha:
modules and sections built by NASA, Roscosmos the Ja

d until it reaches its destination, then is mflated up to its

operatlonal size. The hope is for future space infrastructure to use a similar i
in launch vehicles. The launch by the Falcon 9 was the first time a private o
to be fitted, and was the first module to be fitted in nearly five years.

The ISS is split into two parts, The US orbital section
(USOS) and the Russian orbital section (ROS). Astronauts
and cosmonauts can easily travel between the two, but
generally stick to their own sections.

COPYRIGHT
PROTECTED

The ISS provides a microgravity and space environment for
many experiments to be carried out in. Since January
2018, 230 people from 18 countries have visited the.25S.

Education.

A picture tairer of o
board the spa

space environment causes to the human body.
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The results provided more evidence the human body does indeed change i sy
e  Our bones become less dense and muscles waste away — because of it

astronauts to keep up a strict exercise regime, to remain healthy o t
Humans grow a few inches taller — without the constant pressu
fact, in January 2018 the three inches lapanese astronaut

0 |
HI™Ever, when an astronaut returns to Earth, most of these changes revert }
interesting change is the lengthening of telomeres, the end parts of chromo::

this mean that living in space makes you younger?

Another interesting finding from studying astronauts is the difference bgtw sz i
more research needs to be done, but preliminary findings suggest that wes ' o
impairment than men, whereas men are less likely to faint when standing zfiz: o0
lose less blood in space.

Breaking the ISS

2. What was significant about the re-entry of Skylab?
3.  What are the names of the two sections of the ISS?
4.  Name two changes to the human body when in space for extended pernods o

Discussion

The research from the ISS helps us understand how humans can travel ansl by in
is important to carry out this research.

Extension

i1 a similar orbit argurad o
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Bueedl 5
s

Fluid Dynamics: Going

3.4 Mechanics and materials

Fluid A substance that easily fl
Viscosity The measure of resi~?
Fluid packet

dyndm'lcs found in fusion reactors or stars.

A three-dimensional viscous fluid can be described with just five equaticrs:

1. A continuity equation. This ensures that for a given volume in the fiu: 2

total mass in the volume + any new mass that enters the volums — a5+

they find the ones that work. This brute force approach will only give an ap

computing power, the more precise the calculated solution is.

The Navier-Stokes equation describes fluids with Newtonian viscosity; ary foros v

the rate of change of velocity at the point, i.e. Newton's 2" law. Most fuids ¢
of a non-Newtonian fluid is custard. It's possible to move a spoon through cusis
change in velocity will result in the custard in being very viscous and rigid.

The model used to describe fluids is similar to the particle model used
to describe gases, but instead particles are replaced with fIU|d P
(also called fluid parcels). These are very small ' pleces of . |
constant mass but which can have a changm Zovocan:
Navier-Stokes equation describes how
with one another.

r<ine Navier—Stokes equation in one dirmgrsion,

o

For simplicity

av LoV 1dp 4nd*v

Vax pox 3podx:
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Note: The x direction is chosen to be in the horizontal plane, so gravity doss w0t
Navier-Stokes equation will have an extra gravitational term on the right-i:

Partial derivative of the velocity with respect to i

The second partial derivative of the velocity with resgz::

to position, x.
P Density of flud
P il Pressure offluid
N Viscosity of fluid

The three-dimensional Navier-Stokes equation is a lot more complicated, bz

dimension are all dependent on each other.

The nondimensionalised Navier—S’coke; &

m: i equa

the computational physicists to understand the om
ke oves all the units from: o0

first be nondimensionalised. This pr
nondimensionalised 1D Navier—<

0 ov N ov _
(tOVO ot Vd)( -

constant, the more effect that term has). If a constant is really s

o This term determines the acceleration of fluid packets @ & 1o
tovg fast (small t,) compared to the size parameter of the systzi
be large.
Po This term is the ratio of the pressure and kinetic energy of i
Vs kinetic energy, there is no dynamic system to describse s o
nl This term is equal to the inverse of the Reynolds sumibzer
PVolo -

inertial force (pv,; « momentum) and the vi

...........................
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The RQYIIO].C].S number

This number is an important quantity in fluid dynamics. For low Reynoids
dominated by laminar flow (comparable to sheets of paper sliding past ¢

............................

|:IES at.2.50 m s‘1 at an n altitude of 15 km. The den5|ty and wam iF
n=1 4 x 10"5N S m‘2 The W|dth of the cross seei e

_The Reynolds number in this cac

14x10“5

g the fluid flow will be turbulent ar P
Y determmes how much the inertial '
n Eor. thls plane wing the term is negligible (viscosity forces do
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Dragging on

--------------------------------

Any object that moves through a fluid will
experience a drag force caused by the friction
between the fluid packets and the object. The
magnitude of the force can be calculated using
the drag equation:

speed); the drag coefficient, Cp, is mversely |
proportional to the Reynolds humber, Re. The 2 e
result is that the drag force is proportional to
the velocity of the object, Fp v,

For high Reynolds humbers, the drag coefficient tends to stay constant, resiit
proportional to the square of the speed, Fp «cv?. Above is a graph showirig giw
Reynolds number for a sphere.

-
Fo — Force exerted by fluid on obJect M
p- Den5|ty of fIU|d (kg m™)

e ry are described below.

Weather preclic’cion

Weather is the state of the atmasphere in a certain place at a certain time. The o -

changes and interacts with itself in a highly complex manner. The sheer sizz
the weather at a certain place very difficult. The weather also depends o ths
from the Sun during the day, the rotation of the Earth, etc., which all further oo

Fluid dynamics, mainly the Navier-Stokes equation, can be used in conjunaitiom w0
the possible future states of the weather for a certain place. The most
people in that place.

The primary goal of predicting the weather isn't
any changes that could lead to natural d:
to increased risk of forest fires), f
correct precautions bei
precautions befor

) pl'gn their route SO as hot to be caught in storyns, e
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Aerofoils and hyclrofoils

--------------------------------

Anyone that has lived on Earth knows that air and water are in great abun:
behave in accordance with the theory of fluid dynamics. As humans b=
of fluids has been exploited to provide us with quicker means ¢/ I

Fluids can be manipulated with an object cal

3

¥

.
»

P
o

The foil splits the fluid into two parts at the first point marked W|th a:l
bottom of the foil (in «:##y) is shorter than the path along
both parts of the fluid to meet at the second X ar t
flow faster. Bernoulli's principle states tha |
difference in speeds of the two p=:!
force called upthrust.

arefore, creates a presaurs o

If the foil operates in air, it's called an aerofoil, more commonly known as & win
If it operates in water, it's called a hydrofoil.

Boats using hydrofoils are uncommon but do exist. The
create upthrust from the flowing water, pushi :
water, reducing friction between the b,
much higher speeds.
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Comprehension ques’cions

A S S T O 654 006360 X T8 K K LR kb

1. Name the five equations that can describe the dynamical evolution «f

2. Write down an equation that can be used to calculate the Reynrf
3. |
e ook
/g on the rochet ot o
4, jected to a flowing fhuid

-‘ xg of funding research into chaotic systems, such as fluizs, o
i S etiing an exact solution to their behaviour.

Foils aren't just used as wings for planes or as a source of upthrust for hyedro!
other use of foils and present your findings as a factsheet about the applicatio:
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Fas f”"'

It's Not Exactly Rocke!

3.4.1 Force, energy and momentum

Exhaust gases The burnt propellant that exit:
Orbit The path of an Obl
Eccentricity

Rbclc;’c physics

Disclaimer: All of the following maths you will
come across if you study A Level Maths.

You will be familiar with the motion of
projectiles and how they behave in gravity. A
rocket is a type of projectile, so the equations
you have come across apply. The issue with
rockets is the majority of their mass is their
fuel. They use this fuel as they launch,
meaning their mass changes throughout the
flight.

To start let's consider a rocket at.:

b et. Let's build an equation that
descrlbes this in terms of the impulses
experienced by the rocket and exhaust gases
between t; and t, (ignoring gravity and air
resistance):

Initial momentum
of rocket and fuel.

mv = -dmv, + (m—-=8m){v + &v)

Final
momentum of
exhaust gases. |
It's negati ::' ;; ;:. ;';' ;': ii-i- o
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Expanding this gives: Integrating this g

mv = -v.6m + mv + mév — vém - émév

We can ignore the last term dmdv because we
assume the change in mass and velocity is small,
making this term negligble. Cancelling other term

Vi—V; = {:\j & "*.vi',.x.:‘i hy .-

Which gives us v
time after somue b

thatv + v, isa oo

0= m@ (v )dm Below is & ghot o7 i
dt & dt Notice haw 4
dv Ny )dm bgtrl‘?m% fuxj
V+V without irchs
dt dt . .
altitude {fess
You may recongise the left-hand side as Newton's effects of air ¢
second law, the right-hand side is a slight variation of resultant foios a0 o
- )dm g Key G
= V + V - DR
© dt

this with a changing mass. So the force, also called ...
the thrust, acting on the rocket is given by:

The term v + v, is the velocit;
relative to the rockef e

‘ “ Note how ths
thrast on the rocket — makes sense. the rocket, i,
EEEERE field strem“-“

= \ gin ¢
mass, ;a 2 ol

8v is given by:

&m Vi mln_"f'a' veloaty Df rocket on the mz:kﬂ. e
ov = (V + Ve) ™ W Flfnal-ve-loaty of rocket - vertically upwa

or ?? Initial mass of rocket reality rockets will -
 — Final mass of rocket / the Earth. Thigiz o
science is so oyl

2500000 2000000 1500000 1000000
m = Mass of rocket (kg)
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Orbital mechanics

..................................

Getting into space is the hard part. The vast majority of the mass of a r
the launch stage.

During launch the rocket will angle itself so it ends 1.0
basically a projectile’s trajectory with encic:
back down.

The rocket tends tn different engine designs work efficieniiy

2loyed the cargo into space, say a new space telas

An"ubject can orbit the Earth (or any object with a gravitational pull) in four win
e circular

e elliptical

e parabolic

e hyperbolic

Circular orbits are realistically impossible and parabolic and
hyperbolic orbits only describe fly-bys rather than a repetition of
motion. Therefore, we will focus on elliptical orbits.

An ellipse is a stretched circle. Instead of one centre it has two,
called focal points. The sum of the dlstance from one fO{'

Wﬁére e is the eccentricity of the ellipse (0 < e < 1) and a is the
semimajor axis (this distance is the same for both foci).

g
For the following explanation we will use the exmaple of a comet %‘»

orbiting around the Sun. An elliptical orbit will arise when the K / __

comet enters the gravitational field of the Sun with a velocity not &;:m

perpendicular to the gravitational force (all of the planets in our Q\

solar system have elliptical orbits around the Sun). The point in R T

the orbit closest to the Sun is called the perihelion (periapsis for | CGPYR;GHT
PROTECTED

an object that isn't the Sun) and the point furthest from the Sun
is called the aphelion (apoapsis for other objects).

ST | L G Combining these 1w o

 Education

R . Remember g = seri
¥ helion Aphelion
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Orbital motion

Now we know the basics of ellipses, let's look at the These are kiio
motion of an object following an elliptical trajectory, one ders
i.e. an orbit. The potential energy of an objectin a ;
gravitational field is given by:

--------------------------------

GMm

These equation: o
of an object car o
rocket engines
axis and, therel
orbiting obyjert 1 o

.« motion is given

Energy is transferred between one and the other
during an orbit, but the total energy is always
constant. Therefore, picking two points in the orbit:

1 -y 1 M Where r is tiie i
m m . i

—mv? - =—mvj - ellipse ard 11

2 I 2 rs

Rearranging gives:

T 1
Vi —Vv5 = 2GM (— - —)
v 1

A useful feature of elliptical orbits is:

Rav, = Ry, approachin
This is why ¢
energy those planets fusii

v. = [ _2GMRs _
P Rp(Rp +Ra)

For a rocket &
the gravity <1
rocket wili i
perihelion. it
on will be maost
potential is st

R R )
Ra = 1 and Ry =g — 1 by the engins
Rpvp Ravé gravitational po

transferred into 2o

Oberth effeqt
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Comprehension ques’cions

A S S T O 654 006360 X T8 K K Lk L

2. State one mathematical property of ellipses.
What are the names given to the closest and fur

The typical rocket is comprised of a main stage with either a second or a s
rocket launches with the main stage and drops it behind when it runs gut ¢

and third stages at different points in the launch. This means unnecessary v

but also allows engines attached to each stage to be specially designed i« «

{recall atmospheric pressure decreases with altitude). An alternative is to

shape throughout the launch to adapt to the changing atmospheric r--

and write a report on your findings. :
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Special Effect:

3.4.1.3 Motion along a straight line

Reference frame A coordinate -

.......

Electromagnetic radiatio

scamental field in nature)
A statement that, despite sounding trus, fes:
consequences

Pa ra_dx

widely discussed problems in physics at the time. This paper, Zur Elekirody:i
Electrodynamics of Moving Bodies, set out Einstein’s theory of special reiativity, i
the most important bases of modern physics.

It's all relative

One of the most important aspects of physics is the idea of relativity, the iic: @0
equivalent. This is actually a quite simple idea:

Consider a passenger on a train with a ball. The train is entirely
can perfectly see everything happening inside. The train.

However, another scientist standing on the platform also measures the spzed o 1
because they've measured the speed of the ball added to the speed af ths trau

Neither scientist is wrong — the scientist on the train is correct in saying that
reference frame of the train, and the scientist on the platform is corract in sanii
15 m 57" in the reference frame of the platform.

Now instead of rolling the ball forwards, imagine the ball being rolled sicle to s
of the train. The scientist on the train sees the ball simply travelling back ar;
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Again, both scientists are correct in their observations, but because of their il
different effects. Neither scientist is more right than the other, they're just ¢
different points.

In fact, all physics works exactly as you'd expect, no matter the
isn't accelerating. In any reference frame, momentum a
fields act exactly the same. If the train were perfi;th

turned the idea of Galilean relativity on its head. In his papers, Maxwell sef 2
describe how electromagnetic fields propagate. One crucial aspect of the iz
electromagnetic waves travel at the speed of light, ¢, which is given by

where g, is the permittivity of free space, and , is the permeability of fre= :
electric and magnetic waves in a vacuum, and most importantly are

constant, with all light travelling at a fixed speed. This ralsed a
travel at this fixed speed?

r\nﬂ.(..ii

iné'the passenger i &
t we have no indicatics
mieasure ¢ plus 10 m s™'. Maxweli” .
zeight travelled at its ‘correct’ speed, in comgiets
ent in terms of physics.

Think back to our train, but instead of

experlments in an attempt to measure the effect of the aether. The experin
light in different directions and at different times of the day — depending o
of light should have varied slightly as the light travelled different paths throus

Instead what was found was that the speed of light is constant, regardiess ot wiv
it from. The Michelson—Morley experiment would go on to be considered e i
time.

On the righ’c track

Einstein's solution to this problem couldn’t have been si

Galilean relativity and the invariance of the
relativity:

1. In an inertial (non arre-'
2. The speed of

all reference frames mdependent r:r%

oint, Einstein made a startling claim: to account for 7hie
, stretch and squash to accommodate the measuremenis o <0
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On our train, the passenger once again shines their laser; this time so that & s
mirrors on either side of the aisle.

F

d

o

This time the distance between the mirrors is d, but in the time taken for the i

train and photon have moved forward by a distance vt.

This actually means that the photon has travelled further according to the s
to the scientist on the train. If the speed of light is invariant, this can oniy
longer to bounce from one mirror to the other and back according to th= S

We can even work out by how much the two scientists diff

We first need to define the variables in the

measures a distance
each ather.

The equaticis o =
t= 2d comes from Py
theorem — ¢an
through yourss

For the scientist on the platform: \

X' = ,fv2t'2 + 4d°

and

VV2H2 + 4d°

C
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Now we can isolate ¢’ in this equation;

t2(2 -\2) = ad’

t'2

We know that t = % SO

t

V2
N

For a train travelling at 10 ms™, thls distance is hardly hot

The above proof shows how time can distort to maintain the speed of lighi, bt oo

Consider a rod lying along the aisle in the train.

PROTECTED

The two scientists decide to measure the length of the rod by ti
one end to the other. The scientist on the train measures t&

We know already that the two scientists mea
scientist on the platform would meacs:

Education;
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As a matter of fact

--------------------------------

Time dilation and length contraction aren't just matters of theory, they're i+
don't see these effects in everyday life because they only become apn=r
has ever travelled, but in the world of particle physics, travellin
day occurrence.

When cosmic rays hit the upper atmo;
muon neutrino, and an electron

While this doesn’t make sense for classical physics, special relativity makes i w0

decay in the reference frame of someone standing on the Earth because they o0
lifetime increases.

Travelling at 0.996 ¢, the average lifetime extends from 2.2 ps to 25 ps — auwer tois

But what about the muons’ reference frame? There still shouldn’t be enciinis i

before decaying! This can be explained by special relativity as well — the :
distance from the upper atmaosphere to the ground contracts, reducing t*

Twin peaks

There's a famous paradox in s people try to use to poks i

yWay, with only a few minutes differercs s

&
Moo

wracy onger for Earth, just like the photon on the train. The astronaut fwis oo

But wait! Since all reference frames are equivalent, this can be thought of fraes o

the spaceship. In this point of view, it's the Earth that is speeding away at closs &

earthbound twin that stays young.

Which one is it? Does the effect not happen at all? Or is one of the referance fi
why?

The answer is that reference frames are only equivalent when they're nat sconl
spaceship has to accelerate up to a fraction of the speed of light awav fr
returning. This accelerating reference frame takes the problem_ .

much younger.

General relativity is another of E
allowing similar ideas tc.i

; its name implies, itis & oo
At e ceierating reference frames. Gens
v physics, and governs all gravitationat iriis
to integrate general relativity and quantum miechie:

Stretch and Challenge Articles for A Level AQA Physics Page 65 of &0

produced. Muons dec

COPYRIGHT

\ Education




Comprehension ques’cions

how did they lead to special relativity?
An electron travels through a particle accelerator at 2.28

electron?
How can the extended lifetime c;

The ladder paradox is a special relativity paradox like the twin paradox discusias o

In it, someone runs near the speed of light holding a ladder in the directice o+ -
the ladder decreases. The person runs through a barn in which the ladder ::

the length contraction, the ladder should suddenly fit according to an ohse:

closed. However, according to the runner, it is the barn that appears sho”®

greater extent.

Do some research and think about the problem

PROTECTED
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[ A

Generator
energy

Inertia The willingnes

Charge The, '

sucir as batteries. This article will talk through the various ways energy is st

As society moves towards renewable sources which aren’t as damaging to e oo
resources, the problem may not be generating energy, but storing it. Soiar
during the day, but what happens at night? What happens to wind farms w
windy for the wind turbines to function safely)? And with climate change sz v
rivers, not even hydroelectric power might be reliable.

Energy storage in the national gricl

Modern life has become dependent on a constant power supp

vy IR
] R
\.\"' LT LT LTI CTR RN NN

to Tollow a predictable pattern each day, with exceptions such as TV picktss:,

Gas power stations are the quickest type to react, yet still take up to an
hour to fully turn on. Therefore, storage solutions are needed that have
a large capacity, but can also be quick to respond.

Reservoir

when power is needed, this water is released through a turbine and into
a lower reservoir. The reservoir has a large gravitational store which
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decreases as electricity is generated. The driven turbine generates electiicity tiut -
Any excess power from the grid can be used to pump the water from the iow
reservair, storing the energy for future use.

The Ffestiniog power station in north-west Wales is a pumped &
fastest-responding power stations in the world, belnq ab!.
demand.

. Judse times and capacity i
t. The Ffestiniog power statice
“than it generates when the water fafis.

Pumped storage power stations

Flywheels

A flywheel is essentially a large disc with the majority of its mass
concentrated on its outermost section. The disc is rotated by a driving
shaft, say from a turbine, storing the energy as rotational kinetic energy.
Due to the conservation of angular momentum, the flywheel will
continue to rotate, only losing a little energy due to frictional forces.
The energy can be withdrawn through the rotating shaft when needed,
reducing the angular speed of the flywheel. The kinetic energy store.
a flywheel is given by: '

Flywnee s are commonly used in mechanical applications such as steam

or petrol engines. The energy generated by such engines comes in

bursts with periods of no power. The flywheel stores and releases the
generated energy, spreading the power out during each cycle. This

makes the overall power output of the engine smoother and easier to appiy.

[ For more rotational mechanics, look at the content of topic 3.11, enginesrirg -
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Batteries

A battery is a device that stores energy. So technically, the flywheel and g
types of batteries; they store mechanical and gravitational energy. The
electrical type.

An electrical battery is a chemical store of en twe types

1. Prlmary the battery is produced !

batterles currently available.

A lithium-ion cell is constructed of an anode (positive terminal) and

cathode (negative terminal) suspended in salt solution containing lithium
ions (called the electrolyte). When the anode and cathode are connected
via a circuit, the lithium ions will be attracted to the cathode, causing the
cathode to become positively charged. Electrons then flow through the
external circuit to this positive cathode until the battery is completely
discharged. Applying a current in the reverse direction to the cell (electron: .
flow into anode) causes the lithium ions to flow back to the anode oy
charging the cell once more.

Battery technology has drastically improved.

ease, rising from 2.5 GW in early 2017 to 8 GW at the end of 53{?‘.3'

The future of batteries will see the incorporation of metamaterials such as ¢
at Harvard University have developed an electrochemical system that can st
between 2D layers of graphene. The graphene provides a low-resistance pat!
the anode to cathode, increasing the ion capacity of the battery; therefora, in
charge capacity of the battery (https://phys.org/news/2018-06-physiss-L
other ions, such as magnesium ions, could also be the future of batteries. Rz

of research because they have a theoretical energy density by volume that's 50 %
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Hyclrogen fue] cells

--------------------------------

Standard combustion engines use fossil fuels and
release harmful gases into the environment. An

alternative to fossil fuels is hydrogen fuel cells.

The fuel is simply hydrogen gas, H, that mixes
with oxygen from the air. The result is generz!2q
electricity, some dissipated heat, and
vapour; nothing harmful the

ext to the

Boundary layer —'"

w2 only allows protons (i.e. hydrogen ions) to Anode —— 1
pass through, and not electrons. The ions pass
through the PEM to the cathode (to react with

the oxygen atoms), making the cathode Proton
positively charged (similar to a lithium cell). ":(:rnab'lgze
Electrons are attracted to flow around the (PEM)

external circuit, doing work as they do, and then
neutralise the hydrogen ions, which react with
oxygen atoms to form water vapour.

Hydrogen fuel cells are much more efficient than
standard combustion engines and the production
of hydrogen gas is less harmful compared to

74 -
s W favour charging &0
fuels cells.

capacitor reaches a critical point, where it then discharges. The caps

charge it can hold) is measured in farads, F, and a typical capacitor has a sagaita
charge for several seconds.

Supercapacitors have a much higher capacitance (10 F to 100 F) comparad o |
can hold charge for much longer, too, bridging the temporal gap between ¢z
in quick charge/discharge applications, such as regenerative braking or static

(

COPYRIGHT
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Computers use random access memory (RAM) to the kinetir

temporarily store information while running programs
or calculations, similar to short-term memory in
humans. Most RAM in computers will be dynar
(DRAM) which uses normal capacitors. ™
short discharge time of these ¢

overall efficien
the electric
absorbing ths
generating o
system. Kingetiz -
also instalied i
Formula One &
stored in a f
discharged i §

| Education’
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Comprehension questions
1. Other than pumped storage, name one way energy is stored and iats
2. Aflywheel has a radius of 25 cm and a mass in the outermost re;

the flywheel if it's spun to an angular speed of 283 rad <!
3. Describe how flywheels aid petrol and steam ergine
4. Describe the difference between DRAM, A4

Prepare a two-minute presentation to explain what a hydrogen fuel cell is 2z b

classmates. To aid with the explanation, draw a diagram of a hydrogen fugi ¢«
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Mark Scheme

Article Question
When Particles
Collide

2 They are cheap and easy to build and
particle accelerators.
3 A charged particle moving in the pres:

a force. This force (due to Fleming's {z#
the motion of the charged particle, st
direction of motion of the particle an:
4 Protons are injected through Linac? =
are then accelerated to 1.4 GeV unti :

into the super protor.

S

vthat could be discussed:

Advantages:

e large amount of funding

« wide range of expertise

e central place of work allows quick g

Disadvantages:

e Scientists and engineers need g raiooais

o Political influences between invoheed wui

o There may be difficulty in deciding wiwe
many involved nations.

e Individual projects can only usg the ¢

What's the 1 Einstein’s relation between enerqgy and

Antimatter with E? = me*

You? Which if we square root gives: | {:{}PYRIGHT

‘zidon of the particles and th
_‘opagating in opposite directions (i cars
energy of the gamma photons is egusi 170
particles (by E = mc?).
Containing the antimatter before it ann |
normally done by slowing the antimaiisy oo
using strong magnetic fields.

EdUCQtiOn

DR
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Article Question
What's the 4 The results are accurate to 1 part in 1
Antimatter with measurements taken, one of the mes: Rt
You? measurements. Therefore, the 90T
theory give us high corf
measurements *:zat

Discussion
eafch into antimatter

as a fuel for power generatios / rocio
compare to other energy resourcss
potential use as a weapon, and conss
hands

» enforcing laws on the use and pro |
Neutrino, 1 Reacts with a proton in water, which iz e
Pussycat’ cadmium), which releases a gamma ray wiz
through a medium than light does, ane craui
like a 'sonic boom'.
2 The Sun only produces electron neutsis
neutrinos oscillate between muon and
neutrinos are detected, so only arouni
3 Neutrinos would be their own antipar:
conserved in all interactions, which ¢
than antimatter in the universe.
Discussion | Points that could be discus:

supernovae).
They can give information about ¢
information.

Electromagnetic radiation is a wave, s ¢
constructive or destructive interferencs
modes that don't set up standing wawves {4
integer wavelengths equal to dimensia
cancelling each other out. The waves ths
survive and be the only wavelengths of
leads to certain energies allowed, hens th
the confined space.

I

2 It states that the system is simultaneaushy o
observation, such as a measurement, is |

3 The analogy describes the state of & cat COPYRIGHT
simultaneously alive and dead. It PROTECTED

state of the cat is determin_.; G

we can see it or not.

Education,
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Article
Gateway to the
Quantum World

Question
Discussion

Points that could be discussed:

e Forlarger systems, all aspects of 1
with each other.

o Thisis essentially

collapses tr.: we

quantum effects)
e Quantum mechanics is very well studian
with larger-scale observations for i

A metamaterial is a material that goes b
normal materials. This typically means :
electromagnetic radiation, resulting it ¢

8-13 um

The Persians would fill a shallow batis w
The ambient temperatures in the desss
lack of clouds), which would cause thi ¢
shallow water would radiate heat inta ths
infrared radiation emitted is barely abzorios
water past its freezing point.

parallel to the boundary is reflag

Discussion

keeping fresh produce from fare
o extra layer on thermos flasks to §<

e.g. the San Andreas fault line

E
E > S 100

The amplitude of the seismic waves &
(lose their energy) as they propagate i
the amplitude of a seismic wave, the furtiv:
site.

The use of satellites that are sensitive ¢
spectrum will result in the detection of saiiv
This will allow the affected area to property
millions of lives.

Discussion

Points that could be discussed'
» Research into geos”

earc‘hmg helloselsmology COuHd
systems against solar flares. These
satellites, including the satellites thzs 0
Studying helioseismology could i
reactors here on earth, solving our
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Article

Getting into
Superposition

Interferometers:

Question

through the aether, so one arm was iravs

Initially the beams are in phase beacsus:
coherent light source. The beams thﬁ t
superimpaosing to create a resul

wwesultin a phaé,ﬁ
e in path length to e
was to measure the difference in
ms of an interferometer. The interfaror

the aether compared to the other arm. i
relative to this aether, a difference ir e s
measured by the interferometer.

Einstein proposed that the speed of §3°if

3
observer is. It is space and time that vary Lot
speed of light constant.
4 They were each approximately 30 sotar s
Discussion | Points that could be discussed:

e Better research into black holes ¢l 1o o
escape black holes, making ther: i
o There could be better researct it
behaviour.

gravitational wav. -
o ltcould®=: nev

Holograms:
Seeing Things

That ren't The-

am is used as a souy

téd beam from the object. The h{:}
interference will then display an imags of the
identical reference beam.

An array of nano-sized silicon discs thiat
computer

To transport parts of a device in the mnuis
physically touched

To deliver medicine or other medical fresiy
the human body

The holographic principle states that informe

4
Is stored as deformation on the surface o
information isn't lost/destroyed, wiich zaiaii
mechanics.
Discussion | Points that could be discussed:

Where is this 2D surface wher
Why would the univers

h our holographlc unive
":LOU|d there be new unfound physi:
How is the information stored o
hologram, what is the equivalent «
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Article Question .
Laser Focus 1 A gain medium has more excited atoi
photon with the right energy will cau:
to its ground state, emitting anc?’: t

ther oxygen is used to help burn the mats

cutter, or nitrogen is used to push the i

be disposed of.

Discussion | Points that could be discussed:

o SSDs will replace optical discs for i
replaced tape.

e Use of CDs, DVDs and Blu-ray wii dirie
wirelessly downloaded.

o Storage of information at the site i i 00
cloud services become ever muore ¢

e An advantage of using SSDs and ¢}
the reduced risk of loss of data s

¢ A disadvantage of using cloud serv
having so much information sios

Imaging the 1 For a simple set-up to photrora ”

Invisible apparatus will be nee.

rce of light

_dge or colour filter

;A parabolic mirror e
it allows the engineers to see minuts siffarss
help the engineers design aerofoils or ot
to perform as they require.
Quantum tunnelling is the effect of a <
moving through a potential energy bar
has an associated wave function that is
the particle at a particular position. Tha wawe -
further away from the particle’s expecies
the wave function of the particle spifls o o
chance of finding the particle on the oths
side, the particle has tunnelled through ¢
4 Capillary forces are created by a menizscu
gas (such as water and air), that creates
objects it is connected to. These for
the experiment entirely in i s
therefore, the water /4 "
Discussion i e

COPYRIGHT

design nanostructures.

e STMs can manipulate single atorrs, 20 000

» STMs can be used to design, sl gl oo
semiconductors.

e AFMs can analyse non-conductivy;
crystals of amino acids

e Imaging the nano-sized biologica

understanding and even cures fo

7og
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Article Question
Optical fibres 1

», because mulii-mols
e Bffects from modal dispers
one of the following:

1. Intermodal dispersion: Differsst oo
different speeds, which is why singis
remove this type of dispersion. Zir
however, so the cheaper multi-iy
transmission.

2. Chromatic dispersion: Different fraisi
colours, although this also appiias |
part of the spectrum) travel at ciffzre
can be sub-divided into two other Ty

e Material dispersion: The refra:
depending on the frequenc;

Waveguide dispersion: Th

A: L e of light will have a s
“irieaning the pulse spreads
of infarmation, as in today's
to overlap, which becomes :
at 60-70 km intervals along &
remove this chromatic dispersive v -
(coherent light with the sams
dispersion.

3. Polarisation mode dispersios; Differani
travel at different speeds. Polarising the 0 0
remove this effect.

4 1550 nm, because this wavelength sxpsris
silica, meaning a signal can travel furthay doe
Discussion | Points that could be discussed:

Advantages:

» no risk of damage or breaks
e can constantly ch
Disadvantages:
o i

PROTECTED

Big Engineering:
Thelnternat_‘ r.
-' "ta :

Educticn

debris falling on populated areas.
3 The US orbital section, USQOS, and ths -
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Article Question

4 Any two from:

» Bones become less dense.
e Humans grow a few mches

eLyeaias

.madh travel in space allows Us to b

The longer we can get humans o survive

send humans.

It gives us access to planets/asieraics wi

such as metals that are rare hers o |

By sending humans into space w

extinct (due to global disasters, 1.

e Research could help understarnd s oo
potentially saving lives here or £z

e Theincrease in funding for the resear
expands the space industry.

Fluid Dynamics: 1 The continuity equation, three Navéea"v:;;
Going with the equation.
Flow 2

4 the incoming air into tw
/.01, the other travels underneath.
of the foil at the same time. The top of
so the air travelling over the top must {
at the same time as the air travelling wu
that the faster a fluid travels, the lowsr
pressure on the top of the foil and high gy
upward force called upthrust.
Discussion | Points that could be discussed:
o An exact solution isn't needed o e v
system.
o« Techniques developed for ong chaotic o ¢
chaotic systems.
o An exact solution may be possiksde, it st
o The information learnt from studying
areas/industries.
The computatlonal PO,

COPYRIGHT
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It's Not Exactly

. v+
Rocket Science
T =(0+1
Tam¥miior wA \ |
Any one from: Ed e
e AC + BC = constant where A ani # a0 | K. UCQ‘tIOﬂ
ellipse | '

» The distance between the centre
to e X a, where e is the eccentrici

3 Periapsis and apoapsis respectively
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Article

Question

space cheaper.
e A quicker turnaround of rockets make: o
becomes much more regular, leading

developed.
» Advertisements in space or on & 17
or importance that space or the
» Expanding the space industry to i
universal standards being lost, ait

Special Effects

For the muon, the Earth is travelling &t :

1 Galilean relativity (all non-accelerating «
Maxwell's equations (giving a fixed vl
time slows down and speeds up deps
always travels at c through a vacuum.

2

rver, the time it takes for the
cause of time dilation, and for the 4

covers through the atmosphere is cotracia:
whole atmosphere in its lifetime.

Discussion | Points that could be discussed:

e particle accelerators

» medical imaging

e mass spectrometry

e GPS

e high-precision equipment whers even

timing can have a big effect
Energy Storage 1 Thermal energy storage in media such a:
2 S
] =135

I =1

Aeilywheel stores and releases the ge
spreading the power out during eaci ©

DRAM uses a refresher circuit to keey: ¢
whereas SRAM uses supercapacitors :
longer, removing the need for a refrs
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Article

Energy Storage

Question
Discussion

Points that could be discussed:

The company could use a miniatur

They could use large flywhes’
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