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Introduction

he story of quantum physics has as many twists and turns as it has

strange phenomena. A stream of vivid characters — from Albert Einstein

to Richard Feynman — have puzzled over the interiors of atoms and the
nature of forces over the past century. But physics has trumped even their wild
imaginations.

The quantum world runs according to the physics of the very small. But
subatomic goings-on are hardly clockwork, and are often baffling. Elementary
particles pop in and out of existence and once-familiar substances like light
seem impossible to pin down, behaving like waves on one day and a stream of
bullets the next.

The more we have learned, the stranger the quantum universe has become.
Information can be ‘entangled’ between particles, raising the possibility
that everything is connected by invisible threads. Quantum messages are
transmitted and received instantaneously, breaking a taboo that no signal can
exceed light speed.

Quantum physics is not intuitive — the subatomic world behaves quite
differently from the classical world that we are familiar with. The best way to
understand it is to follow the path of its development, and to grapple with the
same puzzles that the pioneers of the theory wrestled with.

The first chapters summarize how the field emerged at the dawn of the
twentieth century, when physicists were starting to dissect the atom and
comprehend the nature of light. Max Planck introduced the term ‘quanta),
arguing that energy came in small packets rather than a continuum. The idea
was applied to the structure of the atom, where electrons orbited a compact
nucleus in shells.

Out of that work grew quantum mechanics, with all its paradoxes. As particle
physics gathered pace, quantum field theories and the standard model emerged
to explain it. Finally the book explores some of the implications — for quantum
cosmology and concepts of reality — and highlights recent technological
developments, such as quantum ‘dots’ and quantum computing.




Energy
conservation

Energy powers movement and change. |

takes many forms, from heat given off in burning wood to the
speed gained by water flowing downhill. It may swap from one
type to another. But energy is never created or destroyed. It is
always conserved overall.

t is a shape shifter that
n hurni

ancient Greeks — energeia means activity in Greek. We know that

its magnitude scales with the force we apply and the distance by
which an object subjected to it shifts. But energy is still a slippery concept
for scientists. It was in investigating the nature of energy that the ideas of
quantum physics originated.

T he idea of energy as the cause of transformations was familiar to the

When we push a supermarket trolley, it rolls along because we are giving
it energy. The trolley is being powered by the chemicals combusted in our
bodies, transmitted by the force of our muscles. When we throw a ball we
also convert chemical energy into motion. The Sun’s heat comes from nuclear
fusion, where atomic nuclei are crushed together, and give out energy in
the process.

Energy appears in many guises: from speeding bullets to lightning strikes. But
its origin can always be traced back to another kind. Gunpowder created the
bang of the gun. Molecular motions stirred up the static electricity in a cloud

Thales of Miletus recognizes  Galileo notes energy Leibniznames  Young names
that materials change form  exchange ina pendulum  energy vis viva ‘energy’




ENERGY CONSERVATION

that was released in the vast spark. When energy changes from one type to
another it makes matter move or change.

Because it simply changes form, energy is never created or destroyed. It is
conserved: the total amount of energy in the universe, or any completely
isolated system, stays the same.

CONSERVATION

In ancient Greece, Aristotle was the first to realize that energy seemed to be
conserved, although he had no means of proving it. It took centuries for early
scientists (then known as natural philosophers) to understand the different
forms of energy individually, and then to link them together.

Galileo Galilei experimented in the early 17th century with a swinging
pendulum. He noticed that there was a balance between how fast the bob
moved in the centre of its swing and how high it climbed at the end. The
higher the bob was released, the faster it swung in between, rising to around
the same height at the end. Over the full cycle, energy was being exchanged
from ‘gravitational potential’ (associated with height above the ground) to
‘kinetic’ (speed) energy.

The 17th-century mathematician Gottfried Leibniz referred to energy as ‘vis
viva’, or life force. The physicist polymath Thomas Young introduced the word
energy in the sense we use now in the early 19th century. But exactly what
energy is has remained elusive.

Although it acts on vast bodies, from a star to even the whole universe, in its
essence energy is a small-scale phenomenon. Chemical energy arises as atoms
and molecules rearrange their structures during reactions. Light and other
forms of electromagnetic energy are transmitted as waves, which interact

EAmE R T e
Rudolf Clausius Maxwell postulates ~ Max Planck Einstein shows that

defines entropy and  his demon describes energy mass and energy
the second law ‘quanta’ are equivalent




 LIGHT LESSONS

with atoms. Heat reflects molecular vibrations. A compressed steel spring
withholds elastic energy within its structure.

Energy is intimately tied to the nature of matter itself. Albert Einstein in 1905
revealed that mass and energy are equivalent. His famous E = mc? equation
states that the energy (E) released by the destruction of a mass (m) is m times
the speed of light (c) squared. Because light travels at 300 million metres per
second (in empty space), crushing even a few atoms releases an enormous
quantity of energy. Our Sun and nuclear power stations release energy in
this way:.

Properties linked to energy can also be conserved. Momentum is one. Linear
momentum, the product of mass and velocity, is a measure of how hard it is to
slow down a moving body. A heavy supermarket trolley has more momentum
than an empty one, and is difficult to stop. Momentum has a direction as well
as a size, and both aspects are conserved together. This is put to good effect in
snooker —if you hit a stationary ball with a moving one, the final paths of both
will sum to give the velocity and direction of the first moving ball.

Momentum is also conserved for rotating objects. For an object spinning about
a point, angular momentum is defined as the product of the object’s linear
momentum and its distance from the point. Ice skaters conserve angular
momentum when they spin. They whirl slowly when their arms and legs are
outstretched; they speed up by pulling their limbs in to their body.

Another rule is that heat always spreads from hot to cold bodies. This is the
second law of thermodynamics. Heat is a measure of atomic vibration, so
atoms jiggle more and are more disordered within hot bodies than in cooler
ones. Physicists call the amount of disorder, or randomness, ‘entropy’. The
second law states that entropy always increases, for any closed system with
no external influences.

How do refrigerators work then? The answer is that they create heat as a by-
product - as you can feel if you put your hand near the back. Fridges don’t bust




ENERGY CONSERVATION

the second law of thermodynamics but work with it, creating CITIS JUST A STRANGE
more entropy by warming the air than they extract for cooling.
On average, taking both the fridge and air molecules into account, E?-\EEJ ::IAA-.ll-EVg% EHAEN

entropy increases. NUMBER AND WHEN

Many inventors and physicists have tried to think of ways of WE FINISH WATCHING
confounding the second law, but none has succeeded. Schemes for NATU RE G ﬂ TH RU UGH
perpetual-motion machines have been dreamt up, from a cup that HER TRICKS AND

drains and refills itself to a wheel that propels its own rotation by CALCULATE THE NUMBER
dropping weights along spokes. But when you look closely at their AGAI N, ITIS THE SAME..
workings they all leak energy —to heat or noise, say. Richard Feynman,

1 Lectures

~iv Dhivreire (toia)
on Physics (1961)

The Scottish physicist James Clerk Maxwell in the 1860s devised ’

a thought experiment that could create heat without a rise in entropy —
although it has never been made to work without an external power source.
Maxwell imagined two adjoining boxes of gas, both at the same temperature,
linked by a small hole. If one side is warmed, the particles in that side move
faster. Normally, a few of them would pass through the hole into the other
side, gradually evening out the temperature.

But Maxwellimagined that the reverse could be possible—by some mechanism,
which he pictured as a tiny demon or devil that sorted the molecules (known
as ‘Maxwell’s demon’). If such a mechanism could be devised, it could shift fast
molecules from the colder side into the hotter box, violating the second law
of thermodynamics. No means of doing this has ever been discovered, so the
second law prevails.

Ideas and rules about how to move and share energy around, coupled with
increasing knowledge of atomic structure, led to the birth of quantum physics
in the early 2oth century.

Sﬁape-shiﬂing energy




Planck’s law

By solving the problem of why coals glow red and not hlue, the
German physicist Max Planck started a revolution that led to
the birth of quantum physics. Seeking to describe hoth light and
heat in his equations, he apportioned energy into small packets,
or quanta, and in the process explained why so little ultraviolet
light is given off by hot bodies.

t’s winter and you're cold. You imagine the cosy glow of a roaring fire —
I the red coals and the yellow flames. But why do coals glow red? Why does

the tip of an iron poker placed within the fire also become red-hot?
Burning coals reach hundreds of degrees Celsius. Volcanic lava is hotter,
approaching 1,000°C. Molten lava glows more fiercely and can appear orange
or yellow, as does molten steel at the same temperature. Tungsten light-
bulb filaments are even hotter. With temperatures of thousands of degrees
Celsius, similar to the surface of a star, they shine white.

BLACK-BODY RADIATION

Bodies give off light at progressively higher frequencies as they are heated.
Especially for dark materials such as coal and iron — which are efficient
at absorbing and giving off heat — the spread of frequencies radiated at a
particular temperature has a similar form, known as ‘black-body radiation’.

Most light energy radiates around one ‘peak’ frequency, which scales
with temperature from red towards blue. Energy also leaks out to either

Term ‘black body’used ~ Wien presents his law Rayleigh presents Planck publishes

by Kirchhoff of high-frequency his law of ultra- law of black-body

radiation violet catastrophe  radiation
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PLANCK'S LAW |

side, rising in strength towards the peak at low
frequencies, and declining above it. The result is
an asymmetric ‘hill’-shaped spectrum, known as a

- Colour temperature

The colour of a star gives away its

black-body curve' temperature The Sun, at 6,000

kelvins, appears yellow, while the
A glowing coal might put out most of its light in cooler surface of the red giant
the orange range, but it also gives off a little low- Betelgeuse (in the constellation

frequency red and some higher-frequency yellow, Orion) has a temperature of half that.
The scorching surface of Sirius, the

but barely any blue. Hotter molten steel shifts this brightest star in the sky, which shines

pattern up in frequency, to emit mostly yellow blue-white, reaches 30,000 kelvins.
light, with some orange-red and a touch of green.

THE ULTRAVIOLET CATASTROPHE
By the late 19th century, physicists knew of black-body radiation and had
measured its frequency pattern. But they could not explain it. Different
theories could describe part of the behaviour but not all of it. Wilhelm Wien
concocted an equation that predicted the rapid dimming at blue frequencies.
Meanwhile, Lord Rayleigh and James Jeans explained the rising red spectrum.

But neither formula could describe both ends.

Rayleigh and Jeans’s rising spectrum solution was particularly W SCIENTIFIG
problematic. Without a means of curtailing its growth, their g::slg|[\=¥|El:lr[v: ﬁ'l\\ll[[]'WLEDGE
theory predicted an infinite release of energy at ultraviolet and

iilto;‘stffogizleengths. This problem was known as the ‘ultraviolet gﬁvﬁ g\EI'EI'II“-I ggIEII I\E’Y‘IE[]D
HAVE GONE IN PURSUIT

The solution came from the German physicist Max Planck, who OF THEM WITHOUT ANY
was trying to unify the physics of heat and light at the time. PRACTICAL PURPOSE
Planck liked to think mathematically and to tackle physics WHATSOEVER IN VIEW..
problems from scratch, starting from the basics. Fascinated by~ Max Planck 1959

1918

Einstein |dent|ﬁes the Max Planck receives  COBE team publishes black-body Planck spacecraft
photon and disproves Nobel Prize spectrum of cosmic microwave launched
ultraviolet catastrophe background (CMB)




LIGHT LESSONS

At school in Munich, Germany, Max
Planck’s first love was music. When he
asked a musician where he should go

to study it he was told he'd better do
something else if he had to ask that
guestion. He turned to physics, but his
professor complained that physics was
a complete science: nothing more could
be learned. Fortunately, Planck ignored
him and went on to develop the concept
of quanta. Planck endured the deaths of
his wife and two sons killed in the world
wars. Remaining in Germany, he was able
to rebuild physics research there in the
aftermath. Today, Germany's prestigious
Max Planck research institutes are
named after him.

the fundamental laws of physics, notably the
second law of thermodynamics and Maxwell’s
equations of electromagnetism, he set about
proving how they were linked.

QUANTA

Planck faithfully manipulated his equations,
without worrying about what those steps
might mean in real life. To make the
mathematics easier to work with, he devised
a clever trick. Part of the problem was that
electromagnetism is described in terms of
waves. Temperature on the other hand is a
statistical phenomenon, with heat energy
shared out among many atoms or molecules.
So Planck decided to treat electromagnetism in
the same way as thermodynamics. In place of
atoms, he envisaged electromagnetic fields as
being carried by tiny oscillators. Each one could

take a certain amount of the electromagnetic energy, which was shared out
among many of these elementary entities.

Planck scaled the energy of each oscillator with frequency, such that E= hv,
where Eis energy, vis light frequency, and his a constant factor now known
as Planck’s constant. These units of energy were called ‘quanta’, from the
Latin for ‘how much’.

In Planck’s equations, quanta of high-frequency radiation have
correspondingly high energies. Because the total amount of energy available
is capped, there couldn’t be many high-energy quanta in the system. It's a bit
like economics. If you have $99 in your wallet, it’s likely that there are more
bills of smaller denominations than large ones. You could have nine dollar
bills, four or more ten-dollar bills but only one 50-dollar bill, if you're lucky.
Similarly, high-energy quanta are rare.



PLANCK'S LAW |

Hot
Planck worked out the most likely energy A
range for a set of electromagnetic quanta.
On average, most of the energy was
midway - explaining the peaked shape
of the black-body spectrum. Planck published his
law in 1901. It was received with great acclaim
as it neatly solved the troublesome ‘ultraviolet
catastrophe’ problem.

Energy

Cool

Planck’s concept of quanta was entirely Blue Wavelength Red
theoretical — the oscillators weren't necessarily

real but were a useful mathematical construction

to match the physics of waves and heat. But coming at the beginning of the

20th century, a time when our understanding of light and the atomic world

was advancing rapidly, Planck’s idea had implications beyond anything he

imagined. It became the root of quantum theory.

Black body curves

PLANCK'S LEGACY IN SPACE

The most accurately known black-body spectrum comes from space. A
faint microwave glow with a precise temperature of 2.73 K emanates from
all directions in the sky. Its origin is in the very early universe, a hundred
thousand years after the Big Bang when the first hydrogen atoms formed.
Heat energy from that time has since cooled as the universe has expanded,
and now peaks in the microwave part of the spectrum, following a black-
body law. This cosmic microwave background radiation was detected in the
1960s but mapped in detail in the 1990s by NASA’s COBE (COsmic Background
Explorer) satellite. Europe’s latest microwave background mission is named
after Planck.




Electromagetism

Light is an electromagnetic wave. Extending beyond the familiar
spectrum of visible light, electromagnetic disturbances range
from radio to gamma rays. Now understood as one phenomenon
that unites electricity and magnetism, electromagnetism is one
of four fundamental forces. Its essence has been the stimulus
for both relativity and guantum physics.

e take light for granted, but there is a lot that we don’t understand
about it. We see shadows and reflections - it doesn’t pass through
or bounces off opaque or shiny materials. And we know it breaks

up into the familiar rainbow spectrum when it passes through glass or
raindrops. But what is light really?

Many scientists have tried to answer that question. Isaac Newton showed
in the 17th century that each hue of the rainbow - red, orange, yellow,
green, blue, indigo, violet - is a fundamental ‘note’ of light. He mixed them
together to produce intermediate shades, such as cyan, and recombined
them all into white light, but he could not dissect the spectrum further with
the equipment he had. Experimenting with his lenses and prisms, Newton
found that light behaves like water waves — bending around obstacles and
reinforcing or cancelling where waves overlap. He reasoned that light was
made up, like water, of tiny particles, or ‘corpuscles’.

We now know that this is not strictly so. Light is an electromagnetic wave,
made of oscillating electric and magnetic fields coupled together. But there
is more to the tale. In the early 1900s Albert Einstein showed that there are

William Gilbert investigates Newton explains ~ Benjamin Franklin conducts
electricity and magnetism the rainbow experiments on lightning




ELECTROMAGNETISM

situations where light does behave like a stream of particles, now called
photons, which carry energy but have no mass. The nature of light remains
a conundrum, and has been central to developments in relativity and
quantum theory.

THE SPECTRUM

Each of light’s hues has a different wavelength, or spacing between adjacent
wave crests. Blue light has a shorter wavelength than red; green lies in
between. The frequency is the number of wave cycles (peaks or troughs) per
second. When a beam of white light passes through a prism, the glass bends
(refracts) each colour by a different angle, so that red bends least and blue
most. As a result the colours spread out into a rainbow.

But the colours don't end there. Visible light is just one part of the
electromagnetic spectrum, which stretches from radio waves with
wavelengths spanning kilometres to gamma rays with wavelengths much
smaller than an atom. Visible light’s wavelength is around a billionth of a
metre, close to the sizes of many molecules. Beyond red light wavelengths

Radio Visible light Y Rays

D) & 4

Electromagnetic waves range in wavelength from thousands of
metres to billionths of a metre.

Hans Oersted links electricity ~ Faraday discovers electro- Maxwell publishes  Einstein publishes his

and magnetism magnetic induction his four equations  theory of special relativity
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of millionths of a metre is infrared light. At millimetre to centimetre
wavelengths we find microwaves. Short of violet light lie ultraviolet, X- and
gamma (Y) rays.

MAXWELL'S EQUATIONS

Electromagnetic waves combine electricity and magnetism. In the early
19th century, experimenters such as Michael Faraday saw that these fields
could switch from one sort to the other. Moving a magnet near a wire pushes
charges around and causes electricity to flow in that wire. A changing
current passed through a wire coil produces a magnetic field that can induce
a current in another coil —this is the basis for the electrical transformer, used
to scale currents and voltages for domestic energy.

The big breakthrough came when the Scottish physicist James Clerk Maxwell
managed to encapsulate all this behaviour in just four equations — known
as Maxwell’s equations. Maxwell explained how electricity and magnetism
arise from one phenomenon: electromagnetic waves, comprising an electric

field varyinglike a sine wave in one direction, accompanied

IN ORDER TO UNDERSTAND by a magnetic field varying similarly but oriented at
THE NATURE OF THINGS, rightangles.

MEN MUST BEGIN BY
ASKIN G, NOT WHETHER A Maxwell’s first equation is also known as Gauss’s law, after

THING IS GOOD OR B AD, the 19th-c?ntury physicist Carl Fnednch. Gauss.It descnk.)es
the electric field around a charged object, and how, like
NOXIOUS OR BENEFICIAL, : :
BUT OF WHAT KIND IT IS? gravity, the strength of the field falls with the square of the
‘ ) distance. So if you move twice as far away, the electric field
James Clerk Maxwell, 1870 & reduces by a factor of 4.

The second equation does the same for the magnetic field. Magnetic (and
electric) fields are often visualized by drawing contours of their field strength,
or tangential lines of force. Around a magnet, the second law states that
these magnetic field lines are always closed loops, travelling from the north
to the south pole. In other words, all magnetic field lines must start and end
somewhere, and all magnets must have a north and a south pole - there is
no such thing as a magnetic ‘monopole’. Chopping a bar magnet in half will




always recreate north or south poles. Both poles
are retained no matter how many times you slice
the magnet.

The third and fourth of Maxwell’s equations
describe electromagnetic induction, the creation
and interchange of electric and magnetic forces
by moving magnets and currents flowing
through wire coils. The third equation describes
how varying currents cause magnetic fields, and
the fourth how varying magnetic fields create
electric currents. Maxwell also showed that light
waves, and all electromagnetic waves, travel at a
constant speed in a vacuum of around 300 million
metres per second.

Encapsulating so many phenomena in a few
elegant equations was an enormous feat. Einstein
rated Maxwell’s achievement on a par with
Newton’s grand description of gravitation, and
applied Maxwell’'s ideas within his relativity

ELECTROMAGNETISM |~

Born in Edinburgh, Scotland, James
Clerk Maxwell became fascinated with
the natural world through spending
time in the Scottish countryside. At
school he was given the nickname
‘dafty’ because he was so engrossed
in his studies. His reputation at

first Edinburgh and later Cambridge
University was as a bright if
disorganized student.

After graduating, Maxwell took
Michael Faraday's earlier work on
electricity and magnetism and
combined it into four equations. In
1862 he showed that electromagnetic
waves and light travel at the same
speed, and eleven years later he
published his four equations of
electromagnetism.

theories. Einstein went a step further and explained how magnetism and
electricity were manifestations of the same electromagnetic force seen in
different situations. Someone viewing an electric field in one frame would
see it as a magnetic field in another frame that was moving relative to the
first. But Einstein didn’t stop there. He also showed that light isn't always a

wave — it can sometimes act as a particle.

Colours of the rainbow




Young'’s fringes

When a beam of light is split into two, the different trains

can mix to either reinforce or cancel the signal. Like water
waves, where crests meet the waves combine and bright bands
appear; where peaks and troughs cancel there is darkness. This
behaviour, called interference, proves that light acts like a wave.

two very fine slits cut in a piece of card. The light spread out into its

constituent colours. But it did not form one classic rainbow, nor even two.
To his surprise, on the screen appeared a whole series of rainbow stripes.
These are known today as Young’s fringes.

I n 1801 the physicist Thomas Young shone a beam of sunlight through

What was going on? Young closed off one of the slits. A single broad rainbow
appeared, much as you'd expect from shining white light through a prism.
The main rainbow was flanked by a few fainter flecks on either side. When
he reopened the second slit, the pattern broke up once more into the array
of vivid bands.

Young realized that light was behaving just like water waves. Using glass
tanks filled with water, he had studied how waves pass around obstacles
and through gaps. When a parallel series of waves goes through an opening,
such as a harbour entrance in a sea wall, some of them go straight through.
But the waves that graze the wall’s edge are deflected - or diffracted — into
arcs, spreading wave energy to either side of the gap. This behaviour could
explain the single-slit pattern. But what about the double-slit fringes?

Newton suggests light Huygens devises his principle Young performs his
is made of corpuscles for predicting wave evolution double-slit experiment



Throwing a pebble into a lake generates rings
of expanding ripples. Throw another stone
close to the first, and the two sets of ripples
overlap. Where two crests or two troughs
meet, the waves combine and grow larger.
When a crest and a trough meet, they cancel
each other out. The result is a complex pattern
of peaks and lows arranged around ‘spokes’ of
flat water.

This effect is known as interference. What
happens when the wave grows in size we call
‘constructive interference’; its diminution is
‘destructive interference’. The size of the wave
at any point depends on the difference in the
‘phase’ of the two interfering waves, or the
relative distance between the peaks of each.
The same behaviour appears in all waves,
including light.

YOUNG’S FRINGES

~ Thomas Young (1773-1829)

Born to a Quaker family in Somerset,
England, in 1773, Thomas Young was

the eldest of ‘ten children. At school he
excelled in languages and was familiar
with more than a dozen, from Persian and
Turkish to Greek and Latin. Young studied
medicine in London and Edinburgh

before gaining a doctorate in physics

at Gottingen, Germany, in 1796. Back in
England he received a large inheritance
that made him independently wealthy.

He practised medicine whilst performing
science experiments and following an
interest in Egyptology. As well as helping
to decipher hieroglyphics by translating
the passages carved on the Rosetta
Stone, Young coined the term 'energy’
and established the wave theory of light.

By using a double slit, Young had made two trains of light — one from each -
interfere. Their relative phases were dictated by their different paths through
and beyond the card. Where the waves combined to reinforce one another, a
bright stripe resulted. Where they cancelled, the background was dark.

HUYGENS’ PRINCIPLE

In the 17th century, the Dutch physicist Christiaan Huygens had devised
a practical rule of thumb — known as Huygens’ principle — for predicting
the progression of waves. Imagine freezing a circular ripple for a moment.
Each point on that ring can become a new source of circular waves. Each

Fresnel modifies Huygens’
concept for gaps and obstacles

Maxwell’s equations describe light  Einstein shows light can
as an electromagnetic wave

behave as a particle
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ALL THE COMPLIMENTS new ripple again becomes a set of new sources. By carrying
THAT | HAVE RECEIVED  out this sequence again and again the wave’s evolution

FROM ARAGO, LAPLACE <2 Pe fellowed.
AND BIOT NEVER GAVE

All that you need to track the wave is a pencil and paper and
I\A,IE_?I?EM?SG[I:.I I‘:IIEEQS[?IEIE\ a pair of compasses. Start by drawing the first wavefront,
S DISCO then use the compasses to describe further circles along it.
THEORETIC TRUTH’ OR The wave’s next envelope can be worked out by drawing a

THE CONFIRMATION OF  r00tn line through the circles’ outer edges. The method is
A CALCULATION BY simply repeated.

EXPERIMENT. ©
Fresnel in a letter to This easy technique can be applied to follow the trajectories
Young in1824 of waves through gaps and around objects placed in their

path. In the early 19th century, the French physicist Augustin-Jean Fresnel
extended Huygens’ principle to more complex circumstances, such as waves
encountering obstacles and crossing the paths of other waves.

When waves travel through small gaps, their energy spreads out to either
side — through a process called diffraction. Using Huygens’ approach, the
wave energy sources at the edge of the gapradiate
circular ripples, making the wave look almost
semicircular after it has gone through. Similarly,
waves may diffract energy around corners.

YOUNG'S EXPERIMENT

When Young shone white light through one slit,
most of the waves passed through, but diffraction
at the edges of the slit produced 2 close sets of
circular waves, which interfered, giving the faint
extra fringes at the side of the main bright line.

The amount of diffraction depends on the width
Light waves combine or cancel as they of the slit relative to the wavelength of the light
pass through two slits. going through. The spacing of the side fringes




YOUNG'S FRINGES

scales with wavelength and inversely to slit _ EACH TIME A MAN STANDS
width. So a narr(?wer slit produces' mort? widely  JP FOR AN IDEAL . .. HE SENDS
spaced extra fringes, and red light is more FORTH A TINY RIPPLE OF HUPE,
S R e AND CROSSING EACH OTHER FROM
L A MILLION DIFFERENT CENTERS

When a second slit is introduced the result is a

. OF ENERGY AND DARING, THOSE
combination of the above pattern and a second ;
diffraction pattern from pthe interference of RIPPLES BUILD A CURRENT
waves from each of the slits. Because the THAT CAN SWEEP DOWN THE
difference between those sources is much larger MIGHTIEST WALLS UF OPPRESSION
than the width of one slit, the fringes that result AND RESISTAN CE.
are more narrowly spaced. Robert Kennedy, 1966

This is what Young saw —many fine fringes due to interference of wave trains
through both slits superimposed on a broad fringe pattern due to diffraction
through one slit.

Young’s discovery was important at the time, because it was contrary to
Newton'’s earlier idea that light was made up of particles, or ‘corpuscles’.
Because light beams could interfere, Young clearly showed that light is a
wave. Particles would have passed straight through the card and built up
two stripes on the screen.

But it is not so simple. Physicists since have showed that light is fickle: in
some circumstances it behaves as a particle, in others as a wave. Variants
of Young’s double-slit experiment — passing very faint beams of light or
opening and closing slits quickly while the light travels through - are still
very important for investigating the nature of light. Some of the weirder
findings have fed into tests of quantum theory.

Wave mixing



Speed of light

Remarkably, light travels at the same speed whether emitted
by a lamp on a bicycle, a fast train or a supersonic jet. Albert
Einstein showed in 1905 that nothing can travel faster than the
speed of light. Time and space distort when approaching this
universal speed limit. Near light speed, objects become heavier
and shorten and time slows.

hen you watch an electric storm, the rumble of thunder follows
W the flash of lightning. The further away the storm is, the greater
the thunder’s delay. This is because sound travels much more
slowly through air than light does. Sound is a pressure pulse; it takes several

seconds to cover a kilometre. Light is an electromagnetic phenomenon, and
vastly quicker. But through what sort of medium does it move?

In the late 19th century, physicists supposed that space was filled with some
sort of electric gas, or ‘ether’, through which light travels. In 1887, however, a
famous experiment proved that this medium did not exist. Albert Michelson
and Edward Morley devised an ingenious means to detect the possible
movement of the Earth as it orbited the Sun against the fixed background
of the ether.

In their lab, they fired two beams of light at right angles to one another,
reflecting them back off identical mirrors displaced by exactly the same
distance. Where the beams met, interference fringes were produced. If the
Earth moved along the direction of one of the arms the planet’s velocity
should add to or subtract fromthe light’s speed against the ether. There would

Michelson and Morley show Max Planck proposes Einstein publishes his
the ether does not exist energy ‘quanta’ theory of special relativity




be a difference in how long it took the
light to traverse each of the arms, just
as a swimmer takes different times to
swim across a river with or against a
current. As a result, the fringes should
move slightly to and fro during a year.

But they did not move. The light beams
always returned to their starting points
at exactly the same time. No matter
how orwhere the Earth shifted in space,
the speed of light was unchanged. The
ether did not exist.

Light always travels at the same speed:
300 million metres per second. This is
odd compared with water and sound

SPEED OF LIGHT

Twin paradox

Because moving clocks run slow, astronauts

on a fast-moving spaceship would age more
slowly than their peers on Earth. If you sent one
identical twin out into space on a speedy vessel,
say to the nearest star, they would experience
time slowly. On their return, they might be
youthful when their sibling is frail and elderly. This
sounds impossible, but it is not really a paradox.
The astronaut twin would have undergone very
powerful forces during their trip, as their craft
accelerates out and decelerates on the way
back. Another implication of relative time shifts
is that events that appear simultaneous in one
place may not appear so in another.

waves, which may slow down in different media. Plus, in our experience,
velocities normally add or subtract —an overtaking car seems to crawl ahead.
If you were to shine a torch at the other driver, the beam would travel at the
same rate no matter how fast each of you was going. The same is true in a

fast train or jet plane.

EINSTEIN AND RELATIVITY

Why is the speed of light fixed? This question led Albert Einstein to

- SPACE IS NOT A

devise his theory of special relativity in 1905. Then employed as a LOT OF POINTS CLOSE
patent clerk in Bern, Switzerland, Einstein worked on physics in his  TOGETHER; IT IS A
spare time. He tried to imagine what two people, travelling at different QT OF DISTANCES

speeds, would see if they shone a torch at one another. If the speed  |NTERLOCKED. |
of light can't change, Einstein reasoned, then something else must

change to compensate.

Einstein publishes his theory
of general relativity

Sir Arthur Stanley &
Eddington, 1923

Time dilation is demonstrated
by flying clocks on planes




LIGHT LESSONS

What changes is space and time. Following ideas
developed by Hendrik Lorentz, George Fitzgerald and
Henri Poincaré, Einstein made the fabric of space and
time stretch so that fast-moving observers would
still perceive light’s speed as constant. He treated
the three dimensions of space and one of time as
aspects of a four-dimensional ‘space-time’. Speed
is distance divided by time, so since nothing can
exceed the speed of light, distance must shrink and
time must slow to compensate. A rocket travelling
away from you at near light speed looks shorter and
experiences time more slowly than you do.

10% light
speed

90% light
speed

Lengths shorten when travelling
near light speed.

THE VELOCITY OF LIGHT

IS TO THE THEORY OF  Einstein’s theory stated that all motion is relative: there is
RELATIVITY AS THE  no privileged viewpoint. If you are sitting on a train and see
ELEMENTARY QUANTUM  another train next to you moving, you may not know which
OF ACTION IS TO THE  one is still and which is pulling out of the station. Similarly,
QUANTUM THEORY: IT IS although the Earth is moving around the Sun and across our
ITS ABSOLUTE CORE. own galaxy, we don’t perceive that motion. Relative motion is
Albert Einstein,1gosg & all we can experience.
Near the speed of light, Einstein predicted that time would slow down.
Moving clocks may run at different speeds. This surprising fact was proven
in 1971. Four identical atomic clocks were flown twice around the world, two
to the east and two to the west. When they arrived back, their times were
compared with another identical clock that had stayed on the ground. The
moving clocks each lost a fraction of a second compared with the stationary
clock, confirming Einstein’s special relativity theory.

Objects also grow more massive as they approach light speed, according to
E = mc* (energy = mass x speed of light squared). This weight gain is tiny
at slow speeds, but becomes infinite at light speed, such that any further
acceleration is impossible. So nothing can exceed the speed of light. And
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Born in Prussia (now Poland),
Michelson moved to the US with
his parents in 1855, He trained
as a midshipman at the US Naval
Academy in optics, heat and
climatology, eventually becoming
an instructor there After
spending several years studying
the physics of light in Germany
and France, he returned to

the US and became a physics
professor at Case Western

University, Cleveland, Ohio. It was
there that he carried out his
interferometer work with Morley
that showed the ‘ether’ did not
exist. Later, Michelson moved to
the University of Chicago and
developed interferometers for
astronomical use for measuring
the sizes and separations of
stars. In 1907 he became the first
American to win the Nobel Prize
for Physics.

anything with a mass can never quite get there but only approach it,
becoming heavier and more difficult to accelerate the closer to light speed
it gets. Light itself is made of photons that have no mass, so are unaffected.

Einstein’s special relativity caused consternation and took decades to be
accepted. The implications, including the equivalence of mass and energy,
time dilation and mass, were profoundly different from anything considered
before. Perhaps the only reason that relativity was entertained at all was that
Max Planck heard about it and became fascinated. Planck’s championing of
special relativity theory catapulted Einstein into mainstream academia and
eventually public fame.




Photoelectric
effect

A series of bemusing experiments in the 19th century showed
that the wave theory of light was wrong, or at least insufficient.
Light shone onto a metal surface proved to dislodge electrons,
whose energies could only be explained if light was made of
distinct ‘photon’ bullets and not waves.

trying to build an early radio receiver. Electricity sent crackling between
two metal balls in the transmitter could trigger another spark in a second
pair in the receiver — making up a device called a spark-gap generator.

l n 1887, the German physicist Heinrich Hertz was toying with sparks whilst

The second spark was ignited more easily, he found, when the receiver
spheres were close together — usually just a millimetre or so apart. But
strangely, sparks also caught more readily when the apparatus was bathed
in ultraviolet light.

That made little sense. Light is an electromagnetic wave, whose energy could
have been passed to the electrons in the surface layer of the metal, setting
them free in the form of electricity. But further investigations showed that
was not so.

Hertz’s assistant Philipp Lenard went back to the lab. He broke down the
spark-gap generator into its basic form: two metal surfaces placed in an
evacuated glass tube. The plates inside were separated but connected outside

Alexandre Becquerel first observes Hertz measures sparks across
the photoelectric effect gaps bathed in ultraviolet light
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the jar by a wire and ammeter to form an electric circuit.
Lenard shone light of different brightness and frequency
onto the first plate, whilst keeping the second dark. Any
electrons knocked out of the first plate would fly across
and hit the second, completing the circuit and causing a
tiny current to flow.

Lenard found that bright light produced more electrons
than faint light, as expected, given that more energy
was being shone on the plate. But varying the intensity
of the light had barely any effect on the speed of the
electrons knocked out. Both bright and faint sources
produced electrons with the same energy, which he measured by applying a
slight opposing voltage to stop them. This was unexpected — with the greater
energy input by intense light he expected to find faster electrons.

Blue light kicks electrons out of metals

COLOURS OF LIGHT

Other physicists turned to the problem, including the American Robert
Millikan. Testing beams of different colours, he found that red light could not

dislodge any electrons, no matter how bright the source. Yet
ultraviolet and blue light worked fine. Different metals had a
different ‘cutoff frequency’, below which light shone on them
could not release electrons. The energy (speed) of the electrons
emitted above this threshold scaled with the frequency of the
light. The gradient of that relationship is known as Planck’s
constant.

This behaviour was startling: according to the ideas of the day,
light waves should work in the opposite way. Electromagnetic
waves flooding the metal surface should slowly boil off
electrons. Just as storm waves impart more energy than

1901

Planck introduces concept
of energy quanta

1899

JJ.Thomson confirms electrons
are generated by incident light

- FIFTY YEARS OF
CONSCIOUS BROODING
HAVE BROUGHT ME NO
CLOSER TO ANSWER THE
QUESTION, “WHAT ARE LIGHT
QUANTA?” OF COURSE TODAY
EVERY RASCAL THINKS HE
KNOWS THE ANSWER, BUT
HE IS DELUDING HIMSELF.

Albert Einstein, 1905

Einstein proposes concept
of light quanta — photons




- LIGHT LESSONS

- IT SEEMS TO ME THAT THE OBSERVATION ASSOCIATED WITH
BLACK-BODY RADIATION, FLUGRESCENCE, THE PHOTOELECTRIC
EFFECT, AND OTHER RELATED PHENOMENA ASSOCIATED WITH THE
EMISSION OR TRANSFORMATION OF LIGHT ARE MORE READILY
UNDERSTOOD IF ONE ASSUMES THAT THE ENERGY OF LIGHT IS
DISCONTINUOUSLY DISTRIBUTED IN SPACE.

Albert Einstein, 1905

small ripples, the stronger the light, the more energetic and numerous the
electrons dislodged should be.

Nor should frequency have much effect — in terms of energy imparted to a
sitting electron there should be little difference between many small ocean
waves and a few large ones. Instead, tiny rapid ripples were readily kicking
out electrons, whereas slow swell, no matter how monstrous the waves, left
them unmoved.

Another puzzle was that the electrons were being dislodged too quickly.
Rather than taking a time to steadily absorb the light energy, even at low
light levels electrons jumped out instantaneously. By analogy, one tiny
ripple sent the electron flying. All in all, something must be wrong with
the simple electromagnetic wave
picture of light.

In 1909 Robert Millikan and Harvey Fletcher
used a droplet of oil to measure the electric

In190s5, Albert Einstein explained the

charge of an electron. By suspending it weird properties of the photoelectric
between two charged metal plates, the pair effect with a radical idea. He won
showed that the force needed to keep it the Nobel Prize for this work, not

aloft always involved a multiple of a basic
quantity of electric charge, which they
measured to be 1.6 x 10°° coulombs. This,
they supposed, is the charge on one electron.

relativity, in 1921. Drawing on Max
Planck’s concept of energy quanta,
Einstein argued that light exists in
tiny energy packets. The quanta of
light were later named ‘photons’.



Einstein suggested that it was the force
of individual photon bullets that knocked
electrons out of the metal. Although
having no mass, each photon carries a
certain amount of energy, in proportion
to its frequency. Blue and ultraviolet
photons therefore pack more of a punch
than red ones. This could explain why
the bumped electron’s energy also scales
with the light’s frequency and not with
its brightness.

A red photon will not dislodge any
electron as it doesn’t carry enough energy
todo so.But a blue photon’s clout will kick
an electron out. With even more energy,
an ultraviolet photon would knock out a
faster electron. Adjusting the brightness
won't help. Just as firing a grape won'’t
deflect a cannon ball, so increasing the

PHOTOELECTRIC EFFECT | -

In 1905 Albert Einstein published three physics
papers, each one groundbreaking. It was gquite
an achievement for a German-born physicist
working part-time in the Swiss Patent Office
in Bern. The papers explained Brownian motion,
the photoelectric effect and special relativity.
In 1915, they were followed by another
landmark, the theory of general relativity. That
theory was verified spectacularly just four
years later by observations during a solar
eclipse. Einstein became a household name.

He was awarded the Nobel Prize in 1921 for
his work on the photoelectric effect. In 1933,
Einstein moved to the United States. He lent
his name to a famous letter warning President
Roosevelt of the risk that the Germans were
developing a nuclear weapon, which led to the
creation of the Manhattan Project.

number of impotent red photons will not shift electrons. The immediacy
of the effect can be explained — travelling at light speed, all it takes is one

photon to kick out the electron.

Einstein’s idea of light quanta initially went down like a lead balloon.
Physicists didn’t like it because they revered the wave description of light
summarized so neatly in Maxwell’s equations. But a flurry of experiments
confirming that the released electrons’ energies scaled with the frequency

of light quickly turned the crazy idea into a fact.

Photon hullets




Wave-particle
duality

At the dawn of the 20th century, the idea that light and electricity
were transmitted as waves and that solid matter was made of
particles broke down. Experiments revealed that electrons and
photons underwent diffraction and interference - just like waves.
Waves and particles are two sides of the same coin.

energy - photons — and not continuous waves was so controversial it

took nearly two decades and many further tests to be accepted. At first
it seemed to reopen a polarized debate from the 17th century about what
light was made of. In fact it heralded a new understanding of the relation
between matter and energy.

E instein’s 1905 proposal that light energy was transmitted in packets of

THERE ARE TWO Inthe1600s Isaac Newton had argued that light must consist
SIDES TO EVERY of particles, as it travelled in straight lines, was cleanly

QUESTION. =

Protagoras, 485—4218c 47

Newton develops  Young performs Maxwell publishes  Discovery of X-rays  Thomson proposes

his corpuscle

reflected and slowed in ‘refractive’ materials such as glass.
Christiaan Huygens and later Augustin-Jean Fresnel showed
that light must be a wave, because of the way it bent around
obstacles, diffracting, reflecting and interfering. James Clerk Maxwell
cemented the wave theory in the 1860s in his four equations summarizing
electromagnetism.

Einstein’s proposition that light was made of particles rocked the boat. But
beyond that it set up an uncomfortable tension that is still with us today.

1801

double-slit equations of electrons are particles

hypothesis of light  experiment electromagnetism of electric fields




For light is not either a wave or else a
particle —it is both. And the same is true
of other electromagnetic phenomena.

THE PURSUIT OF LIGHT

Light's behaviour in a raft of
experiments shows it to be fickle.
It behaves as a stream of torpedoes
under some circumstances, such as
in the photoelectric effect apparatus,
and as waves in others, as in Young’s
double-slit  experiment. =~ Whatever
we set out to measure it to be, light
adjusts its behaviour so that that side
of its character comes through in the
experiment we subject it to.

WAVE-PARTICLE DUALITY |

- Louis de Broglie (1892-1987)

Aiming to become a diplomat, Louis de Broglie
entered the Sorbonne in Paris in 1909 to study
history, but he soon switched to physics. After
serving in the army.telegraphy section, based at
the Eiffel Tower, during the First World War, he
returned to the Sorbonne to pursue mathematical
physics. Inspired by Max Planck’s work on black-
body radiation, de Broglie put forward his

wave —particle duality theory in his doctoral thesis
in 1924, later winning the Nobel Prize in 1929. He
explained that he got the idea from discussing his
brother Maurice’s work on X-rays, implying that
X-rays were both waves and corpuscles.

Physicists have devised canny experiments to catch light out, and reveal its
‘true’ nature. None of them has captured its pure essence. Variants of Young’s
double-slit experiment have pushed the wave-particle duality of light to its
limits, but the synergy remains.

Light whose intensity is so dim that individual photons can be watched
going through the slits gives the same interference pattern if you wait
long enough - individual photons pile up to give collectively the familiar
fine fringes. If you close one slit, the fired photons’ locus reverts to a broad
diffraction figure. Open the slit again and the stripes reappear at once.

It is as if the photon is in two places at once, and ‘knows’ what the status
of the second slit is. It doesn’t matter how quick you are, it is impossible to
trick the photon. If one of the slits is shut whilst the photon is in flight, even

Einstein proposes ~ Von Laue realizes Compton De Broglie Davisson and
light quanta X-rays can be scatters X-rays ~ proposes wave—  Germer measure
concept diffracted by atoms  off electrons particle duality electron diffraction




~ UNDERSTANDING ELECTRONS

after the particle has crossed through the gap
but before it hits the screen, it will behave in the
correct way.

| Decpsimee

X-ray crystallography is widely used
to determine the structure of new

materials and by chemists and The photon behaves as if it goes through both

biologists investigating molecular slits simultaneously. If you try to pin it down,
architectures. In 1953 it was used to say by placing a detector in one, then strangely
identify the double-helix structure of the interference pattern disappears. The photon

DNA. Francis Crick and Jim Watson

o ‘ becomes a particle when you treat it as one. In
famously got their idea from loaking at

e every case physicists have tested, interference
patterns from DNA and realizing that fringes will appear or disappear according to

the molecules that produced them how you treat the photons.
must be arranged as a double helix.

MATTER WAVES

Wave-particle duality doesn’t just apply to light.
In 1924, Louis-Victor de Broglie suggested that particles of matter — or any
object — could also behave as waves. He assigned a characteristic wavelength
toall bodies, tiny and large. The larger the object, the smaller the wavelength.
A tennis ball flying across a court has a wavelength of 10734 metres, much
smaller than a proton’s width. Because macroscopic objects have minuscule
wavelengths, too small to see, we cannot spot them behaving like waves.

Three years later de Broglie’s idea was confirmed: electrons were found to
diffract and interfere like light. Electricity had been known to be carried by
particles — electrons - since the late 19th century. Just as light didn't need a
medium in which to travel,in 1897 J.J. Thomson showed that electrical charge
could traverse a vacuum, so a particle must be necessary to carry it. This did
not sit comfortably with the belief that electromagnetic fields were waves.

In 1927 at Bell Labs in New Jersey, Clinton Davisson and Lester Germer fired
electrons at a crystal of nickel. The electrons that emerged were scattered by
the atomic layers of the crystal lattice and the outgoing beams mingled to
produce a recognizable diffraction pattern. Electrons were interfering, just
as light did. The electrons were behaving like waves.
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A similar technique was also being used to ascertain the structures of
crystals by firing X-rays through them - X-ray crystallography. Although

their origin was uncertain when discovered by Wilhelm Conrad
Réntgen in 1895, X-rays were soon realized to be a high-energy
form of electromagnetic radiation.

In 1912 Max von Laue realized that the short wavelengths of X-rays
were comparable with atomic spacings in crystals, so if fired
through the layers they would diffract. The crystal’s geometry
could be calculated from the positions of the bright spots that
result. This method famously proved the double-helix structure of
DNA in the 1950s.

A related experiment proved Einstein’s photon concept in 1922.
Arthur Compton succeeded in scattering X-rays off electrons,

- FOR MATTER,

JUST AS MUCH AS
FOR RADIATION, IN
PARTICULAR LIGHT, WE
MUST INTRODUCE AT
ONE AND THE SAME
TIME THE CORPUSCLE
CONCEPT AND THE
WAVE CONCEPT. =

Louls de Broglie, 1929 &

measuring the small change in their frequency that resulted — known as
the Compton effect. Both X-ray photons and electrons were behaving like
billiard balls. Einstein was right. Moreover all electromagnetic phenomena

behaved like particles.

Today, physicists have witnessed wave-particle behaviour in neutrons,
protons and molecules, even large ones such as the microscopic carbon

footballs known as ‘buckyballs’.

Two sides of
the same coin




Rutherford’s
atom

Late in the 19th century, physicists began to break into the
atom. First they revealed electrons, and then a hard core, or
nucleus, of protons and neutrons. To explain what bound the
nucleus together, a new fundamental force - the strong nuclear
force - was proposed.

but little more than a century ago, all that changed. Physicists started

to dissect the atom and showed it to be made of many layers, like a
Russian doll. The first layer was that of the electron. Firing an electric current
through gas contained in a glass tube, the Englishman Joseph John (J.J.)
Thomson freed electrons from atoms in 1887.

A toms were once thought to be the smallest building blocks of matter,

He knew little of how they were distributed in matter, and proposed the
simple ‘plum-pudding model’ of the atom, where negatively charged
electrons were sprinkled like prunes or raisins through a dough of positive
charge. The attraction between the electrons and positive charges supposedly
held the atom together as they were mixed throughout the ‘pudding’

The deeper layers were the targets of an experiment in 1909. Ernest
Rutherford performed an intriguing test with his colleagues Hans Geiger
and Ernest Marsden. With the aim of testing the plum-pudding model, they
fired heavy alpha particles — a form of radiation emanating from radium or
uranium —through a very thin gold foil, just a few atoms thick.

Thomson discovers Thomson proposes Rutherford performs
the electron plum-pudding model gold foil experiment
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They expected that most of the alpha
¥ particles would pass straight through. In
fact, a small proportion of the particles
(one in several thousand) bounced right
off the foil. Many reversed direction,

New Zealander Rutherford was a modern-day
alchemist, transmuting one element, nitrogen,
into another, oxygen, through radioactivity. An

being deflected by large angles (90 to 180 inspiring leader of the Cavendish Laboratory
degrees), as if they had hit something in Cambridge, England, he mentored numerous
hard, like a baseball bat. Rutherford future Nobel Prize winners. He was nicknamed

‘the crocodile’, and this animal is the symbol
of the laboratory even today. In 1910, his

) investigations into the scattering of alpha
and massive cores. rays and the nature of the inner structure of
the atom led him to identify the nucleus.

realized that within the gold atoms that
made up the foil lay some compact, hard

NAMING THE NUGLEUS

Thomson’s soft plum-pudding model

could not explain this. It viewed an atom

as a jumble of positive and negative charges, none of which was hard or
heavy enough to block the alpha particle. Rutherford concluded that the
gold atoms must have a dense centre. He called it the ‘nucleus’, after the Latin
word for the kernel of a nut. It was the dawn of nuclear physics, 7
the physics of the atomic nucleus. £

~ IT WAS ALMOST AS
Physicists and chemists knew about the masses of different INCREDIBLE AS IF YOU
elements through the periodic table. In 1815, William Prout FIRED A 15-INCH SHELL
had suggested that atoms were composed of multiples of AT A PIECE OF TISSUE
the simplest atom — hydrogen. But this could not explain the ~PAPER AND IT CAME
weights of the elements easily. The second element, helium, for B ACKTOHITYOU.
example was not double but four times heavier than hydrogen.  ¢,,.ct pih erford, 19364

Just over a century later, in 1917, Rutherford showed that other elements
do contain hydrogen nuclei - the positively charged particles were given
off when alpha particles (helium nuclei) were fired through nitrogen gas,

Rutherford proposes Rutherford isolates Chadwick discovers Yukawa proposes the
the nuclear model the proton the neutron strong nuclear force



UNDERSTANDING ELECTRONS

which was turned into oxygen in the process. This was the
first time one element had been deliberately transmuted into
another. To avoid confusion with hydrogen gas itself, in 1920
Rutherford named the bare hydrogen nucleus the ‘proton’,
after the Greek for ‘first’.

]
mﬂ:ﬁ

COMPONENTS OF THE NUCLEUS

To explain atomic weights, Rutherford imagined that
the nucleus was made up of some number of protons,
plus a few electrons within it to partially balance the
charge. The rest of the electrons sat outside the nucleus
in shells. Hydrogen, the lightest element, has a nucleus
containing just one proton with one electron orbiting
it. Helium, he reasoned, would have four protons and
two electrons in its nucleus — to give the double positive charge of an alpha
particle — with two more orbiting outside.

¥

Most of an atom’s mass resides
in its nucleus.

The concept of nuclear electrons quickly turned out to be false. In 1932
a new particle was found by Rutherford’s associate James Chadwick. A
neutral particle with the same mass
as the proton, it was heavy enough to
free protons from paraffin but had no
charge. It was named the neutron, and
the model of the atom was rearranged.

Carbondating

A heavy form of carbon is used for dating
archaeological artefacts, such as wood or
charcoal from fires, over some thousands
of years. Carbon's normal weight is 12
atomic units, but it occasionally appears in
a form with 14 units. Carbon-14 is unstable,
and decays radioactively. The time it takes

Atomic weights could be explained by
a mix of neutrons and protons in the
nucleus. A carbon-12 atom, for instance,

for half the atoms to decay by emitting

a beta particle, to become nitrogen-14, is
5,730 years. This slow reaction can be used
for dating.

contains six protons and six neutrons
in the nucleus (to give it a mass of 12
atomic units) and six orbiting electrons.
Alternative forms of elements with odd
weights are called isotopes.
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The nucleus of an atom is minuscule. Just a few femtometres (10 metres,
or one ten million billionth of a metre) across, the atom’s core is a hundred
thousand times more compact than the electron orbits that surround it.

That ratio is equivalent to the length of Manhattan, about ten
kilometres, relative to the Earth’s diameter.

The nucleus is also heavy and dense — virtually all the atom’s
mass, possibly comprising many tens of protons and neutrons,
is crammed into that tiny region. But how can all those
positively charged protons stick together? Why don't they
repel and blow the nucleus apart? Physicists needed a new sort
of force to glue the nucleons together, which they called the
strong nuclear force.

The strong force acts on scales so small that it is only important
within the nucleus. Outside it is much weaker than the

| AM A GREAT BELIEVER
IN THE SIMPLICITY OF
THINGS AND AS YOU
PROBABLY KNOW | AM
INCLINED TO HANG ON TO
BROAD AND SIMPLE IDEAS
LIKE GRIM DEATH UNTIL
EVIDENCE IS TOO STRONG
FOR MY TENACITY..

Ernest Rutherford, 1936 2

electrostatic force. So if you could grab two protons and push them together,
at first you would feel their repulsion. Keep pushing, though, and they would
snap together like building blocks. If you compressed them further, the
protons would not budge. So protons and neutrons are bound tightly within

the nucleus, which is compact and hard.

With gravity, electromagnetism and the weak nuclear force, the strong force

is one of four fundamental forces.

The compact core




Quantum leaps

Electrons circle the nucleus in shells of different energy, like

the orhits of the planets. Niels Bohr described how electrons

may hop hetween the shells, and as they do so emit or absorh
light corresponding to the energy difference. These jumps are
known as quantum leaps.

n 1913, the Danish physicist Niels Bohr improved upon Rutherford’s model

of the atom by establishing how electrons were arranged around the

nucleus. Bohr imagined that the negatively charged electrons travelled in
orbits around a positively charged core, just as planets orbit the Sun. He also
explained why their orbits lie at particular distances from the centre, tying
in atomic structure with quantum physics.

EVERVTHING WE Electronsareheld in place around the nucleus by electrostatic
CALL REAL IS MADE OF forces — the mutual attraction of positive and negative
THINGS THAT CANNOT BE charges. But moving charges, he knew, should lose energy.
REGARDED AS REAL. Just as moving electrical current generates a field around
Niels Bohr & a wire or in a radio transmitter, moving electrons give off
electromagnetic radiation.

Early theories of the atom therefore predicted that orbiting electrons should
shed energy and slowly spiral into the nucleus, giving off electromagnetic
waves of ever higher frequency — a continuous screech of rising pitch. This
obviously wasn't happening in reality. Atoms don’t spontaneously collapse,
and no sign of the high-frequency shriek was ever spotted.

Thomson discovers Planck proposes concept Thomson proposes
the electron of energy quanta plum-pudding model



QUANTUM LEAPS

SPECTRAL LINES

Instead, atoms give off light only at very specific wavelengths. Each element
produces a characteristic set of ‘spectral lines’, like a sort of musical scale in
light. Bohr supposed that these notes’ were related to the energies of the
electron orbits. Only in those shells was the electron stable and not subject
to the loss of electromagnetic energy.

Electrons, Bohr postulated, can move between orbits and step up and down
the scale, asif climbing rungs on aladder. These steps are known as quantum
leaps or jumps. The difference in energy between the rungs is gained or lost
by the electron absorbing or emitting light at that corresponding frequency.
These produce the spectral lines.

So electrons could take on only certain packets of energy — it was quantized,
just as Max Planck had described in his explanation of black-body radiation.
The energy differences between the orbits could be expressed as an
integer multiple of the frequency of light and a fixed unit - called Planck’s
constant (h).

| ‘ Types of chemical bonds '

Covalent bond: pairs of electrons Van der Waal’s bonds:
are shared by two atoms electrostatic forces attract
molecules in a liquid

lonic bond: electrons from one
atom are removed and attached Metallic bonds: positive ions are
to another atom, resulting in islands in a sea of electrons
positive and negative ions that

attract each other

Einstein proposes Rutherford proposes Bohr develops Schrodinger proposes
concept of light quanta nuclear model model of the atom  wave equation



. UNDERSTANDING ELECTRONS

The angular momentum of each shell scales so that each subsequent orbit
has1,2,3,4and so on times that of the first. The integer labels for the different
energy states of the electrons are known as the primary ‘quantum numbers’”:
n =1 corresponds to the lowest orbit,n =2 to the next, and so on.

In this way Bohr was able to describe the set of energies of the hydrogen
atom, the simplest atom, with one electron orbiting a single proton. And
those energies fitted the spectral lines of hydrogen well, solving

~ IT1S WRONG T0 a long-standing puzzle.
THINK THAT THE
TASK UF PHVS":S |S Bohr extended his model to heavier atoms, which have more
TO FIND QUT HOW  protons and neutrons in their nuclei and more orbiting
NATURE IS. PHYSICS  electrons. He supposed that each orbit could hold only a certain
CONCERNS WHAT WE number of electrons and they filled up from the lowest energy
SAY ABOUT NATURE.! upwards. When one level was full then electrons accumulated
Kiels Bohi in higher shells.
Because the outer electrons’ view of the nucleus is partly blocked by the
inner electrons, they don’t feel as strong an attractive force from the
centre as they would if they sat alone. Nearby electrons also repel one
another. So the energy levels of large atoms differ from those of hydrogen.
More sophisticated modern models do a better job than Bohr’s original of
explaining these differences.

Bohr’s shell model explains the different sizes of atoms and how they vary
across the periodic table. Those with a few loosely bound outer electrons are
able to swell more easily than those with full outer shells. So elements like
fluorine and chlorine on the right-hand side of the table tend to be more
compact than those on the left side, such as lithium and sodium.

The model also explains why noble gases are inert — their outer shells are
full and so cannot acquire or donate electrons by reacting with other atoms.
The first shell takes just two electrons before it is filled. So helium, with two



QUANTUM LEAPS |

protons in its nucleus binding two electrons, has
a full outer shell and doesn’t interact easily. The
second shell takes eight electrons — it is full for the
next noble gas, neon.

 Jumping electrons

Electrons can jump from one
orbit to another, gaining or losing
electromagnetic radiation with a

Things get more complicated for the third shell frequency (v) proportional to the
and beyond, because the electron orbitals adopt energy difference (AE] according
non-spherical shapes. The third shell takes eight to the Planck relation, where h is
electrons, but there is another dumb-bell-like Planck’s constant:

configuration that can take ten more - thereby - -
explaining the transition elements, such as iron - EE El =y

and copper.

The shapes of large electron orbitals go beyond Bohr’s simple model and are
difficult to calculate even today. But they dictate the forms of molecules, as
chemical bonds arise from the exchange of electrons. Bohr’s model doesn’t
work well for very large atoms, like iron. Nor can it explain the strengths
or detailed structures of spectral lines. Bohr didn't believe in photons at the
time he developed his model, which was based on the classical theory of
electromagnetism.

Bohr's model was superseded in the late 1920s by quantum-mechanical
versions. These accommodate the wave-like properties of an electron and
treat its orbit as a sort of probability cloud — a region of space where there is
some probability that the electron is. It is not possible to know exactly where
the electron is at a given time.

Yet Bohr’s insight remains useful across chemistry today, as it explains a
myriad patterns, from the periodic table’s structure to hydrogen’s spectrum.

Electron energy ladder




Fraunhofer
lines

Light can be absorbed or emitted when an electron in an atom
moves from one energy level to another. Because electron shells
lie at fixed energies, the light only takes on certain frequencies
and ag&pezﬁ;:’s as a series of stripes - called Fraunhofer lines -
when split by a prism or multi-slit grating.

the 17th century we've known that white light is made up of a mix of

the colours of the rainbow. But if you look more closely, the spectrum
of sunlight contains many black stripes —as if a bar code has been imprinted.
Particular wavelengths are being chopped out as the light from the Sun’s
heart passes through the star’s gaseous outer layers.

s ince Isaac Newton shone a beam of sunlight through a glass prism in

Each ‘absorption line’ corresponds to a particular chemical element seen in
various states and energies. Common ones are hydrogen and helium, which
make up the bulk of the Sun, and products of its burning, including carbon,
oxygen and nitrogen. By mapping the pattern of the lines you can work out
the chemistry of the Sun.

The English astronomer William Hyde Wollaston spotted dark lines in the
solar spectrum in 1802, but the first detailed examination was carried out
in 1814 by the German lens-maker Joseph von Fraunhofer, after whom they
are now named. Fraunhofer managed to list more than 5oo lines; modern
equipment identifies thousands.

Newton reveals the Young's double-slit Wollaston sees dark
spectrum of white light experiment lines in solar spectrum




FRAUNHOFER LINES

In the 1850s the German chemists Gustav Kirchhoff and Robert Bunsen
worked out through experiments in the lab that each element produces a
unique set of absorption lines —each has its own bar code. Elements may also
emit light at those frequencies. Fluorescent neon lights, for instance, give off
a series of bright lines that correspond to the energy levels of atoms in the
neon gas within the tube.

The precise frequency of each spectral line corresponds to the energy of a
quantum jump between two electron energy levels in a particular atom. If
the atom is in a gas that is very hot — such as that within the neon light tube -
the electrons try to cool down and lose energy. As they drop to a lower energy
level they give off a bright emission line at a frequency corresponding to the
energy difference.

Cool gases on the other hand absorb
energy from a background light source,
boosting an electron into a higher level
This results in a dark absorption line - a
gap - in the spectrum of the source behind.
The study of spectral chemistry, known as
spectroscopy, is a powerful technique for
revealing the contents of materials.

: ’J'o‘séph,‘vq;r:z‘l‘?rauﬁho‘fer (1787-1826)

Born in Bavaria, Germany, Fraunhofer was
orphaned at age 11 and became an apprentice
glassmaker. In 1801 he narrowly missed being
killed when the workshop collapsed and buried
him. He was rescued by a prince — Maximilian |
Joseph of Bavaria—who supported his
education and helped him move to a
monastery specializing in fine glassmaking.

GRATINGS

Rather than using glass prisms, which are
limited in their power and are bulky, a
device with a row of parallel narrow slits
cut into it can be inserted into the light
beam. This is called a grating: Fraunhofer
made the first from aligned wires.

Fraunhofer resolves
hundreds of lines

There he learned how to make some of the
best optical glass in the world, and eventually
became the institute’s director. Like many
glassmakers of the time, he died young — aged
39 - owing to poisoning from heavy metal
vapours used in the trade.

Kirchhoff and Bunsen work out
that the lines come from elements



| UNDERSTANDING ELECTRONS

- ALL INTEGRAL LAWS OF SPECTRAL LINES AND OF ATOMIC
THEORY SPRING ORIGINALLY FROM THE QUANTUM THEORY. IT IS THE
MYSTERIOUS ORGANON ON WHICH NATURE PLAYS HER MUSIC OF THE

SPECTRA, AND ACCORDING TO THE RHYTHM OF WHICH SHE REGULATES
THE STRUCTURE OF THE ATOMS AND NUCLEL =

Arnold Sommerfeld, 1919

Gratings are much more powerful tools than prisms and can bend light
through broader angles. They also take advantage of the wave properties
of light. A beam sent through any one slit spreads out its energy due to
diffraction. The angle over which it is skewed scales with the wavelength of
the light but inversely to the width of the slit. Very fine slits spread out the
light more widely; and red light is deflected more than blue light.

When two or more slits come into play, interference between the wave trains
takes place — peaks and troughs of light waves either reinforce or cancel out,
creating a pattern of light and dark stripes, known as fringes, on a screen.
This pattern is made up of two effects superimposed: the single-slit pattern
appears, but within each of its fringes is a finer series of stripes, whose
divisions scale inversely to the distance between the slits.

Gratings are like a bigger version of Young's double-slit experiment. Because
there are many slits, not just two, the bright fringes are sharper. The more
slits, the brighter the fringes. Each fringe is a mini-spectrum. Physicists can
build bespoke gratings to dissect the spectrum of light at finer and finer
resolution by varying the density and size of the slits. Gratings are widely
used in astronomy for observing the light from stars and galaxies, to see
what they are made of.

DIAGNOSTICS

Although white light spreads out to give a smooth red-blue-green spectrum,
atoms emit light only at certain frequencies. This bar code of ‘spectral lines’
corresponds to the energy levels of electrons within them. The wavelengths



for common elements, such as hydrogen,
helium or oxygen, are well known from
laboratory experiments.

Bright emission lines result when an
electron is too hot and loses energy, dropping
into a lower energy state and releasing the
excess as a photon. Absorption lines are also
possible if atoms are bathed with light with
the right energy to knock an electron to a
higher orbit. Then the bar code appears as
dark stripes against a broader background.

The exact frequency of the lines depends on
the energetic state of the atoms and whether
they are ionized or not —in very hot gases the
outer electrons may be stripped off. Because
of their sensitivity, spectral lines are used
to probe many fundamental aspects of the
physics of the gas. The lines are broadened in

FRAUNHOFER LINES

- Bamm

Because the wavelengths of spectral
lines are known accurately, they are
useful for measuring speeds and
distances in astronomy. In an analogous
way to how an ambulance siren rises in
pitch and then drops as It passes uUs —
known as the Doppler effect — light waves
from a star or galaxy travelling away
from us appear stretched. The spectral
lines arrive at slightly longer wavelengths,
and the difference is known as a redshift.
Spectral lines from objects moving
towards us appear at slightly shorter
wavelengths, known as blueshift. On a
grand scale, the fact that most galaxies
are redshifted and not blueshifted
proves that they are receding from us —
the universe is expanding.

hot gases by the atom’s motions, which becomes a measure of temperature.
The relative strengths of different lines may tell us more, such as how ionized

the gasis.

But on closer inspection it all gets complicated - the appearance of finer
structures in spectral lines tells us more about the nature of electrons, and has
been instrumental in dissecting the properties of atoms at the quantum scale.

A barcode
made of light




Zeeman effect

When spectral lines are examined closely they break up into
finer structure. Experiments in the 1920s showed that this was
due to an intrinsic property of electrons called quantum spin.
Electrons hehave like spinning balls of charge, and interactions
with magnetic and electric fields subtly alter their energy levels.

hen hot hydrogen glows, it emits a series of spectral lines. These
W arise when electrons perform a quantum leap, jumping from a
high energy level down into a lower one, as they try to cool down.
Each line of the hydrogen spectrum corresponds to a particular jump, when

the energy between the two electron levels is converted into light with that
corresponding frequency.

When the electron drops from the second level to the first, it emits light with
a wavelength of 121 nanometres (nm: billionths of a metre), which is in the
ultraviolet part of the spectrum. An electron jumping from the third level to
the first gives off higher-energy light with a shorter wavelength of 103 nm.
From the fourth it is 97 nm. Because electron shells get closer together as
they go up in energy, the energy gaps between them decrease. So the lines
for drops into a given shell tend to bunch up in wavelength towards the blue
end of the spectrum.

The set of spectral lines that results from electrons falling to a particular level
is called a ‘series’. For hydrogen, the simplest atom and the most common
element in the universe, the primary ones are named after scientists. The
series of transitions to the first shell is known as the Lyman series, after

Zeeman observes Hale observes Zeeman Johannes Stark discovers
Zeeman effect effect in sunspots Stark effect




ZEEMAN EFFECT

Theodore Lyman, who discovered it between s :
1906 and 1914. The first spectral line (from . SunSPOt magnetlsm

level 2 to 1) is named Lyman-alpha, the

second (level 3 to 1) Lyman-beta and so on. In 1908 the astronomer George Ellery Hale
observed the Zeeman effect in the light

from sunspots, dark regions on the Sun's

The set of jumps into the second level is surface. The effect disappeared for light
known as the Balmer series, after Johann from brighter regions, implying that the
Balmer, who predicted them in 1885. Many sunspots had intense magnetic fields. By
of these lines lie in the visible part of the measuring the separations of the spiit

spectrum. The set of leaps to the third energy
level is the Paschen series, after Friedrich

spectral lines he was able to deduce
the strength of those fields. He went on
to show that there are symmetries in

Paschen, who observed them in 1908. Those the magnetic polarity of sunspots, with

lie in the infrared. ones on either side of the solar eguator
behaving in an opposite way, for instance.

Further examination showed that these

spectral lines were not pure but had fine

structure. When seen at really high resolution a hydrogen line was revealed
to be not one but two lines, close together. The energy levels of the electrons
generating the lines were being split up into multiples.

SILVER BULLETS

In a famous experiment in 1922, Otto Stern and Walther Gerlach fired a
beam of silver atoms from a hot oven through a magnetic field. The beam
split in two, making two marks on a photographic plate. As well as its ability
to be detected with photographic emulsion, Stern and Gerlach had chosen
silver for their test because it has a single outer electron. The goal of their
experiment was to look at the magnetic properties of electrons.

As the silver electrons pass through the field, they behave like tiny bar
magnets, and experience a force that is proportional to the gradient in the
external magnetic field. Stern and Gerlach expected that these forces would

Stern—Gerlach experiment shows Goudsmit and Uhlenbeck propose
quantized electron magnetism electrons are spinning balls of charge

N ELECTRON
IS NO MORE
(AND NO LESS)
HYPOTHETICAL
THAN A STAR. !

Arthur Stanley
Eddington, 1932




UNDERSTANDING ELECTRONS

- THERE WAS A TIME WHEN WE WANTED TO BE TOLD WHAT
AN ELECTRON IS. THE QUESTION WAS NEVER ANSWERED.
NO FAMILIAR CONCEPTIONS CAN BE WOVEN AROUND THE

ELECTRON; IT BELONGS TO THE WAITING LIST.

Arthur Stanley Eddington, 1928

be randomly oriented - producing a single smudge on their detector plate.
Instead the beam divided in two, making two spots. This implied that the
electron ‘magnets’ had just two possible orientations. That was very odd.

ELECTRON SPIN

But why does an electron gain any magnetism? In 1925 Samuel Goudsmit
and George Uhlenbeck proposed that the electron acts like a spinning ball
of charge —a property called electron spin. By the rules of electromagnetism,
moving charge generates a magnetic field. The beam in the Stern—Gerlach
experiment split in two because the electrons have two directions in which
to spin - described as up and down.

Those two orientations also explained the fine

splitting of the spectral lines — there is a slight
Lyman energy difference between electrons spinning
series in the same direction as their orbit, versus those
opposing it.

Quantum spin isnotreally a motion but an intrinsic
property of particles. To describe whether the spin
is up or down, physicists give electrons and other
particles a spin quantum number, which is defined
to have a value of plus or minus ; for electrons.

Lots of different interactions can arise between

Electrons jJumping between energy levels in o
a hydrogen atom give off light with specific ~ Spinning electrons and other charged and

wavelengths. The set of lines resulting from  electromagnetic phenomena — from the electron’s
jumpstoa particular levelis called a series. ~ own charge and that of the nucleus to external



fields. So spectral lines become split in
many complex ways.

The splitting of lines arising when
electrons lie within magnetic fields is
known as the Zeeman effect, after the
Dutch physicist Pieter Zeeman. It is seen
in the light from sunspots, for example.
Line splitting due to an electric field
is known as the Stark effect, after
Johannes Stark.

The impact of the Stern-Gerlach
experiment was huge — it was the first
time that the quantum properties of a
particle had been laid bare in the lab.
Scientists quickly followed it up with
further tests, showing for example
that the nuclei of some atoms have

__ Pieter Zeeman (1865-1943

ZEEMAN EFFECT

)‘Q

Born in a small town in the Netherlands, Pieter
Zeeman became interested in physics when as
a high schoaol student he witnessed the aurora
borealis in 1883. The schoolboy's drawing

and description of the aurora was praised

and published in the international science
Jjournal Nature. Zeeman studied physics at

the University of Leiden under Kamerlingh
Onnes, the discoverer of superconductivity,
and Hendrik Lorentz, who worked on general
relativity and electromagnetism. Zeeman's PhD
thesis was on magnetism around black holes.
In 1896, he was fired for an unsanctioned
experiment: discovering the splitting of
spectral lines by a strong magnetic field, now
known as the Zeeman effect. But he had the
last laugh: in 1902 he won the Nobel Prize.

quantized angular momentum - which also interacts with electron spin to
give ‘hyperfine’ line splitting. And that the electron’s spin could be made to
switch from one state to another by using varying fields. That finding is now
at the root of Magnetic Resonance Imaging (MRI) machines in hospitals.

Spinning electrons



Pauli exclusion
principle

No two electrons are the same. Pauli’s principle states that
each one must have a unigue set of quantum properties so that
you can tell them apart. This turns out to explain why atoms
have certain numbers of electrons in shells, the structure of the
periodic table, and why matter is solid even though it's mostly
empty space.

hydrogen takes just two electrons, the next eight and so on. This geometry

is embodied in the block structure of the periodic table. But why are the
numbers of electrons per shell limited, and how do electrons know in which
energy level to sit?

' n Niels Bohr’s 1913 model of the atom, the lowest energy orbital of

Wolfgang Pauli sought an explanation. He had been working on the Zeeman
effect - the splitting of spectral lines that results when magnetism changes
the energy levels of spinning electrons in atoms — and saw similarities in
the spectra of alkali metals, having one outer electron, and the noble gases,
with full shells. There seemed to be a fixed number of states that electrons
could have.

This could be explained if every electron had one state, as described by four
quantum numbers - energy, angular momentum, intrinsic magnetism and
spin. In other words, each electron has a unique address.

Bohr proposes his shell Pauli proposes his
model of the atom exclusion principle



PAULI EXCLUSION PRINCIPLE

Pauli’s rule —known as Pauli’s exclusion principle —devised in 1925 stated that
no two electrons in an atom could have the same four quantum numbers. No
two electrons could be in the same place with the same properties at the
same time.

ELECTRON ORGANIZATION

Moving along the periodic table to heavier and heavier elements, the
number of electrons in an atom grows. The electrons cannot all take the
same seat, and they gradually fill higher and higher shells. It is like seats in a
tiny cinema filling up, from the screen outwards.

{ Two electrons may both inhabit the lowest energy state of an atom, but only
if their spins are misaligned. In helium, its two electrons can both sit in the
lowest shell with opposite spins. In lithium, the third has to bump up to the
next shell.

Wolfgang Pauli (1900-58) |

As a precocious schoolboy in Vienna, mother and the failure of his first marriage,
Wolfgang Pauli smuggled Albert Einstein's  Pauli developed a drink problem. Seeking
papers on special relativity into his desk  help from the Swiss psychologist Carl Jung,
and secretly read them. Within months Pauli sent him descriptions of thousands
of his arrival at university in Munich, Pauli  of his dreams, some of which Jung later
published his first paper on relativity. And  published. During the Second World War,
then he turned to guantum mechanics. Pauli moved to the United States for
Werner Heisenberg described Pauli as  several years, during which he worked hard
a ‘typical nightbird’ who spent evenings in  to keep European science going.
cafés and rarely rose to attend morning He returned to Zurich, receiving the
lectures. Following the suicide of his Nobel Prize in 1945.

The neutron is discovered The first pulsar, a type of Bosons seen to act
and neutron stars predicted neutron star, is discovered in quantum concert
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Pauli’s rule applies to all electrons

- BOSOIIS I | andtosome other particles whose

quantum spin comes in half-

Not every particle is a fermion — some have integer multiples of the basic unit,

integer spin. These are called bosons, after
the Indian physicist Satyendranath Bose
who worked on them. Photons are bosons,
as are the particles that carry the other

including the proton and neutron.
Such particles are called ‘fermions’
after the Italian physicist Enrico

fundamental forces. Some symmetric nuclei Fermi.
can act like bosons, including helium, which is
made from two protons and two neutrons. Electrons, protons and neutrons

Not subject to Fermi's principle, any number
of bosons can have the same guantum
properties. So thousands of bosons might

are all fermions, so Pauli’s
exclusion principle applies to the

act in quantum concert, a phenomenon atomic building blocks that make
that is central to odd macroscopic up matter. The fact that no two
quantum behaviour such as superfluids and fermions can sit in the same seat
i is what gives matter its rigidity.

Atoms are mostly empty space,

but we can’t squeeze them like a
sponge or push materials through each other like cheese through a grater.
Pauli had answered one of the most profound questions in physics.

THE LIVES OF STARS

Pauli’s principle has implications in astrophysics. Neutron stars and white
dwarfs owe their existence to it. When stars bigger than our Sun get old, their
nuclear fusion engines falter. They stop converting elements from hydrogen
through to iron and become unstable. When the core collapses, the star
implodes. Its onion-like layers fall inwards, with some of the gas blown away
in a supernova blast.

As the gas collapses, gravity pulls it in further. The embers contract, crushing
the atoms together. But the rigid electrons around each atom resist — Fermi’s
principle holds up the dying star by this ‘degeneracy pressure’ alone. Such
a star is known as a ‘white dwarf’, and contains about the same mass as
the Sun crunched into the Earth’s volume. One sugar cube of white dwarf
material would weigh a tonne.
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)

Neutron star

White dwarf

Earth

For stars much larger than the Sun - above a limit of 1.4 times the solar
mass, known as the Chandrasekhar mass limit —the pressure is so great that
eventually even the electrons give way. They merge with protons to form
neutrons. So the electrons vanish and a ‘neutron star’ results.

Neutrons are also fermions. So they too prop each other up - they cannot
all adopt the same quantum state. The remnant star still remains intact
but its size drops to a radius of only ten kilometres or so. It is like squashing
the Sun’s mass into an area the length of Manhattan. A sugar cube’s worth
of dense neutron star matter would weigh more than a hundred million
tonnes. The compaction need not end there — really massive stars eventually
become black holes.

Pauli’s exclusion principle holds sway right across the universe, from the
most basic particle to a distant star.

No two fermions

‘ are alike




Matrix mechanics

The flood of discoveries about wave-particle duality and the
quantum properties of atoms in the 1920s left the field in a
quandary. Existing theories of the atom couldn’t cope - new
ones were needed. The first volley came from the German
physicist Werner Heisenberg, who did away with preconceptions
about electron orbits and put all the observed variables into one
set of matrix-based equations.

University of Copenhagen. Scientists from around the world came to

work with him on the atomic theory he was pioneering. Bohr’s model of
electron orbits explained the spectrum of hydrogen and some properties of
the periodic table. But the detailed properties of spectral lines from larger
atoms, even helium, didn’t quite fit the theory.

I n 1920, the Danish physicist Niels Bohr opened a new institute at the

A slew of emerging findings was also challenging Bohr's model of the atom.
Evidence for wave-particle duality was multiplying. X-rays and electrons
were shown to both diffract and bounce off one another, proving Louis
de Broglie’s hypothesis that matter could behave like waves and waves
like particles. Einstein’s idea of the photon nature of light wasn't yet
accepted though.

Most physicists, including Bohr and Max Planck, still thought of quantum
numbers and rules as arising from regularities in the basic structure of atoms.
In the wake of the devastation of the First World War, it was becoming clear
that an entirely new sort of understanding of energy quantization was needed.

JJ. Thomson discovers  Einstein proposes Bohr describes electron  De Broglie proposes that
the electron

photon idea orbits around nucleus  particles can behave as waves



The German physicist Werner Heisenberg
made regular short visits to Copenhagen
to study with Bohr, starting in 1924. While
working on ways to calculate the spectral
lines of hydrogen, Heisenberg came to a
realization. Because physicists knew so little
about what was really going on within atoms,
all there was to work on was what could
be observed. He went back to the drawing
board and set about devising an intellectual
framework that could incorporate all the
quantum variables.

Heisenberg suffered badly from hay fever,
and in June 1925 — with a swollen face — he
decided to leave his home town of Gottingen
and go to stay by the sea, where there was
less pollen in the air. He travelled to the small
island of Helgoland off the North Sea coast of
Germany. It was while staying there that he
had his epiphany.

It was almost three o’ clock in the morning,

MATRIX MECHANICS |

Max Born (1882-1970)

Raised in what is now Wroctaw, Poland (then
the Prussian province of Silesia), Max Born
studied mathematics in Breslau, Heidelberg
and Zurich before arriving at the University
of Gottingen in 1904, Recognized as an
exceptional student, he was mentored by
many famous mathematicians and befriended
Albert Einstein.

In 1925, Born and Werner Heisenberg, with
Born's assistant Pascual Jordan, formulated
the matrix mechanics representation of
guantum mechanics, one of the landmarks of
physics. But the trio did not receive the Nobel
Prize together. Heisenberg won it in 1932 —
alone. Born eventually won one in 1954. It has
been speculated that Jordan’s involvement
with the Nazi party may have reduced Born's
chances, even though Born, who was Jewish,
fled Germany for England in 1933. Born was,
like Einstein, a pacifist and anti-nuclear
campaigner.

Heisenberg wrote later, when the final result of his calculations lay before
him. At first alarmed by the profound implications of his breakthrough, he
became so excited that he could not sleep. He left the house and waited for the

sunrise on the top of a rock.

ENTER THE MATRIX

What was Heisenberg’s revelation? In order to predict the strength of the
various spectral lines of an atom, he had replaced Bohr's idea of fixed electron

Heisenberg proposes
his matrix mechanics

Schrodinger proposes
his wave equation

Copenhagen interpretation
of quantum mechanics



QUANTUM MECHANICS

orbits with a mathematical description of them as harmonics of standing
waves. He was able to link their properties to quantum jumps in energy, using
a set of equations that was equivalent to a series of multiplications.

. WE MUST BE CLEAR  Heisenberg returned to his university department in Gottingen and
THAT WHEN IT COMES  showed his calculations to a colleague, Max Born. Heisenberg wasn't
TO ATOM s, LANGUAGE atall confident, Born recalled later, and referred to his seaside paper

CAN BE USED ONLY  2scrazy vague and unpublishable. But Born quickly saw its value.

AS IN POETRY.

Niels Bohr,1920

{recollected by Heisenberg)

Born, who had trained extensively in mathematics, saw that
Heisenberg’s idea could be better written in a shorthand form - as
a matrix. Matrices were common in mathematics but had seen little
use in physics. A matrix is a table of values on which a mathematical function
can be performed on all the entries sequentially. Matrix notation could
encapsulate Heisenberg’s series of multiplication rules in one equation. With
his former student Pascual Jordan, Born condensed Heisenberg’s equations
intoamatrixformat. The values in the table linked the energies of the electrons
and the lines of the spectrum. Born and Jordan hastily penned a paper and
published their work; a third joint manuscript by the three physicists followed
soon after.

Heisenberg’s concept was novel because it wasn't obviously based on the
picture of electron orbits. And Born and Jordan'’s concise notation allowed
the mathematics to be developed for its own sake. They could now push the
theory beyond everyone’s preconceptions of what atoms were, and make
new predictions.

But ‘matrix mechanics’ was slow to be picked up and became highly
controversial. Not only was it in a weird mathematicallanguage that physicists
found unfamiliar, but also there were political hurdles to be overcome among
the scientists working in the field. Bohr liked the theory ~ it related well to his
ideas about discrete quantum jumps. But Einstein did not favour it.

Einstein was trying to explain wave-particle duality. Accepting the idea
- originally de Broglie’s - that electron orbits could be described using the




MATRIX MECHANICS

equations of standing waves, Einstein and his followers still  ALL THE QUALITIES OF
hoped that quantum properties could ultimately be described THE ATOM OF MODERN
by extending wave theory. But Bohr’s followers went in a PHYSICS ARE DERIVED

7

different direction. The field split in two. IT HAS NO IMMEDIATE

Those who adopted matrix mechanics pushed it further IA:’ggPDEIHRﬁ[ég FA!I!VASLIE AL

to explain some quantum phenomena. Wolfgang Pauli
managed to explain the Stark effect — the splitting of spectral
lines by an electric field - even though it did not explain his exclusion principle.
But the theory could not deal easily with the Zeeman effect and electron spin,
and it wasn't compatible with relativity.

Werner Heisenber rg, 1952

IGIPLE

There were deeper 1mp11cat1ons that the matrix picture raised too. Because
it focused only on energy levels and line intensities, the theory did not, by
definition, say anything about where an electron actually was or how it
moved at any time. And questions remained about what the numbers in the
matrices were and what they meant in real life. Matrix mechanics seemed
very abstract.

TUE

H

Because the results of an observation - the energies of electrons and spectral
lines — must be real, whatever clever tricks were being used to manipulate
the mathematics, everything unreal had to ultimately cancel out. The upshot
was that matrix mechanics could not explain some qualities of atoms
simultaneously. This led eventually to Heisenberg’s ‘uncertainty principle’.

But before those issues could be tackled, matrix mechanics was upstaged by a
new theory. The Austrian scientist Erwin Schrédinger proposed a competing
explanation of electron energies that was based on the equations of waves.

Quantum times-tables




Schrodinger’s
wave equation

In 1926 Erwin Schridinger managed to describe the energies
of electrons in atoms by treating them not as particles but as
waves. His equation calculates a ‘wavefunction’ that describes
the probability of an electron being somewhere at a given time.
It is one of the main foundations of qguantum mechanics.

particles and waves are closely entwined. Albert Einstein showed in 1905

thatlight waves could also appear as streams of bullet-like photons, whose
energy scaled with the frequency of the light. Louis de Broglie proposed in
1924 that all matter did the same — electrons, atoms and any objects made of
them have the potential to diffract and interfere as waves.

I n the early 2o0th century it was becoming clear that the concepts of

In Niels Bohr’s 1913 theory of the atom, electrons lived in fixed orbits about
the nucleus. Electrons take the form of standing waves - like a guitar string
set resonating. In an atom, the electron energies are limited to certain
harmonics. A whole number of wavelengths of the electron must fit along
the circumference of the electron’s orbit.

But how do electrons move? If they are wave-like, then they would spread
out over the entire orbit, presumably. If they are compact particles, might
they travel along circular paths like planets in orbit around the Sun? How
would these orbits be arranged? Planets all occupy one plane. Atoms have
three dimensions.

Planck proposes concept Einstein proposes Bohr describes
of energy quanta the photon electron orbits




The Austrian physicist Erwin Schrédinger set
out to describe the electron mathematically
as a three-dimensional wave. Struggling to
make progress, in December 1925 he headed
offtoanisolated cabininthe mountains, with
a lover in tow. His marriage was notoriously
troubled and he had many girlfriends with
his wife’s knowledge.

BREAKTHROUGH

Schrédinger was an unconventional man
- often dishevelled and known for always
having his walking boots and a rucksack
on him. One colleague recalled how he was

' - Electron o;bits

SCHRODINGER'S WAVE EQUATION

Schrodinger’s equation led to more
sophisticated models of three-dimensional
electron orbitals in atoms. These are
probability contours, outlining regions
where electrons are 80-90% likely to be
located — raising the chance that with
some small probability they could be
somewhere else entirely. These contours
turned out not all to be spherical shells,
as envisaged by Bohr. Some are more
stretched shapes, such as dumb-bells
or doughnuts. Chemists today use this
knowledge to engineer molecules.

occasionally mistaken for a tramp when he
was attending conferences.

While at the cabin, Schrédinger’'s mood lifted. He realized that he had
already made a lot of progress on his calculations. He could publish what
he had done and then keep working on the more difficult aspects — such as
incorporating relativity and time dependence - later.

The 1926 paper that resulted presents an equation describing the likelihood
that a particle behaving as a wave is in a certain place, using the physics of
waves and probability. Today it is a cornerstone of quantum mechanics.

MATHEMATICS OF LIKELIHOOD

Schrodinger’s equation correctly predicted the wavelengths of hydrogen’s
spectral lines. A month later he submitted a second paper, applying his
theory to basic atomic systems, such as the diatomic molecule. In a third
paper he pointed out that his wave equation was exactly equivalent to

1926
Schroédinger publishes
wave equation

De Broglie suggests matter
can behave like waves

Heisenberg publishes
his matrix mechanics




- QUANTUM MECHANICS

Werner Heisenberg’s matrix mechanics and
could explain the same phenomena. In a
fourth paper he incorporated time dependence,
showing how a wavefunction would evolve.

Wavefunction

Because Schrodinger’s explanation was simple
for physicists familiar with classical wave
theory to understand, the equation was quickly
hailed as revolutionary and immediately
overtook Heisenberg’s matrix mechanics in
the popularity stakes. The matrix theory had
fewer fans, as it was expressed in an abstract,
unfamiliar sort of mathematics.

- Electron

Wavefunctions describe the probability of where an

electron is. The higher the wavefunction’s amplitude
the more likely the electron is to be in that place. Einstein, who favoured the wave approach,

was delighted with Schrodinger’s break-
through. Bohr was interested but still drawn to matrix mechanics, which
better described his dislocated quantum leaps. Quantum theory was
developing fast, but it was splintered. Were we really learning anything
about the real world?

GOD RUNS
ELECTROMAGNETICS Schrodinger expressed the probability of the particle being in
BY WAVE THEORY ON 2 given place at some time in terms of a ‘wavefunction’, which
MOND AV, WEDNESD Av, includes all the information we know about that particle.
AND FRIDAY, AND THE Wavefuncti T Ho ot witmess them
avefunctions are difficult to grasp, as we do not witness them in
DEVIL RUNS THEM BY our own experience and find them hard to visualize and interpret.
QUANTUM THEORY ON ' ’
As with Heisenberg’s matrix mechanics, there was still a gulf
TUESDAY, THURSDAY : 5
4 ’  between the mathematical description of a wave—particle and the
AND SATURDAY. real entity, for instance the electron or photon.

In conventional physics, we would use Newton’s laws to describe
the motion of a particle. At any instant, we could say exactly



SCHRGDINGER'S WAVE EQUATION

where it is and the direction in which it is moving. In quantum mechanics,
however, we can only talk about the probability of the particle being in some

place at some time.

What might a wavefunction look like? In Schrédinger’s equation, a lone
particle floating in free space has a wavefunction that looks like a sine wave.
The wavefunction is zero in places where the particle’s existence can be ruled

out, such as beyond the limits of an atom.

The amplitude of the wavefunction can be determined
by considering the allowed energy levels, or energy
quanta, of the particle, which must always be greater
than zero. Analogously, only certain harmonics are
possible for a wave on a fixed length of string. Because
only a limited set of energy levels are allowed by
quantum theory, the particle is more likely to be in
some places than in others.

More complicated systems have wavefunctions that
are a combination of many sine waves and other
mathematical functions, like a musical tone made up
of many harmonics.

- QUANTUM MECHANICS IS
CERTAINLY IMPOSING. BUT AN
INNER VOICE TELLS ME THAT
THIS IS NOT YET THE REAL
THING. THE THEORY SAYS A
LOT, BUT DOES NOT BRING US
ANY CLOSER TO THE SECRETS
OF THE OLD ONE. I, AT ANY
RATE, AM CONVINCED THAT
HE IS NOT PLAYING AT DICE. "

Albert Einstein, letter to Max Born,
4 December 1926

By bringing the wave-particle duality idea to atoms and all forms of
matter, Schrodinger earned his place as one of the founding fathers

of quantum mechanics.

Harmonies of the atom



Heisenberg’s
uncertainty principle

In 1927 Werner Heisenberg realized that some properties of
the atomic world were inherently uncertain. If you know a
particle’s position then you cannot simultaneously know its
momentum. If you know what time a particle did something,
you cannot alse pinpoeint its energy.

n 1926, Werner Heisenberg and Erwin Schrédinger began an intense

debate. Within a year of each other, the pair had presented radically

different ways of expressing the quantized energy states of electrons in
atoms, which had vastly different implications.

Heisenberg had proposed his ‘matrix mechanics’, a mathematical description
of the ties between electron energy states and the spectral lines they produced
as electrons performed quantum leaps between energy levels. It was a
technical feat, but physicists were hesitant to take it up. They couldn’t fathom
what the equations - couched in unfamiliar matrix notation - really meant.

Boosted by the support of Albert Einstein, Schrédinger’s alternative was
much more palatable. Wave mechanics, which described electron energies
in terms of standing waves or harmonics, involved familiar concepts. It sat
easily with Louis de Broglie’s suggestion that matter can behave like a wave,
which was being confirmed through experiments showing that electrons
can diffract and interfere.

Planck proposes concept Einstein proposes  Bohr describes De Broglie suggests matter
of energy quanta the photon electron orbits can behave like waves




HEISENBERG’S UNCERTAINTY PRINCIPLE

In May 1926 Schrédinger published a paper proving THE MORE PRECISELY THE
that matrix and wave mechanics gave similar results = POSITION IS DETERM'NED,

they were mathematically equivalent. He argued that THE LESS PRECISELY THE

his wave theory was better than the matrix description, MOMENTUM IS KNOWN IN THIS

which annoyed Heisenberg. One reason for Schrédinger's
preference was that the discontinuities and quantum lNSTANT’ AND VICE VERSA

jumps that were intrinsic to matrix theory seemed
unnatural. Continuous waves were much more pleasing. Heisenberg and
Bohr thought those same jumps were the strength of their model.

Werner Heisenberg, 1927

Heisenberg was tetchy. He was a young man at a critical point in his career,
actively trying to get a professorship in a German university. So he wasn't
pleased that his great achievement was being overshadowed.

RESOLVING THE QUANTUM STANDOFF

In October 1926, Schrédinger came to Copenhagen to visit Niels Bohr.
Heisenberg was also there, working with Bohr. The physicists argued face
to face about the veracity of their ideas, but could not find a way forward.
They went away to ponder the physical interpretation of their equations.
Soon after, Heisenberg’s colleague Pascual Jordan in Géttingen and Paul
Dirac in Cambridge combined the equations of both pictures into one set of
equations — the basis for what is now called quantum mechanics.

Physicists set about trying to explain what these equations meant in reality.
How were ‘classical’ measurements made in the laboratory connected to
what was going on at the scale of an atom?

UNCERTAINTY THE ONLY CERTAINTY

While studying these equations, Heisenberg found a fundamental problem.
He realized that it was impossible to measure some properties accurately
because the apparatus used would interfere with the atoms being measured.

Heisenberg publishes his Schrodinger publishes Heisenberg publishes his
matrix mechanics wave equation uncertainty principle



 QUANTUM MECHANICS

A particle’s position and momentum could not be inferred at once; nor could
its energy be known at a precise time. The reason was not the experimenter’s
lack of skill. These uncertainties lay at the heart of quantum mechanics.
Heisenberg presented his ‘uncertainty principle’ first in a letter to Wolfgang
Pauli in February 1927, and later in a formal paper.

Any measurement has some degree of uncertainty associated with it. You
might measure a child’s height to be 1.20 metres, but your answer is only
as good as the accuracy of your tape measure, say to a millimetre. Plus you
could easily be off by a centimetre if the tape isn’t taut or your eye doesn’t
line up with the child’s head.

But Heisenberg’s uncertainty isn’t measurement error in this sense. His
claim is profoundly different: you can never know both momentum and
position at exactly the same time, no matter how precise an instrument you
use. Should you pin one down, the other becomes more uncertain.

A TRIAL BY THOUGHT

Heisenberg imagined performing an experiment to measure the motion of
a subatomic particle, such as a neutron. A radar could track the particle, by
bouncing electromagnetic waves off it. For maximum accuracy you would
choose gamma rays, which have very small wavelengths. However, because
of wave—particle duality the gamma-ray beam hitting the neutron would act
like a series of photon bullets. Gamma rays have very high frequencies and
so each photon would carry a great deal of energy. As a hefty photon hit the
neutron, it would give it a big kick that would alter its speed. So, even if you
knew the position of the neutron at that instant, its speed would have been
changed unpredictably.

If you used softer photons with lower energies, to minimize the velocity
change, then their wavelengths would be longer and so the accuracy with
which you could measure the position would now be degraded. No matter
how you optimize the experiment, you cannot learn both the particle’s
position and speed simultaneously. There is a fundamental limit to what
you can know about an atomic system.




Heisenberg soon realised that the
implications of his uncertainty principle were
profound. Imagine a moving particle. Due
to the fundamental limits on what you can
know, you cannot describe the particle’s past
behaviour until a measurement ties it down.
In Heisenberg’s words, ‘the path comes into
existence only when we observe it Nor can
the particle’s future path be predicted, as you
don’t know its speed and position. Both the
past and the future become blurred.

NEWTON OVERTAKEN

Such an unpredictable world clashed with
physicists’ interpretation of reality. Rather
than the universe being filled with concrete
entities — that exist independently and whose
motions and properties could be verified
through experiments — quantum mechanics
revealed a seething mass of probabilities
brought to fruition only by the action of
an observer.

There is no cause and effect, only chance.

HEISENBERG’S UNCERTAINTY PRINCIPLE

_ Werner Heisenberg (1901-76) _

Werner Heisenberg grew up in Munich,
Germany, and loved the mountains. As
a teenager during the First World War
he worked on a dairy farm, reading
mathematics and playing chess in his
spare time. At Munich University he
studied theoretical physics, completing
a doctorate unusually early. Heisenberg
took up a professorship at Leipzig aged
Jjust 25, and worked in Munich, Gottingen,
and Copenhagen, where he met Niels
Bohr and Albert Einstein. In 1925 he
invented matrix mechanics, receiving
the Nobel Prize in 1932. His uncertainty
principle was formulated in 1927.
During the Second World War
Heisenberg led the German nuclear
weapons pragject, which was ultimately
unsuccessful in producing a bomb.
Whether he deliberately delayed the
project or lacked the resources is
still debated.

Many physicists found this difficult to accept - Einstein never did. But that is
what the experiments and the mathematics tell us. Physics stepped beyond

the laboratory of experience into the abstract realm.

Known unknowns




The Copenhagen
interpretation

In 1927 the Danish physicist Niels Bohr tried to explain the
physical meaning of quantum mechanics. In what became
known as the Copenhagen interpretation, he combined
Heisenberg's uncertainty principle and Schrodinger's wave
equation to explain how an observer’s intervention means that

there are things we can never know.

in earnest in 1927. Physicists fell into two camps. Werner Heisenberg

and his colleagues believed that the particle nature of electromagnetic
waves and matter, described in his matrix representation, was paramount.
Erwin Schrodinger’s followers argued that the physics of waves underlay
quantum behaviour.

T he quest to understand the meaning of quantum mechanics began

.~ ANVONE WHO IS NOT Heisenberg had also shown that our understanding was
SHOCKED BY QUANTUM fundamentally limited by his uncertainty principle. He believed
THEORY HAS NOT that both the past and future were unknowable until fixed

UNDERSTOOD IT."

Niels Bohr,1958 &

by observation because of the intrinsic uncertainty of all the
parameters describing a subatomic particle’s movement.

Another man tried to pull everything together. Bohr, the head of Heisenberg’s
department at the University of Copenhagen, was the scientist who had
a decade earlier explained the quantum energy states of electrons in the
hydrogen atom. When Heisenberg came up with his ‘uncertainty principle’

Planck proposes concept ~ Einstein proposes  Bohr describes De Broglie suggests matter
of energy quanta the photon electron orbits can behave like waves



1925

in 1927 he was working in Copenhagen at Bohr’s
institute. Bohr apparently returned from a skiing
trip to find Heisenberg’s draft paper on his desk,
and a request to forward it to Albert Einstein.

Bohr was intrigued by the idea, but complained
to Einstein that Heisenberg’s imagined test
- involving a gamma-ray microscope - was
flawed as it did not consider the wave properties
of matter. Heisenberg added a correction that
included the scattering of light waves, but his
conclusion still held firm. Uncertainties were
inherent in quantum mechanics. But what was
really going on?

A COIN FOREVER SPINNING

In Bohr's view, the wave and particle aspects of a
real entity were ‘complementary’ characteristics.
They are two sides of the same coin, in the same
way that some illusions trick our eyes into
seeing two different pictures in a black and
white pattern — a vase or two profiles facing one
another, say.

The real electron, proton or neutron is neither
one nor the other, but a composite of both. A
given trait only appears when an experimenter

THE COPENHAGEN INTERPRETATION

" Niels Bohr (58s-1062)

Niels Bohr’s institute in Copenhagen

was at the heart of the development of
quantum theory. All the best physicists,
from Heisenberg to Einstein, made regular
visits. Bohr set up the department after
spending time in England when he had
finished his doctorate in theoretical
physics at Copenhagen University.

After clashing with J.J. Thomson, the
discoverer of the electron, in Cambridge
and working with the nuclear pioneer
Ernest Rutherford in Manchester, Bohr
returned to Denmark in 1916 to pursue
his own concept of the atom. He earned a
Nobel Prize for the work in 1922

As Hitler rose to power in Germany in
the 1930s, scientists travelled to Bohr's
institute in the Danish capital to debate
the intricacies of quantum theory. In
1943 when Denmark was occupied, Bohr
fled by fishing boat to Sweden and then
to England, where he joined the British
war effort. Bohr travelled to Los Alamos
and advised on the Manhattan Project,
although he campaigned against
nuclear weapons.

intervenes and selects which aspect to measure. Light appears to behave like
a photon or electromagnetic wave because that is the sign we are looking
for. Because the experimenter disturbs the pristine system, Bohr argued,
there are limits to what we can know about nature. The act of observation

1926

Heisenberg publ|shes

his matrix mechanics his wave equation

1905

Schrodinger publlshes Helsenberg publlshes hls Bohr proposes the
uncertainty principle

1905

Copenhagen interpretation



QUANTUM MECHANICS

generates the uncertainties that Heisenberg spotted. This line of reasoning
became known as the ‘Copenhagen interpretation’ of quantum mechanics.

WHEN BOHR IS The uncertainty principle, which states that one cannot measure

ABOUT EVERYTHING both the p‘051t1(.)n and momentum- of any subatomic par’qcl('a a.1t

IS SUMEHUW the same time, is central, Bohr realized. Once one characteristic is

DIFFERENT. EVEN THE measured precisely, the other becomes less well known. Heisenberg

. believed that the uncertainty arose due to the mechanics of the

DULLEST GETS A FIT measurement process itself. To measure a quantity we must

OF BRILLIANCE. interact with it, such as by bouncing photons off a particle to detect

lw:iaj%; ;2;5; rz;g't;:(f;f; é\ ' its movement. That interaction changes the system, Heisenberg
o R realized, making its subsequent state uncertain.

THE UNDETACHED DBSERVE

Bohr'’s understandmg was qulte different: the observer is part of the system
being measured, he argued. It doesn’t make sense to describe the subject
without including the measuring device. How can we describe a particle’s
motion by considering it alone if it is being bombarded with photons in order
to track it? Even the word ‘observer’ is wrong, said Bohr, because it suggests
an external entity. The act of observation is like a switch, which determines
the system’s final state. Before that point we can only say that the system
has some chance of being in some possible state.

What happens when we make a measurement?
Why does light passing through two slits interfere
like waves one day, but switch to particle-like
behaviour the next if we try to catch the photon
as it passes through one slit? According to Bohr,
we choose in advance how it turns out by deciding

To bridge the gap between
guantum and normal systems,
including our own experiences

on human scales, Bohr also
introduced the ‘correspandence how we would like to measure it.

principle’ that quantum behaviour
must disappear for larger systems
that we are familiar with, when
Newtaonian physics is adequate.

Here Bohr turned to Schrodinger’s equation and
his concept of the ‘wavefunction’, containing
everything we can know about a particle. When an



" THE COPENHAGEN INTERPRETATION |

7 object’s character is fixed, say as a particle or a wave, by an act of observation S
| we say that the wavefunction has ‘collapsed’. All the probabilities, bar one,

vanish. Only the outcome lingers. So a beam of light’s wavefunction is a

blend of two possibilities: whether it behaves as a wave or a particle. When

we detect the light, the wavefunction collapses toleave one form, not because

it switches its behaviour but because light truly is both.

Heisenberg initially rejected Bohr’s picture. He clung to his original imagery
of particles and energy jumps. The two fell out. Heisenberg apparently burst
into tears at one point during an argument with Bohr. The stakes for the
ﬁ young man’s career were high.

After

Matters improved later in 1927 when Heisenberg secured a job at the
University of Leipzig. Bohr presented his complementarity idea to great
acclaim at a conference in Italy and many physicists took it up. By October,
Heisenberg and Max Born were talking of quantum mechanics as having
been fully solved.

An act of obversation
collapses the waveform.
Not everyone agreed, notably Einstein and Schrodinger, who remained

unconvinced by Bohr’s doctrine for the rest of their days. Einstein believed
that particles could be measured precisely. The idea that real particles were
governed by probabilities unsettled him. These would not be needed in a
better theory, he argued. Quantum mechanics must be incomplete.

Eventoday physicists struggle to comprehend the deep meaning of quantum
mechanics. Some have tried to offer new explanations, although none has
overturned Bohr’s. The Copenhagen view has stood the test of time because
of its explanatory power.

Sjbme things we
may never know




Schrodinger’s cat

To reveal how ridiculous the Copenhagen interpretation of
quantum mechanics was, Erwin Schridinger pointedly used a
cat as a case study. Imagining it boxed in for a period with a
vial of poison, he argued that it made no sense to think of a real
animal as a probability cloud simply because we lack knowledge
about what is going on.

mechanics thrilled many physicists, but the hard core fans of the
wavefunction approach did not get on board. Erwin Schrédinger and
Albert Einstein stayed on the sidelines.

N iels Bohr’s 1927 proposal of the Copenhagen interpretation of quantum

In 1935, Schrédinger tried to ridicule Bohr's idea of a fuzzy probabilistic
quantum world by publishing a hypothetical situation that illustrated the
counter-intuitive nature of collapsing wavefunctions and observer influence.
Albert Einstein did likewise, through his Einstein-Podolsky-Rosen paradox
paper, which hinted at implausible long-distance correlations.

In the Copenhagen interpretation, quantum systems are dark and
indeterminate until an observer steps in, flicking the light switch and
deciding what quality his or her experiment will measure. Light is both
particle and wave until we decide which form we want to test - then it
adopts that form.

Schrodinger, who was keen on developing a wave-based theory of atoms,
disliked the idea that something unseen ‘existed’ in all possible forms. When

Einstein describes  De Broglie suggests matter Heisenberg publishes Schrodinger

the photon

can behave like waves his matrix mechanics publishes his
wave equation



SCHRODINGER'S CAT |

you open a fridge to see that it contains cheese, celery and milk, was it really
in a mathematical quandary about whether to reveal chocolate and an egg
before you looked?

Quantum probabilities obviously made little sense on the grand scale.
Schrodinger’s article contained a thought experiment that tried to illustrate
this behaviour using a more emotionally engaging subject —a cat.

QUANTUM LIMBO

Schrodinger considered the following scenario. A cat is locked in a steel

chamber, along with a ‘diabolical device: a flask of poisonous hydrocyanic

acid, to be shattered only upon the decay of a radioactive atom. The cat’s =

fate depends on the probability of whether the atom has decayed or not. ~ | AM CONVINCED

THAT THEORETICAL

‘If one has left this entire system to itself for an hour, one would say that  PHYS|CS IS ACTUAL
! the cat still lives if meanwhile no atom has decayed. The first atomic PHILOSOPHY.

decay would have poisoned it, he wrote. Schrédinger’s depressing Max Born, My

apparatus would deliver a 50:50 chance of the cat being either alive or ife and My

dead when the box is opened after that time. Views (1968)

According to the Copenhagen interpretation of quantum physics, while the
box is closed, the cat exists in a blend of states — being both alive and dead at
the same time. Only when the box is opened is the animal’s fate sealed, just
as a photon is both a wave and a particle until we choose how to detect it,
when its wavefunction collapses to favour one facet.

Schrédinger argued that such an abstract explanation made no sense for a
real animal like a cat. Surely it was either alive or dead, not a mixture of both.
Bohr’s interpretation, he reasoned, must be convenient shorthand for what
was really going on at a deeper level. The universe operates in unseen ways,
and we can only witness part of the picture at any one time.

Heisenberg publishes Bohr proposes Einstein, Podolsky Schrodinger
his uncertainty the Copenhagen and Rosen publish publishes his cat
principle interpretation their paradox scenario
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Einstein also thought the Copenhagen picture was nonsensical. It
raised many more questions. How does the act of observation cause the
wavefunction to collapse? Who or what can do the observing — does it have
to be a human or can any sentient being do so? Can the cat observe itself? Is
consciousness necessary?

Can the cat collapse the decaying particle’s wavefunction to dictate that
outcome? How does anything in the universe exist, for that matter? Who
observed the first star, say, or the first galaxy? Or were they in a quantum
quandary until life got going? The riddles are endless.

Following the Copenhagen logic to its extreme, it's possible that nothing in the
universe exists as such. This view is reminiscent of the philosophy of George
Berkeley, a 17th-century philosopher and contemporary of Isaac Newton.
Berkeley presented the case that the entire external world is only a part of our
imagination. We can have no evidence that anything external to ourselves
exists —all that we can sense or know is contained within our mind.

Erwin Schrodinger was born in
Vienna, the son of a botanist. He
chose to study theoretical physics
at university, although he was also
interested in poetry and philosophy.
During the First World War, he
served with the Austrian artillery
in Italy, keeping up his physics
research while on the front.
Schrodinger returned to
academic posts in universities
including Zurich and Berlin. But
as the Nazis came to power, he
decided to leave Germany and
moved to Oxford. Soon after he

arrived there he heard he had won
the 1933 Nobel Prize, with Paul
Dirac, for quantum mechanics.

In 1936 he returned to Graz in
Austria, but political events again
overtook him. He lost his job
after criticizing the Nazis, and
eventually moved to the Institute
for Advanced Studies in Dublin,
where he stayed until retiring to
Vienna. Schrodinger’'s personal
life was complicated: he had
numerous affairs, many with his
wife's knowledge, and had several
children with other women.



SCHRODINGER’S CAT

"EINSTEIN ARGUED THAT THERE SHOULD EXIST SOMETHING LIKE
A REAL WORLD, NOT NECESSARILY REPRESENTED BY A WAVE FUNCTION,
WHEREAS BOHR STRESSED THAT THE WAVE FUNCTION DOESN'T
DESCRIBE A “REAL” MICROWORLD BUT ONLY “KNUWLEDGE”
THAT IS USEFUL FOR MAKING PREI]ICTI[]NS

Sir Roger Penrose, 1994

MANY WORLDS

The issue of how measurements cement outcomes was revisited in a novel
way in 1957 by Hugh Everett. He suggested that observations don't destroy
options but shear them off into a set of parallel universes.

According to his ‘many worlds’ hypothesis, every time we pin down a
photon’s character, the universe splits in two. In one world light is a wave;
in the other it is a particle. In one universe the cat is alive when we open
the box; in the complementary dimension the animal has been killed by the
radioactive poison.

In all other respects both forks of the universe are the same. So every
observation produces a new world, building up a series of branches. Over
the history of the universe that could make for a lot of parallel worlds — an
indefinite, perhaps an infinite, number.

Everett’s idea was ignored at first, until a popular physics article and science
fiction fans, struck by its appeal, brought it into the limelight. But it now
chimes with a modern variant called the ‘multiverse’ theory, which some
physicists are using to explain why the universe is so hospitable — because
all the inhospitable universes are hived off elsewhere.

Dead and alive
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Einstein describes  De Broglie suggests matter Heisenberg publishes Schrodinger publishes

the photon

he Copenhagen interpretation of quantum mechanics, proposed by
Niels Bohr in 1927, reasons that the act of measurement influences
a quantum system, causing it to adopt the characteristics that are
subsequently observed. Light's wave- and particle-like properties know
when to appear because the experimenter effectively tells them what to do.

Albert Einstein thought this preposterous. Bohr's idea meant that quantum
systems remained in limbo until they were actually observed. Before some
measurement tells you what state it is in, the system exists in a blend of
all possible states of being. Einstein argued that such a superposition was
unrealistic. A particle exists whether or not we are there to see it.

Einstein believed that everything in the universe exists in its own right,
and the uncertainties of quantum mechanics illustrated that something
was wrong with the theory and our interpretation of it. To expose gaps in
the Copenhagen view, Einstein, together with his colleagues Boris Podolsky
and Nathan Rosen, came up with an imaginary experiment, which they
published in a paper in 1935. This is known as the Einstein-Podolsky—Rosen,
or EPR, paradox.

goes 0 s 1928

can behave like waves his matrix mechanics his wave equation
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THE EPR PARADDX |

Imagine a particle, perhaps an atomic
nucleus, which decays into two smaller ones.
According to energy-conservation rules, if
the mother particle was originally stationary,
the daughter particles must have equal and ¥
opposite linear and angular momentum.

The emerging particles fly apart and spin in
opposite directions.

i

Other quantum properties of the pair are also  An atomic nucleus decays creating two particles
linked. If we measure the spin direction of one  of opposite spin.

particle, we instantly know the state of the

other: it must have the opposite spin to conform to quantum rules. As long

as neither particle interacts with others, which would scramble the signal,

this fact remains true no matter how far apart the particles get or how much

time elapses.

In the language of the Copenhagen interpretation, both daughter particles
exist at first in a superposition of all possible outcomes — a mixture of
all the different speeds and spinning directions that they could

have. At the moment that we make a measurement of one, the
wavefunction probabilities for both particles collapse down to TH'.?SU ag‘%m_;‘r}.\EURy
consolidate that result.
BASIC ONENESS OF
THE UNIVERSE..

Einstein, Podolsky and Rosen argued that this made no sense.
Einstein knew that nothing can travel faster than light. So how could
you pass an instant signal to a particle that could be very far away,
potentially on the other side of the universe? The Copenhagen interpretation
must be wrong. Schrédinger later used the term ‘entanglement’ to describe
this weird action at a distance.

Fritjof Capra, The
Tao of Physics (1975)

Wi e B 1838
Heisenberg publishes his  Bohr proposes the Einstein, Podolsky and Rosen  Schrédinger publishes

uncertainty principle Copenhagen publish their paradox his cat scenario
interpretation




- QUANTUM MECHANICS

ENTANGLEMENT

Einstein believed in ‘local reality’, that everything in the world exists
independently of us and signals carry information no faster than the speed of
light. The two particles in the thought experiment must already know which
state each is in when they separate, he reasoned. They carry that knowledge
with them, rather than switching state simultaneously at remote distances.

_ AS FAR AS THE LAWS ButEinstein waswrong. His idea sounds reasonable and chimes

OF MATHEMATICS REFER  with our everyday experience. But it has been demonstrated

TO REALITY. THEY ARE to be false by numerous quantum experiments over many
NOT BEﬁTAIN AND decades. The ‘spooky action at a distance’ does take place, and
7

AS FAR AS THEY ARE coupled particles do seem to ‘speak’ to one another across space
CERTAIN. THEY DO NOT faster than light. Physicists have now entangled the quantum
REFER Zm REALITY.: properties of more than two particles and have seen them
- switch states together across many tens of kilometres.
Albert Einstein, Sideslights
on Relativity (1920) ) ) )

Quantum signalling at a distance opens up a host of
applications for new forms of remote communications, including sending
instant messages across vast reaches of space. It raises possibilities for
quantum computers, able to carry out many calculations at the same time
across the entire memory of the machine.

The units of quantum information are known as ‘quantum bits’, or ‘qubits’
for short. Just as normal computers use binary code to describe messages as
long sentences of os and 1s, qubits would adopt one of two quantum states.
But better than that, they could also exist in a blend of states, thus allowing
calculations to be performed that we can only dream of.

Yet the indeterminacy that gives quantum signalling its power also means
that we cannot transmit a complete set of information from one place to
another. Heisenberg’s uncertainty principle always means there’s a gap
somewhere in what we can know. So human teleportation - as we know it in
science fiction — is impossible.
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ACTION AT A DISTANCE

While transmitting atoms will never happen, it is possible to shift
information across space using quantum teleportation. If two people - often
called Alice and Bob by physicists — each hold one of a pair of entangled
particles, through making particular measurements they can use them to
convey qubits.

First, Alice and Bob need to acquire their pair of coupled particles, perhaps
two photons, each taking one away. Alice’s qubit may be in some state that
she wants to send to Bob. Even if she doesn’t know what that state is, she can
influence Bob’s photon to give him that message. By making a measurement
on her photon, Alice destroys it. But Bob’s photon takes it on. Bob can make
his own measurement to extract the information.

Because nothing actually travels anywhere, there is no teleportation of
matter in that sense. Apart from the first exchange of the particles, there
is no direct communication between the two messengers. Rather, Alice’s
original message is destroyed in the sending process and its content is
recreated somewhere else.

Entangled particles can also be used to transmit coded messages, so that
only the intended receiver can read them. Any eavesdropper would break
the purity of the entanglement, ruining the message for good.

Einstein’s discomfort with entanglement was understandable — it is difficult
to imagine the universe as a web of quantum connections, with unknown
numbers of particles talking to their distant twins. But that is how it is. The
universe is one big quantum system.

Instant messaging



Quantum
tunnelling |

Radioactivity can be explained only with quantum mechanics.
An alpha particle may need a lot of energy to escape the strong
glue of the nucleus, but because there is a small probability
that it can do so, there’s a chance that the particle will exceed
the energy barrier. This is called quantum tunnelling.

hen you throw a tennis ball against a wall you expect it to bounce
W back. Imagine if it appeared instead on the other side of the wall.

This is what can happen at the atomic scale according to the rules
of quantum mechanics.

Because a particle, a molecule, or even a cat, may be described as a wave — as
embodied in the wavefunction of the Schrodinger equation - there is some
chance that it is extensive. Electrons, for example, do not orbit their nuclei
like planets, but are spread over their entire orbital shells. If we think of
it as a particle, the electron may be anywhere within that region, with
some probability. It is unlikely, but electrons may even jump out of their
host atoms.

Quantum tunnelling is the ability of a particle to achieve an energy feat in
the quantum world that it could not in the classical picture. It is as if a horse
could somehow get to the other side of a hedge too high to jump because its
wavefunction can burrow through it. Overcoming energy barriers through

Discovery of radioactivity Schrodingers wave Hund proposes quantum-
by Henri Becquerel equation tunnelling concept
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tunnelling plays a role in the nuclear fusion processes that light up our Sun
and other stars, and has applications in electronics and optics.

RADIOACTIVE DECAY

Physicists came up with the idea of quantum tunnelling when trying to
work out how radioactive atoms decay. It is impossible to predict the exact
moment when an unstable nucleus will break apart and kick out a lump

of radiation, but on average for many
nuclei we can say how likely it is. This
information is usually given in terms
of the ‘half-life’, the length of time it
will take for around half of the atoms
to decay. More formally, it is the time by
which there’s a 50% chance that an atom
will have decayed.

In 1926 Friedrich Hund came up with
the concept of quantum tunnelling, and
it was soon invoked to explain alpha
decay. A chunk of polonium-212, for
example, readily emits alpha particles
(two protons and two neutrons) with a
half-life of 0.3 microseconds. These have
typical energies of around g MeV (million

 Friedrich Hund (1896-1997)

Hund grew up in the German town of
Karlsruhe. He studied mathematics, physics
and geography in Marburg and Gottingen,
eventually returning to a position at
Gottingen in 1957 Hund visited Niels Bohr
in Copenhagen and was a colleague of
Erwin Schrodinger and Werner Heisenberg.
He worked with Max Born on a quantum
interpretation of the spectra of diatomic
molecules, such as molecular hydrogen. In
1926 he discovered quantum tunnelling.
Hund'’s rules for filling up electron shells are
still widely used in physics and chemistry.

electronvolts). But the alpha particle should require 26 MeV to escape the
binding energy of the nucleus, according to classical physics. It shouldn't be
able to jump out at all, but clearly it does. What is going on?

Because of the uncertainties of quantum mechanics, there is a small
possibility that an alpha particle will escape the polonium atom. The alpha

Quantum tunnelling applied to alpha
decay by George Gamow and others

Electron tunnelling
in solids accepted
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High-energy particle is able toleap - or quantum-tunnel - across
barrier the high-energy barrier. The probability that it
does so can be calculated using Schrodinger’s wave
equation, by extending the wavefunction beyond
the atom. Max Born realized that tunnelling was
a general feature of quantum mechanics and not
restricted to nuclear physics.

There is a small chance a particle’s wavefunction
can ‘tunnel’ through an enegy barrier, even though How can we envisage quantum tunnelling? The
it does not have enough energy according to alpha particle feeling the attractive pull of the

classical physics to overcome it. nuclear force is like a ball rolling in a valley. If it has

a small amount of energy it rolls back and forth but is trapped. If it gains
enough energy it could roll over the hill and escape the valley. This is the
classical physics picture.

In the quantum world, the alpha particle also has wave-like tendencies. And
these can spread out. According to Schrédinger’s wave equation, the particle’s
properties can be described by a wavefunction, which looks roughly like a
sine wave. The wavefunction must be continuous, and reflect the fact that
the particle is most likely to exist within the atom, but there’s also a small
probability that the particle could escape the valley of the
- ELEMENTARY nuclear charge, so a little must leak out.
PARTICLES AND THE

ATOMS THEY FORM  Visualizing it mathematically, the wavefunction is a sine wave
ARE DOING A MILLION  within the valley, but when it reaches the sides of the hill it
SEEMINGLY IMPOSSIBLE extends right through that energy barrier. It drops off steadily
THINGS ATONCE.. In strength as it travels through, so a thicker barrier is harder
 butnotimpossible to penetrate. And then it resumes its wiggly
sine-wave character on the other side of the hill. By calculating
the strength of the wavefunction on the far side of the hill relative to that

inside, the probability that the alpha particle escapes can be worked out.

Lawrence M. Krauss, 2012

EVANESCENT WAVES
Light can spread energy through a mirror thanks to a related phenomenon.
A beam of light that skims a mirror and is completely reflected cannot be



QUANTUM TUNNELLING

explained simply using Maxwell’s equations of electromagnetic waves. To
keep the waves’ properties unbroken and balance the equations, a little
energy must pass through the mirror. This is known as an evanescent wave.

Evanescent waves decay exponentially in strength, and quickly become so
weak that they are invisible. But if another equivalent material is placed near

the first mirror the energy can be picked up and transmitted.
This coupling technique is used for some optical devices and is
analogous to the spread of magnetic energy between inducting
coils in a transformer.

Tunnelling is also useful in electronics. It allows electrons to
jump barriers in a controlled way in arrays of semiconductors
and superconductors. Tunnel junctions, for example, are made
from two conducting materials with an insulator sandwiched
in between - a few electrons can jump from one side to the
other through the insulator. Tunnelling is also used in some
types of diode and transistor, as a means of controlling voltages,
a bit like a volume control.

- WITH THE ADVENT OF
QUANTUM MECHANICS,
THE CLOCKWORK WORLD
HAS BECOME A LOTTERY.
FUNDAMENTAL EVENTS,
SUCH AS THE DECAY OF A
RADIOACTIVE ATOM, ARE
HELD TO BE DETERMINED
BY CHANCE, NOT LAW. =

lan Stewart, Does God
Play Dice? (2002)

The scanning tunnelling microscope uses the principle to image surfaces
of materials, revealing details on the scale of atoms. It does so by placing a
charged needle close to the surface. A small number of electrons quantum-
tunnel off the needle towards the surface, and the strength of the current
gives away the distance between them. Such microscopes are so powerful

they are accurate to within 1% of an atom’s diameter.

Shortcut through
the hill




Nuclear fission

Once the neutron was discovered, physicists started to fire
them at large atoms, expecting to build new isotopes and
elements. Instead the nucleus split apart - it underwent fission.
Energy was released in the process, making fission a new goal
as a power source and for the atom bomb.

the atomic nucleus. Radioactivity — in which a large nucleus such as
uranium or polonium breaks apart to shed smaller constituents — was
well known. But the means by which it did so were unclear.

I n the 1920s and 30s physicists looked beyond electrons towards probing

Followingon from his1g911discovery of the nucleusin his gold-foil experiment,
Ernest Rutherford transmuted nitrogen into oxygen by firing alpha particles
at the gas in 1917. Physicists knocked small bits off other nuclei. But it was
not until 1932 that John Cockcroft and Ernest Walton in Cambridge split
an atom in half by firing fast protons at a lithium target. The same year
the opposite experiment — gluing two nuclei together in nuclear fusion
- succeeded, when Mark Oliphant fused two deuterium (a heavy form of
hydrogen) nuclei to make helium.

James Chadwick’s discovery of the neutron, also in 1932, opened up
possibilities. Enrico Fermi in Italy and Otto Hahn and Fritz Strassmann in
Germany shot neutrons into the heavy element uranium, attempting to
create even heavier atoms. But in 1938, the German pair did something more
profound. They sheared a massive uranium nucleus roughly in half, giving
off barium, which is 40% as massive.

Henri Becquerel discovers James Chadwick Atomic fission
radioactivity discovers the neutron observed




NUCLEAR FiSSION

For something less than half a per cent of the mass of the target atom, O
the neutron’s impact on the uranium seemed excessive. It was as
if a melon split in two when hit by a pea. The finding was also
unexpected because physicists at the time, including George
Gamow and Niels Bohr, thought that the nucleus was like a
liquid drop. Forces of surface tension should resist the droplet’s @
division, and even if it did split then the two positively charged

drops of substance would repel and fly apart, they believed.
That wasn’t what was seen.

The solution came from Hahn'’s colleague Lise Meitner. Exiled in Q
Sweden, having fled Nazi Germany, Meitner and her physicist
nephew Otto Frisch quickly realized that it wasn’t so odd for a large
nucleus to shear in half - each product would be more stable than
the original and so the total energy would be less overall. The remaining
energy would be given off. Meitner and Frisch named the process ‘fission’
after the division of a biological cell.

Neutrons fired at a heavy
nucleus can split it in half.

A POTENTIAL WEAPON

On his return to Denmark, Frisch mentioned their idea to Niels Bohr, who
spread it over the Atlantic during his lecture tour. At Columbia University in
New York, the Italian émigré Enrico Fermi began fission experiments in the
basement. The Hungarian exile Léo Szilard, also in the US, realized that this
uranium reaction could produce spare neutrons that would produce more
fission - so causing a nuclear chain reaction (a self-sustaining reaction) that
could yield a vast amount of explosive energy.

The Second World War had broken out, and Szilard worried that German
scientists would come to the same conclusions. He and Fermi agreed not to
publish their finding. In 1939 Szilard, with two other Hungarian refugees,
Edward Teller and Eugene Wigner, persuaded Albert Einstein to add his

First chain reaction Atomic bombs dropped Electricity produced
onJapan from nuclear power
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name to a letter warning US President Franklin Roosevelt of the risk that
such a reaction could be used to build an atomic bomb.

Frisch, now exiled in England, also set to work with Rudolph Peierls to
work out how much uranium was needed and of what sort. His answer
was shocking — mere kilograms of a uranium isotope with atomic weight
235 (3U) would be enough to produce a chain reaction, not the tonnes of
material first suspected.

Ideas were again shared across the Atlantic, but it still proved difficult to
ignite a chain reaction in the laboratory. Purifying uranium was hard, and
neutrons in the experiments were quickly mopped up before they could
trigger the fission cascade. Fermi obtained the first chain reaction in 1942 at
the University of Chicago, beneath the football stadium.

Meanwhile, in Germany, Werner Heisenberg had also flagged up to the
government the possibility of a uranium-based bomb. Fortunately for
the outcome of the war, the German effort fell behind that of the Allies.
Heisenberg’s position in this is unclear — some people think that he

Robert Oppenheimer was born in New York Fermi. Oppenheimer returned to the USA

City into a wealthy family. He first went to in the 1930s and worked at Caltech and

New Mexico whilst a teenager, sent there to  Berkeley. Described as both mesmerizing
recover from an illness. At Harvard University and frigid, he had a powerful personality. His
he studied chemistry and physics, moving communist leaning led to him being distrustea
to Cambridge in 1924. Oppenheimer didn't by government officials. Yet in 1942 they

get on with his tutor, Patrick Blackett, and asked him to lead the Manhattan Project.

claimed to have left an apple covered with Oppenheimer was troubled by the dropping of
chemicals on his desk. the atomic bomb, quoting from the Bhagavad
In 1926 he moved to Gottingen to work Gita: ‘Now | am become Death, the destroyer

with Max Born, where he also encountered of worlds’ In his later life he joined with other
giants such as Heisenberg, Pauli and physicists to promote global nuclear peace.
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deliberately dragged his feet, others have tarred him for taking a leading
role in the programme. Nevertheless, despite German scientists having
discovered fission, by the war’s end Germany had not even achieved a chain
reaction.

In September 1941, Heisenberg visited German-occupied Copenhagen
and looked up his old colleague Bohr. The subject of their conversation is
not known exactly - it is the theme of Michael Frayn’s play Copenhagen —
although both gave later accounts in letters, some never sent. Bohr's letters
have only recently been made public by his family. One remarks that
Heisenberg told him in confidence about the German atomic war effort.
Bohr was clearly upset and tried to send a message to London via Sweden.
But the message was garbled and wasn’t understood when it arrived.

THE MANHATTAN PROJECT
Back in the US, Frisch’s realization that only a little uranium was needed to
make a bomb coincided with the Japanese attack at Pearl Harbor. Roosevelt
launched the US nuclear bomb project, known as the Manhattan Project. It
was led by the Berkeley physicist Robert Oppenheimer from a secret base at
Los Alamos in New Mexico.

Oppenheimer’s team started designing the bomb in the summer of 1942. The
trick was to keep the quantity of uranium below the critical mass until the
detonation set the fission in progress. Two methods were tried, fashioned
into bombs called ‘Little Boy’ and ‘Fat Man’. On 6 August 1945, ‘Little Boy’ fell
on the Japanese city of Hiroshima, releasing the equivalent of about 20,000
tonnes of dynamite. Three days later, ‘Fat Man’ delivered its blow to Nagasaki.
Each bomb killed around 100,000 people instantly.

Nuclear splitting

~ NO-ONE REALLY
THOUGHT OF
FISSION BEFORE
ITS DISCOVERY."

Lise Meitner,1963



Antimatter

Most elementary particles have a mirror-image twin. Antimatter
particles have the opposite charge but the same mass as their
companion. A positron for example is a positively charged
version of the electron. Mest of the universe is made of matter.
When matter and antimatter meet they annihilate in a puff of
pure energy.

equation by adding in the effects of special relativity. The wave equation
described particles such as electrons in terms of the physics of standing
waves, but at that time was incomplete.

l n 1928, the physicist Paul Dirac attempted to upgrade Schrodinger’s wave

The theory applied to particles with little energy or travelling slowly, but
didn’t explain the relativistic effects of energetic particles, such as the outer
electrons in atoms larger than hydrogen. To better fit the spectra of large
or excited states of atoms, Dirac worked in the relativistic effects — length
contraction and time dilation — to show how they affected the shapes of the
electron orbits.

While it worked in predicting the size of the electrons’ energies, Dirac’s
equation at first seemed too general. The mathematics allowed the possibility
that electrons could have negative as well as positive energies, just as the
equation x* = 4 has the solutions x = 2 and x = —2. The positive-energy solution
was expected, but negative energy made no sense.

Dirac proposes antimatter Anderson detects Antiprotons are
the positron detected
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EQUAL, OPPOSITE, BUT RARE

Rather than ignore this confusing ‘negative energy’ term, Dirac suggested
that such particles might actually exist. Perhaps there were forms of
electrons with positive rather than negative charge but with the same mass?
Or they might be thought of as ‘holes’ in a sea of normal electrons. This
complementary state of matter is called ‘anti’-matter.

! The hunt began, and in 1932 the Caltech scientist Carl Anderson confirmed
that positrons exist. He was following the tracks of showers of particles
produced by cosmic rays — very energetic particles that crash into the
atmosphere from space, first seen by the German scientist Victor Hess two

| decades earlier. Anderson saw the track of a positively charged particle with
the electron’s mass, the positron. Antimatter was no longer just an abstract

idea but was real.

Paul Dirac (1902-84)

Paul Dirac has been called ‘the
strangest man’ He admitted that
he never started a sentence
without knowing how to finish

it; people joked that his only
words were 'Yes’ ‘No’ and | don't
know'. Luckily he was as brilliantly
clever as he was acutely shy.

His doctorate, completed at
Cambridge University in record
time and characteristic brevity,
was a completely new picture

The first antinucleus
produced

of gquantum mechanics. Dirac
went on to incorporate relativity
theory into quantum theory

and to predict the existence of
antimatter, plus pioneering work
in early quantum field theory.
When he was awarded the Nobel
Prize in 1933, fearing the publicity,
Dirac hesitated to go and accept
it. He only agreed when told that
he might get more attention if he
turned it down.

Anti-hydrogen
atoms created
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positron

-4

antiproton proton

electron

& —

Antihydrogen Hydrogen

Matter and antimatter annihilate to form pure energy.

The next antiparticle, the antiproton, was detected two decades later, in
1955. Emilio Segre and his team, working at the University of California at
Berkeley, used a particle accelerator — a machine called a bevatron —to fire a
stream of fast protons at nuclei in a fixed target. The energies of the protons
were high enough that antiparticles were produced in the collsions. A year
later, the antineutron was also found.

With the antimatter equivalent building blocks in place, was it possible to
build an anti-atom, or at least an anti-nucleus? The answer, shown in 1965,
was yes. A heavy hydrogen (deuterium) anti-nucleus (an anti-deuteron),
containing an antiproton and antineutron, was created by scientists at CERN
in Europe and Brookhaven Laboratory in America. Tagging on a positron to
an antiproton to make a hydrogen anti-atom (anti-hydrogen) took a little

longer, but was achieved also at CERN in 1995. Today

- | LIKE TO PLAY ABOUT experimenters are testing whether anti-hydrogen
WITH EI]UATIBNS, JUST  behaves in the same way as normal hydrogen.
LOOKING FOR BEAUTIFUL
MATHEMATICAL RELATIONS To deliberately create antimatter on Earth — rather
WHICH MAYBE DON'T HAVE than catching its signs in cosmic rays from space
ANY PHYSICAL MEANING AT - physicists need special machines that use huge
ALL. SOMETIMES THEY DO. magnets to boost the speeds of particles and focus

them into beams. In giant particle accelerators,

Paul Dirac,1963 - : )
such as those at CERN in Switzerland or Fermilab



near Chicago, streams of particles can be fired at targets
or at other beams, releasing energy according to Einstein’s
E = mc? equation that then creates a shower of other particles.
Because matter and antimatter annihilate to give a flash of pure
energy, if you meet your antimatter twin, think twice before
shaking hands.

THE BANG'S IMBALANCE

When we look out into the universe, we don’t see many flashes
of annihilating particles. The reason is that it is almost entirely
made of matter — less than 0.01% of the stuff in the universe is
made of antimatter. What caused this fundamental imbalance?

ANTIMATTER |

| THINK THAT

THE DISCOVERY OF

ANTIMATTER WAS
PERHAPS THE BIGGEST
JUMP OF ALL THE BIG
JUMPS IN PHYSIGS

IN UUH CENTURY

It could be that slightly dissimilar amounts of each were created in the Big
Bang. Over time most of the particles and antiparticles have collided and
mopped each other up but a few remain. If only 1 in every 10,000,000,000
(10°) matter particles survived, it would explain the proportions we see
now. This could also explain the large numbers of photons and raw forms of

energy that pepper the universe.

Or it could be that some quantum process in the very early universe set a
switch to favour matter over its mirror form. Perhaps some unusual particles
were created in the fireball that decayed predominantly to matter. Whatever
the reason, thousands of physicists at the world’s great particle accelerators

are trying to find it out.

Equal and opposite




Quantum field
theory

If light and electromagnetic waves can he carried by photons,
then qguantum field theory supposes that all fields are carried
across space by fundamental particles. Also implied is that
particles of any one type are indistinguishable, particles are
emitted and absorbed during interactions, and antimatter exists.

how is that force being transmitted? Likewise, how does the Sun’s
light or its gravity manage to stretch across vast expanses of space to
influence the Earth, or tiny Pluto?

H old two magnets close to one another, you can feel them repel. But

The idea that forces act across distance through some extended ‘field’ grew
out of Michael Faraday’s work on electricity and magnetism in the mid-19th
century. His search for fundamental laws of electromagnetism — linking all
electric and magnetic phenomena - was completed decades later by James
Clerk Maxwell. In just four equations, Maxwell described the various aspects
of electromagnetic fields, including how they fall off in strength with
distance.

But how are forces communicated? In the classical world of physics, we
usually think of objects as taking energy from one place to another. In a gun,
atoms from a pressure wave transfer the energy of an explosion to a bullet,
which punches a target. In the early 20th century, Albert Einstein described
light in a similar way, as a stream of photons depositing packets of energy

Faraday discovers ~ Maxwell proposes Einstein proposes Dirac describes electron
electromagnetic equations of electro-  concept of photons and antimatter
induction magnetism
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when they hit a metal plate. But what about the other forces: gravity, or the
weak and strong forces that glue the nucleus together?

‘ FORCE-CARRVING PARTICLES
Quantum field theory, which emerged in the 1920s, supposes that all fields
transmit their energy through flows of quantum particles —known as ‘gauge
bosons’. Like photons, they traverse space to deliver their blow. Like photons,
) they carry certain ‘quanta’ of energy. But unlike photons, some of the force-
field carriers have mass. And there is a whole menagerie of these.

Force-carrying particles are not like hard billiard balls, but are ripples in

| the underlying energy field. They are neither truly waves nor particles,
but something in between, as the quantum pioneers Niels Bohr and
Louis de Broglie explained was true of everything at the atomic scale. The
force carriers - including and similar to photons — can act like particles in

| circumstances that demand it, and they can only carry certain amounts of
energy, according to the quantum rules. Fermions, like the electron, can also
be thought of as carriers of their associated fields.

DIRAC AND QUANTUM THEORY

The first field whose quantum behaviour was studied was the electro-
magnetic field. In the 1920s the British physicist Paul Dirac tried to develop
a quantum theory of electromagnetism, which he published in 1927. His
focus was the electron. What made it tricky to describe its behaviour
was that he needed to explain how a photon could be emitted when an
electron drops from a high- to a lower-energy orbital in an atom. How
was that second particle actually created?

He reasoned that, just as chemicals interact, so can particles interact, as
long as they follow quantum rules. Certain quantities — such as charge and
energy — must be conserved before and after the interaction, if you consider

218 waem0. il e

Jordan and Wigner ~ Quantum electrodynamics  Evidence for quarks Quantum chromodynamics

develop quantum developed by Tomonaga, seen at Stanford Linear  theory published by Gross,
) field theory Schwinger and Feynman Accelerator Center Wilczek and Politzer

T
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all the particles. So an electron undergoes an interaction as it drops in energy,
emitting the energy difference in the form of a photon.

Dirac’s wrangling with his equations for electrons eventually led to his
prediction of antimatter and the positron —which he visualized asa holeina
sea of electrons. Particles have antiparticle twins, with opposite charge and
negative energy. The positron is the anti-electron.

An assumption of quantum field theory is that all these elementary
particles are indistinguishable. One photon with a particular energy looks
and behaves much like any other, no matter where it is in the Universe; all
electrons are pretty much the same, whether they are in a piece of sulphur, a
copper sheet, or whizzing through a neon gas tube.

Pascual Jordan was born in
Hanover, Germany. His father
was an artist and hoped his son
would follow a similar path, but
Jordan chose science. After
attending Hanover Technical
University, Jordan earned a PhD
at Gottingen University, where
he worked with Max Born. In
1925, Born, Werner Heisenberg
and Jordan published the first
theory of guantum mechanics.
A year later Jordan extended
the idea of energy guanta to

all fields — the first steps in
Quantum Field Theory. Jordan
never received the Nobel Prize,
perhaps because he joined the
Nazi party during the Second
World War.

? g%r‘a% § § i
Partlcles can sometlmes pop 1nto and out of existence.
In accordance with Heisenberg’s uncertainty principle,
there is a small chance that a packet of energy may
spontaneously appear for a while, even in the vacuum
of space. The chance of it doing so is linked to the
product of the particle’s energy and the time for which
it appears — an energetic particle can only pop into
existence for a short time.

Dealing with this eventuality meant that quantum
field theory had to handle the statistics of many
particles, and include the Pauli exclusion principle
that states that no two fermions can have the same
properties. Pascual Jordan and Eugene Wigner in 1927
and 1928 worked out how to statistically combine
many wavefunctions to represent fields.

But early quantum field theories struggled to explain
some phenomena. One was the fact that the fields
produced by the force carriers affected the particles
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themselves. For example, an electron has an electric charge, so it produces
and sits within its own field. Inside an atom, this causes the electron orbital
energies to shift a little.

The very idea of what an electron or photon was made of was - IT OFTEN HAPPENS THAT
difficult to visualize. If the negatively charged electron was THE REQUIREMENTS OF
extended, and not a point source, some bits would repel others. SIMPLICITY AND BEAUTY
Electromagnetic stresses could rip it apart. But if electrons ARE THE SAM E, BUT WHERE
had no extent, then how do you assign properties like charge ~ THEY GLASH, THE LATTER

and mass to an infinitely small point? The equations quickly  UST TAKE PRECEDENCE.
filled with infinities. ;

Paul A.M. Dirac,1939
In 1947, physicists found a way of cancelling out the infinities — known as
renormalization — and pioneers like Julian Schwinger and Richard Feynman
pushed the theory further. The result, known as quantum electrodynamics

(QED), described how light and matter interact and was consistent with
relativity. Electromagnetic effects were transmitted across space by the
massless photon over large distances.

Explaining the other forces was harder and took decades. The unification
of the electromagnetic and the weak nuclear force — which is involved with
fusion and beta radioactive decay — awaited a better understanding of
protons and neutrons, which are built from tiny quarks. The strong nuclear
force was an even greater challenge, owing to the tiny range over which it
operates. So electroweak theory and quantum chromodynamics were only
developed in the 1970s.

Today, there’s been a lot of progress towards unifying the weak and strong
forces and electromagnetism. But the greater goal of including gravity still
eludes us.

" Force carriers



The Lamb shift

5

What does an electron look like? An answer to this guestion
in the late 1940s enabled physicists to fix a problem

with the mathematics describing a quantum view of

it
electromagnetism. The electron is blurred by interactions
with field particles, so it appears to have a finite size.

simple 1913 model, which treated electrons like negatively charged

planets circling a positively charged nucleus, had been upgraded to
account for the shielding of the outer electrons by inner ones and the effects
of angular momentum. Energy shifts due to electron ‘spin’ in the spectral
lines of hydrogen showed that electrons act like rotating balls of charge.

I n the 1930s, physicists knew quite a lot about electrons, Niels Bohr's

The Zeeman and Stark effects — the fine splitting of the spectral lines of
hydrogen due to magnetic and electric fields — revealed the magnetism
associated with spinning electrons. And Pauli’s exclusion principle explained
why electrons, as fermions, can only have certain quantum properties, and
how they fill up successive shells around atoms. Paul Dirac and others
incorporated relativistic corrections.

Questions remained. In particular, it wasn't clear what an electron looked
like. Schrédinger’s wave equation described the probability that the electron
lay in certain places, formulated as a wavefunction. But electrons were
obviously localized in some sense, as their charges could be isolated and
they could be fired at metal plates. In the emerging equations of quantum
field theory, it was impossible to assign a charge or a mass to something
infinitely small. But if a charged particle like an electron had a size, then how

Zeeman observes Stern-Gerlach experiment shows Goudsmit and Uhlenbeck propose

Zeeman effect

quantized electron magnetism electrons are spinning balls of charge




THE LAMB SHIFT

7 fHans Bethe (1966—'—2065:_):

Born in Strasbourg, now in France but then on absolute zero to tease his colleague

part of the German Empire, Hans Bethe Arthur Eddington. During the war, Bethe (who
showed an early flair for mathematics. was of Jewish heritage) moved to the United
Also a keen writer, he had an odd habit of States, and he remained at Cornell University
writing forwards and then backwards on for the rest of his career. He worked on
alternate lines. Bethe chose to study physics nuclear research and the Manhattan Prgject
at the University of Frankfurt because and solved the problem of how stars shine
‘mathematics seemed to prove things by proposing fusion reactions. This won

that are obvious’ He went to Munich, and him the Nobel Prize. Bethe's sense of fun
completed his PhD in electron diffraction prevailed when he lent his name to a famous
by crystals in 1928. Moving to Cambridge, paper that is now known as the ‘alpha, beta,
Bethe's humour came to the fore when he gamma’ paper, by R. Alpher, H. Bethe,

published (and later retracted] a hoax paper  and G. Gamow.

could it exist without its self-repulsion ripping it apart? The equations were
full of infinities — mathematical singularities — that made them impossible
to handle.

QUANTUM BREAKTHROUGH

In 1947, an experiment came up with a clue that pushed quantum physics
on to the next level. At Columbia University in New York, Willis Lamb and
his student Robert Retherford found a new effect in the spectral lines of
hydrogen. Having worked on microwave technology in the Second World
War, Lamb sought to apply it to look at hydrogen at wavelengths much
longer than visible light.

At the microwave frequencies they used, the hydrogen emission spectrum
probed two particular orbitals: one spherical (called an S-state), one more
elongated (a P-state). Both had energies just above the lowest, or ground,
state. Atomic theory at the time predicted that the two orbitals should have

7 946-5

Lamb and Retherford find splitting is Bethe proposes QED developed by Tomonaga,
due to electron orbital shapes renormalization Schwinger and Feynman
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the same energy, but because they had different shapes, they should respond
differently to a magnetic field. An energy difference should emerge, which
could be detected as a new sort of splitting in the spectral lines of hydrogen.
While it could affect any orbitals with differing shapes, the effect was
much easier to see using microwaves than in the optical or ultraviolet parts
of the spectrum.

That energy difference is exactly what Lamb and Retherford found. The pair
crashed a beam of electrons into a beam of hydrogen atoms, at right angles
to one another. Some of the electrons in the hydrogen atoms gained energy
as a result, and moved up into the S orbital. Quantum rules forbade them to
lose that energy by dropping into the lowest energy state, so they remained
excited. The energized atoms were then passed through a magnetic field -
producing the Zeeman effect — to finally land on a metal plate, where the
electrons were released, generating a little current.

" 'WE NEED SCIENCE Microwaves (at frequencies close to that of a microwave oven)

were also fired at the atoms in the magnetized region. By
EDU[S: é.:-IIE[l]\II\TIIgSPI?}[:JI']rUV[\;IE varying the strength of the magnetic field, Lamb was able to
y

NEED IT EQUALLY TO

make electrons jump into the asymmetric P-state. These could
fall down to the ground state, as quantum rules allowed this

CREATE LITERACY transition, before they hit the detecting plate, thus producing
IN THE PUBLIG. no current.

Hans Bethe in Popular

Mechanics (1961)

By noting when this happened for a number of frequencies,
Lamb made a plot from which he could infer the energy shift between the
S- and P-states in the absence of a magnetic field - known as the Lamb shift.
It was not zero. So the theory of electrons must be incomplete.

In 1947, this finding shook up the quantum physics community. It was the
hot topic of conversation at a conference that year at Shelter Island, on Long
Island, New York. What did this energy shift mean in terms of the shape of
the electron? And how could the equations be fixed to reflect it?



THE LAMB SHIFT

Many physicists assumed that the shift was a result of the ‘self-energy’
problem — due to the fact that the electron’s own charge produces an electric
field, in which it sits. But the equations couldn’t handle this — they predicted
that a free electron had an infinite mass, and that the spectral lines that
resulted were all shifted by infinity in frequency. These
factors of infinity haunted quantum physics.

_ WHAT WE OBSERVE IS

. , NOT NATURE ITSELF BUT
Some means was needed to explain why the electron’s mass NATURE EXPOSED TO OUR

was fixed and not infinite. Hans Bethe, while travelling "
home from the conference, hit upon a way to work around METHOD OF QUESTIONING.

the problem. Realizing that a pure fix was beyond current
understanding, he reworked the equations so that the
electron’s properties were no longer expressed in the usual
terms of charge and mass but in rescaled versions of them. By choosing
appropriate parameters, he was able to cancel out the infinities—an approach
called renormalization.

Werner Heisenberg, Physics and
Philosophy (1958)

The infinity problem arises out of the quantum graininess of the
electromagnetic field. The electron is being jostled by the field’s constituent
particles, rather as Brownian motion scatters molecules in air. So the electron
gets blurred out into a sphere. The blurry electron feels less attraction to the
nucleus at close distances than it would if it were point-like, so the S-orbital
in Lamb’s experiment is raised in energy a little. The P-orbital is larger and
affected less, as the electron isn’t as close to the nucleus, so its energy is lower
than the S-orbital’s.

Bethe’s explanation fitted the experimental results of Lamb really well and
came at just the right time to move the field of quantum physics forward. His
technique of renormalization is still used, although some physicists worry it
is rather ad hoc.

Electrons’ Brownian motion




Quantum
electrodynamics

Quantum electrodynamics (known as QED) is the ‘jewel of
physics’, according to one of its founding fathers Richard
Feynman. Perhaps the most ﬁ*ﬁﬁ@{&%& theory known, it has
brought physicists to an exceptional understanding of the
behaviour of electrons, photons 5;5 electromagnetic processes.

EDis the quantum field theory of the electromagnetic force. It explains

how light and matter interact and includes the effects of special

relativity. Today’s version describes how charged particles interact by

exchanging photons and explains all the fine structure in the spectral
lines of hydrogen, including those due to electron spin, the Zeeman effect
and the Lamb shift.

The first shoots of QED came from Paul Dirac’s attempts in the late 1920s to
explain how an electron emits or absorbs a photon as it loses or gains energy
in a hydrogen atom, so producing the observed set of spectral lines. Dirac
applied Max Planck’s idea of energy quanta to the electromagnetic field.
Dirac thought of the quanta as tiny oscillators (vibrating strings or standing
waves). He introduced the idea of particle interactions, during which particles
could be spontaneously created and destroyed.

BREAKTHROUGH
For a decade, physicists tweaked this theory, but thought they had done
all they could. Then came the realization that it only really worked for the

Maxwell publishes his equations Paul Dirac publishes quantum Jordan and Wigner develop
of electromagnetism description of electromagnetism quantum field theory
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simple case of the hydrogen atom. In situations beyond - for electrons with
greater energies, or in larger atoms - the calculations broke down, requiring
the electron’s mass to grow infinitely large. Doubts were cast on the value
of the entire theory: was quantum mechanics incompatible with special
relativity? Subsequent findings in the 1940s, like the Lamb shift and electron
spin, only added pressure.

Hans Bethe’s 1947 reworking of the equations - using renormalization to
cancel out the infinities —and his explanation of the Lamb shift saved the day.
Hesstill didn’t have a fully relativistic theory though. Over the next few years,
Bethe’s ideas were developed by physicists including Sin-Itiro Tomonaga,

\ Julian Schwinger and Feynman. By further massaging the equations they
managed to banish the infinities completely, winning the trio the Nobel
Prize in 1965.

Born and raised in New York, Richard
Feynman was apparently a late talker.

dancing in the desert — rumours developed
of an 'Injun Joe’ After the war, Feynman

| Having not spoken a word until he was

three, he made up for it in his later life as
a renowned lecturer and brilliant physicist.
Feynman studied physics at Columbia
University and then Princeton, and was
invited to work as a junior scientist on the
Manhattan Project at Los Alamos. Feynman
was a prankster and liked to play jokes on
his colleagues in the New Mexico desert.
He broke into people’s filing cabinets by
guessing obvious lock combinations, such
as the natural log e = 271828 . ., and left
notes behind. He took up drumming and

1947

Bethe proposes
renormalization

eventually moved to Caltech, in part due
to the warm weather Known as 'the

great explainer’, Feynman was a supreme
teacher and wrote a famous set of books
encapsulating his lecture series. As well

as QED, for which he won the Nobel Prize,
Feynman worked on theories of the weak
nuclear force and superfluids. In a famous
talk, There's plenty of room at the bottom),
he set the foundations of nanotechnology.
Described by his colleague Freeman Dyson
as ‘half-genius, half-buffoon’, Feynman later
became ‘all-genius, all-buffoon’

~ 1946-50

Tomonaga, Schwinger and
Feynman develop QED
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Renormalization is still in the quantum physics canon today, but its physical
meaning isn’t understood. Feynman never liked it: he called it hocus-pocus’.

FEYNMAN DIAGRAMS

The equations of QED are complicated. So Feynman, a zany, larger-than-life
character with great imagination and a flair for teaching, came up with
his own shorthand. Rather than using algebra, he simply drew arrows to
represent particle interactions, following a few rules.

Aplain arrow represents a particle moving from one point to another; a wavy
line is used for a photon, and other force-carriers have squiggly variants.
Every particle interaction can be shown as three arrows meeting at a point,
or vertex. Sequences of interactions could be built up by adding further units.

For example, an electron and positron colliding and annihilating to produce
energy in the form of a photon would be drawn as two arrows meeting at
a point, from which a wavy photon line emerges. Time runs left to right
on the page. Because antiparticles are equivalent to real particles moving
backwards in time, the positron arrow would be drawn pointing backwazrds,
from right to left.

Two or more triple vertices may be combined to show a series of events.
The photon created by that electron—positron interaction could then
spontaneously disintegrate to form another particle-antiparticle pair,
drawn as two further emerging arrows.

Electron
/ Photon
Positron
Photon Electron Photon emission Electron-positron annihilation

Feynmann diagrams
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All sorts of interactions can be described using the diagrams, which work
for any of the fundamental forces described by field theories — notably
electromagnetism and weak and strong nuclear forces. There are a few rules
that must be followed, such as the conservation of energy. And particles like
quarks that cannot exist on their own must be balanced so that the incoming
and outgoing particles are real entities, like protons and neutrons.

PROBAB RIATIONS .

These diagrams are not just visual sketches: they have deeper QUANTUM
mathematical meaning - they can also tell us how probable the ELECTRODYNAMICS
interactions are. To find this out you need to know how many (ﬂED) HAS ACHIEVED A
ways there are of getting there. For any starting and end point, the ~ STATUS OF PEACEFUL
number of alternative interaction paths can be quickly ascertained GOEXISTENCE WITH ITS
by plotting all the variants. Count them up and you have theanswer  [)JVERGENCES ...
towhat is most likely to happen. Sidney Drell, 1958 '
This influenced Feynman’s thinking behind QED. He thought back to an

old optics theory called Fermat’s principle for the propagation of light. In

working out the path of a beam of light through a lens or prism, where it

may be bent, that theory states that while light rays may follow all possible

paths it is the quickest path that is most probable, and where most of the

light travels in phase. By counting his diagrams, Feynman also looked for the

most likely outcome in a quantum interaction.

QED led the way for further developments in quantum field theory. Physicists
extended this picture to cover the colour force field of quarks, a theory called
quantum chromodynamics, or OCD. And QED was merged with the weak
nuclear force into a combined ‘electroweak’ theory.

Fully fledged
electromagnetism




BETA DECAY WAS . ... Gamma rays are energy released as photons.
LIKE A DEAR OLD FRIEND.
THERE WOULD ALWAYS  Because alpha particles are relatively heavy they don't travel far
BE A SPECIAL PLACE IN  and can easily be stopped by a piece of paper or our skin. Beta
MY HEART RESERVED  particles are light and travel further - it takes lead or a thick piece

ESPECIALLY FORIT.|

Beta decay

Unstable nuclei sometimes break down, releasing energy as
particles. Beta decay occurs when a neutron becomes a proton
and emits an electron g&ém an antineutrino. Enrico Fermi’s 1934
i%{sg%? %mig decay sti mw ails, and set the scene for studies

2 @ ar ig %ﬁ, which holds protons and neutrons

nuclear force. It comes in three types — alpha, beta and gamma. Alpha
particles are bare helium nuclei, comprising two protons and two
neutrons, and are emitted when the unstable nucleus of a heavy radioactive
element such as radium or uranium breaks down. Beta particles are electrons
released from the nucleus when a neutron decays into a proton.

R adioactivity emanates from the nucleus of an atom, through the weak

of metal to stop them. Gamma rays are more pervasive still.

Chieng-Shiung Wu ' ‘

In experiments similar to those used previously to identify the
electron, in 1900 Henri Becquerel measured the ratio to mass of a beta
particle’s charge and found that it matched that of an electron.In 1901, Ernest
Rutherford and Frederick Soddy noticed that beta radiation changed the
nature of the chemical element from which it came, moving it one place to
the right in the periodic table. Caesium, for example, turns into barium. So,

Becquerel shows that Rutherford and Soddy Meitner and Hahn Pauli proposes that

a beta particle is like show that beta particles show energyis lost  the neutrino exists
an electron come from the nucleus during beta decay
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they concluded, beta particles must be electrons
from the nucleus.

In 1911, the German scientists Lise Meitner and Leptons are basic building blocks of

Otto Hahn found a puzzling result. Whereas matter. There are six flavours: the

alpha particles were given off only at particular electron, muon, and tau particles and
. bet ticl 1d tak their associated neutrinos. Each also

energies, beta particles cou ake on any e

amount of energy, up to some maximum. It

seemed that some energy, which should have fanidle ymbel. Moo onetey
; : lect € : GeV
been conserved, was disappearing somewhere. = el
muon w 0.1066 GeV
tau T 1.777 GeV.

QUEST FOR A MISSING PARTICLE

Nor was momentum being conserved - the

direction and velocity of the nuclear recoil and

the emitted beta particle did not counterbalance one another. The best

explanation was that some other particle was being given off, dumping the
[ spare energy and momentum. But nothing obvious was detected.

In1930,in a famous letter that began ‘Dear radioactive ladies and gentlemen),
Wolfgang Pauli proposed the existence of an extremely light neutral particle,
a companion to the proton, in the nucleus. He dubbed it the neutron. It was
later renamed the neutrino (meaning ‘little neutral one’) by Enrico Fermi,
to avoid confusion with the heavier neutron that was discovered by James
Chadwick in 1932.

This light particle, Pauli thought, could explain the discrepancies, and yet,
having no charge and little mass, it would be easy for it to have escaped
detection. In 1934, Fermi published a full theory of beta decay, including the
properties of the invisible neutrino. It was a tour de force, but Fermi was
devastated when it was rejected by the scientific journal Nature on the basis
that it was too speculative. For a while he switched his research to other topics.

B w0 s o we e
Chadwick discovers  Fermi publishes his Cowan detects Lederman and Solar neutrino

the neutron theory of beta decay the neutrino others detect the  oscillation found
( muon neutrino
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As a child in Bome, Enrico Fermi took an
interest in science, dismantling engines and
playing with gyroscopes. When his father died

while he was in his teens, he immersed himself

in study. While studying physics at university
in Pisa, Fermi became so good at quantum
physics that he was asked to organize
seminars, and in 1921 he published his first
paper on electrodynamics and relativity. He
received his doctorate aged just 21, and a
few years later became a professor in Rome.
Fermi's theory of beta decay was published

physics, performing early work on neutron
bombardment and fission. After he won the
Nobel Prize in 1938 for his nuclear work,

he moved to the United States to avoid
the fascist regime of Benito Mussalini.
Fermi's group generated the first nuclear
chain reaction in Chicago in 1942, and he
joined the Manhattan Project. Known for
his clear and simple thinking and abilities in
both experimental and theoretical physics,
Fermi was one of the greatest physicists
of the 20th century. The writer C.P. Snow

in 1934 but, disappointed at the lack of
interest in it, he turned to experimental

remarked on his talents: ‘Anything about
Fermi is likely to sound like hyperbole!

NEUTRINGS

In fact neutrinos barely interact with matter at all, and it took until 1956
to spot them. Clyde Cowan and his collaborators turned protons and
antineutrinos from beta decays into positrons and neutrons. (For reasons
of quantum symmetry the particle emitted during beta decay is actually an
antineutrino.)

Neutrinos are still hard to detect. Because they carry no charge they do not
ionize anything. Because they are so light they leave little trace when they
hit a target. In fact most of them travel straight through the Earth.

Physicists can detect the occasional one that’s slowed down by looking for
flashes of light as they traverse large bodies of water — from giant swimming
pools to the Mediterranean and the Antarctic ice sheet. The incoming
neutrino may knock a water molecule and prompt an electron to pop out,
which produces a streak of blue light (known as Cerenkov radiation).




In 1962 Leon Lederman, Melvin Schwartz and Jack
Steinberger showed that there are other types (called
flavours) of neutrino, when they detected interactions
of the muon neutrino, a heavier member of the family
than the electron neutrino. The third type, the tau
neutrino, was predicted to exist in 1975 but was not
seen until 2000 at Fermilab.

Neutrinos are produced by some fusion reactions
that power our Sun and other stars. In the late 1960s,

BETA DECAY

'ONCE BASIC KNOWLEDGE
IS ACQUIRED, ANY ATTEMPT
AT PREVENTING ITS FRUITION
WOULD BE AS FUTILE AS HOPING
TO STOP THE EARTH FROM
REVOLVING ARUUNI] THE SUN."

Enrico Fermi. Ator
x.bf’!f(_t@ﬁ’ Papers (Note e

physicists trying to detect neutrinos from the Sun realized that they saw too
few: only 30-50% of the expected number was getting through.

The solar neutrino problem was not solved until 1998, when experiments
such as Super-Kamiokande in Japan and the Sudbury Neutrino Observatory

in Canada showed how neutrinos change - or oscillate — between the three

flavours. The relative numbers of electron, muon and tau types were being
wrongly assessed earlier and the various detectors were missing some types.
The neutrino oscillations indicate that neutrinos have a small mass.

So by solving the problem of beta decay, Pauli and Fermi opened up a new
world of electron-like substitutes — called leptons — as well as predicting the
existence of the neutrino, a particle whose properties are still puzzling today.

It set the scene for investigations of the nuclear forces.

|

particle

Mysterious missing



Weak interaction

The weakest of the fundamental forces, the weak force governs
the decay of neutrons into protons and affects all fermions. One
of its odd properties is that it is not mirror-symmetric - the

universe is left-handed.

he weak nuclear force causes radioactive decay. Most particles, even the ’

neutron, eventually break down into their fundamental constituents.

While stable and long-lived within an atomic nucleus, free-flying |
neutrons are unstable, transforming within only around 15 minutes into a
proton, electron and antineutrino.

Neutron decay underlies beta radiation. It makes radiocarbon dating possible '
— the carbon-14 isotope decays through the weak interaction to become ‘
nitrogen-14, with a half-life of some 5,700 years. And in the opposite sense, !
the weak interaction makes nuclear fusion possible, building deuterium 1
and then helium from hydrogen within the Sun and other stars. So heavy :
elements are produced using the weak interaction. ;

The weak force is so called because its field strength is millions of times less
than the strong nuclear force, which binds protons and neutrons within the
nucleus, and it is thousands of times weaker than the electromagnetic force.
Whereas the electromagnetic force can traverse a large distance, the weak
force acts over a tiny range — about 0.1% of the diameter of a proton.

BETA DECAY
In the 1930s, Enrico Fermi developed his theory of beta decay and began to
disentangle the properties of the weak force. Fermi saw parallels between

e s e a8

Wigner proposes Fermi proposes theory ~ Yangand Mills Yang and Lee propose

concept of parity in of beta decay publish atheory of  parity not conserved in
wavefunctions the strong force weak interactions



the weak force and electromagnetism. Just as charged particles interact
by exchanging a photon, the weak force must be transmitted by similar
particles.

Physicists turned to the basics. What is a neutron? Werner Heisenberg
imagined that the neutron was a combination of a proton with an electron
stuck on it, like a molecule. He thought that larger nuclei and combinations

1 were held together by a sort of chemical bond, with protons and neutrons
bound by the exchange of electrons. In a series of papers in 1932 he tried to
explain the stability of the helium nucleus (two protons and two neutrons
bound together) and other isotopes. But his theory didn't pan out — within
a few years experiments showed that it could not explain how two protons
could hold together or interact.

Physicists looked to symmetry. In electromagnetism charge is always

I conserved. When particles decay or combine, charges may add or cancel but
they aren’t created or destroyed. Another conserved property in quantum
mechanics is ‘parity’: the symmetry under reflection of the wavefunction. A
particle has even parity if it doesn’t change when it is reflected from side to
side or up and down; otherwise it has odd parity.

But things were not so clear with the weak force. In fact in 1956 Chen
Ning Yang and Tsung-Dao Lee proposed the radical possibility that parity
might not be conserved in weak interactions. In 1957 Chieng-Shiung
Wu, Eric Ambler and their colleagues at the US Bureau of Standards in
Washington, DC devised an experiment to measure the parity of electrons
given off in beta decay. Using cold cobalt-60 atoms, they passed the beta
particles that emerged through a magnetic field. If parity was even and the
electrons emerged with random orientations, then a symmetric pattern
would result. If they had a preferred direction, an asymmetric pattern
should appear.

Jes.. .. . V91 \9pA. 1983 =
Wu and Ambler show that ~ Schwinger proposes 3 Higgs field Direct evidence for W and Z

parity is not conserved in weak force carriers, W¢, proposed particles found at CERN
l beta decay W-and z°
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PARITY VIOLATION

Physicists keenly awaited the results. Wolfgang Pauli was so convinced that
symmetry would be conserved that he said he was willing to bet a large
sum on the outcome, declaring: ‘I do not believe that the Lord is a weak left-
hander. Within a fortnight Pauli ate his words — parity was not conserved.

Later that year Maurice Goldhaber and his team at Brookhaven National
Laboratory established that the neutrino and antineutrino have opposite
parity - the neutrino is ‘left-handed, the antineutrino ‘right-handed’ The
weak force, it was postulated, acted only on left-handed particles (and
right-handed antiparticles). Today we know of many more particles and the
picture has grown more complicated; nevertheless the point stands firm that
parity is broken in weak interactions.

- THERE IS ONLYONE A flurry of theorists turned to the problem. In November 1957, Julian
THING WORSE THAN Schwinger proposed that three bosons were involved in transmitting
COMING HOME FROM the weak force. To pass on charge they must include a pair with
THE LAB TO A SINK FULL opposite charge: he named them W* and W-The third particle would
OF DIRTY DISHES. AND have to be neutral. He assumed it was the photon. In beta decay, he
THAT IS NOT G’UING reasoned, the neutron would decay into a proton and W-, which

T0 THE LAB AT ALL! would in turn decay to become an electron and antineutrino.

Chieng-Shiung Wu,
o -

ated in 2001 A decade earlier, Julian Schwinger had wondered if the restricted
guoted Iin 2007

range of the weak force meant that its force-carrier was massive.
The photon has no mass so can travel very far. But the weak force equivalent
might be so heavy that it can’t make it beyond the nucleus. The W bosons
must be heavy and short-lived, their almost immediate decay explaining
why we hadn’t yet seen them.

Schwinger set his graduate student Sheldon Glashow to work. Glashow took
his time but went one better. He realized that the fact that the W particles
carried charge meant that the weak force and electromagnetism were
linked. In the next few years he prepared a new theory linking the two, but
it required that the third neutral particle was also massive - it was named
the Z°. So the weak force was carried by three heavy bosons: W*, W-and Z°.



WEAK INTERACTION

By 1960, Glashow’s theory was advanced but it was languishing. Just as
quantum electrodynamics had been, it was riddled with infinities, and no

one could figure out how to cancel them out. Another problem he
wrestled with was explaining why the weak force carriers had
large masses, whereas the photon had none.

ELECTROWE

A solution for electroweak’ theory, combining the weak force and
electromagnetism, awaited a better understanding of protons and
neutrons, and the fact that they are made up of smaller particles
called quarks. The weak force changes quarks from one type — or
flavour - into another. Changing a neutron into a proton involves
swapping the flavour of one quark.

- SINCE THE BEGINNING
OF PHYSICS, SYMMETRY
CONSIDERATIONS HAVE
PROVIDED US WITH AN
EXTREMELY POWERFUL
AND USEFUL TOOL
IN OUR EFFORT TO
UNDERSTAND NATURE

xSHlf -Dao {\,'%T“

The mass problem was solved theoretically in 1964 when a new sort of
particle - the Higgs boson — was proposed. Its discovery was reported in 2012.
It attracts and effectively puts a drag on the W and Z bosons, giving them
their inertia. Because the W and Z bosons are so massive, weak decays are
relatively slow. Hence it takes minutes for a neutron to decompose, whereas

photons are given off in a fraction of a second.

Around 1968, Glashow, Abdus Salam and Steven Weinberg presented a
unified theory of the electroweak force, for which they won the Nobel
Prize. Martinus Veltman and Gerard 't Hooft managed to renormalize the
theory, and lose the infinities. Evidence for the W and Z particles followed
in accelerator experiments in the 1970s, and they were directly detected at

CERN in 1983.

While the laws of nature were long thought to be symmetric under mirror

reflections, the weak force is not. It has a ‘handedness’.

Left-handed force
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Quarks

In trying to explain the variety of elementary particles, Murray
Gell-Mann discovered patterns that could be explained if the
particles were each made from a trio of more basic components.
Inspired by a literary passage, he named them quarks. Within a
decade guarks were found to exist.

Aswell as electrons, protons, neutrons and photons, there were dozens
of more exotic ones with names like pions, muons, kaons and sigma
particles — and all their antiparticles too.

B y the 1960s physicists had discovered around 30 elementary particles.

Enrico Fermi apparently once remarked: ‘If I could remember the names of
these particles I would have been a botanist’ The search began for a sort of
periodic table of the particles, through which to link them.

Particles fall into two basic types. Matter is made of fermions, which divide
into two further sorts: leptons, including electrons, muons and neutrinos;
and baryons, including protons and neutrons. Forces are carried by bosons,
including the photon and various ‘mesons’, such as the pions and kaons
responsible for the strong force.

THE EIGHTFOLD WAY

While visiting the Collége de France in Paris —and allegedly drinking rather
a lot of good red wine — Murray Gell-Mann tried to piece the quantum
properties of all these particles together. It was like solving a giant sudoku
puzzle. When he grouped them by quantum traits, such as their charge and

symmetry-based theory of the Eightfold Way quark theory at Stanford Linear

the strong force

Accelerator Center




QUARKS

 Murray Gell4Mann (1929-)

Born into a family of Jewish immigrants
from the Austro-Hungarian Empire, Gell-
Mann was a child prodigy. He entered
Yale University at the age of 15 In 1948
he earned a bachelor’s degree in Physics
and went on to attend graduate school
at MIT, where he received his PhD in
physics in 1951,

Classifying recently discovered cosmic
ray particles (kaons and hyperons] led
him to propose that a quantum flavour
called strangeness would be conserved
by strong but not weak interactions.

In 1961 he developed a scheme for

classifying hadrons in terms of octets,
which he called the Eightfold Way. In
1964 he proposed that hadrons consist
of trios of 'quarks’ He proposed the
conservation of ‘colour charge’ and
worked on QCD.

Gell-Mann was awarded a Nobel Prize
in physics in 1969. In the 1990s he turned
to complexity science, and helped found
the Santa Fe Institute in New Mexico,
where he holds a joint position alongside
his post at Caltech, where he joined the
faculty in 1955,

spin, a pattern began to emerge. He found a similar arrangement could
explain two sets of eight particles (baryons with spin '/ and mesons with
spin 0). In 1961 he published his vision as ‘The Eightfold Way’, named after
the Buddha’s eight steps to Nirvana.

One of the mesons was missing though — only seven were then known. So
he stuck his neck out and predicted the existence of an eighth meson. It was
found just a few months later by Luis Alvarez and his team at the University
of California at Berkeley. When a new trio of spin ~/2 bosons was discovered
soon after, Gell-Mann found he could fit them into another set that included
ten entities. The pattern was taking shape.

Each arrangement made sense mathematically if there were three
fundamental particles at the root of all of these patterns. If protons and

Top quark
discovered

Charm quark
discovered

Gross, Wilczek and Politzer
publish quantum
chromodynamics theory

Bottom quark
discovered
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neutrons were each made of three smaller particles, then you could rearrange
the components differently to build up these particle family trees.

The basic units would have to have an unusual charge, of plus or minus
1/, or */5 that of the electron, so that their combination gave the proton’s
single positive charge, or zero for a neutron. Such fractional charges seemed
ridiculous — nothing like them had ever been seen — so Gell-Mann gave the
imaginary particles a nonsense name, ‘quorks’ or ‘kworks’.

o

While reading James Joyce’s Finnegans Wake, Gell-Mann found a better

name in one passage: ‘Three quarks for Muster Mark!’ Joyce’s word referred

to the squawk of a seagull, but Gell-Mann enjoyed the similarity to his own

made-up word, and its link to the number 3.1In 1964 he published his quark

theory, proposing that the neutron is a mixture of an ‘up’ and two

" THREE QUARKS ‘down’ quarks, and a proton is two ups and a down. So beta radiation,

FUR MUSTER he declared, involved the conversion of a down quark in a neutron
MARK! SURE HE into an up quark in a proton, while emitting a W- particle.

HAS NOT GOT Gell-Mann’s magical Eightfold Way seemed to work, but even the
MUCH OF A BARK physicist himself didn’t know why. He accepted it was merely a
AND SURE ANY HE mathematical device. Others treated his quark theory with derision
HAS IT'S ALL BESIDE 4t first. There was little evidence for quarks’ physical existence,
THE MARK. until experiments at the Stanford Linear Accelerator Center in 1968
James Joyce, revealed that the proton was indeed made up of smaller components.
Finnegans Wake

Today, as more and more particles have been discovered, Gell-Mann’s picture
has been vindicated. We know that there are six types or flavours of quarks:
up, down, strange, charm, bottom and top. These come in pairs; the up and
down quarks are the lightest and most common. Evidence for the heavier
quarks is visible only in high-energy collisions — the top quark was not

spotted at Fermilab until 1995.

The weird names of quarks and their characteristics have arisen in an ad hoc
way. The up and down quarks are the simplest, named after the direction
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of their isospin (a quantum property in the strong and weak nuclear forces

analogous to charge in electromagnetism).

Strange quarks are so called because they have turned
out to be components of the ‘strange’ long-lived particles
discovered decades earlier in cosmic rays. The ‘charm’
quark was named for the pleasure it brought its discoverer.
Bottom and top were chosen as complementary to up and
down. Some physicists refer more romantically to top and
bottom quarks as ‘truth’ and ‘beauty’.

Quarks can change their flavour through the weak
interaction, and respond to all four fundamental forces.
For every quark there’s an antiquark. Particles made of
quarks are called hadrons (from the Greek hadros, large).
Quarks cannot exist on their own - they only come in
threes and are confined within hadrons.

QUARK ‘COLC

~ HOW CAN IT BE THAT
WRITING DOWN A FEW
SIMPLE AND ELEGANT
FORMULAE, LIKE SHORT
POEMS GOVERNED BY STRICT
RULES SUCH AS THOSE OF
THE SONNET OR THE WAKA,
CAN PREDICT UNIVERSAL
REGULARITIES OF NATURE?

Murray Gell-Mann, Nob
bmu h (10 December1 .)69}

el Banquet

Quarks have the1r own set of properties, including electric charge, mass, spin
and a further quantum trait known as ‘colour’ charge, linked to the strong
nuclear force. Quark colours are labelled red, green and blue. Antiquarks
have anticolours, such as anti-red. Just as, in optics, the three primary colours
combine to give white light, baryons must be made up of a combination that

mixes to white.

The attraction and repulsion of quarks of various colours is governed by
the strong force and is mediated by particles called ‘gluons’. The theory that
describes strong interactions is called quantum chromodynamics (QCD).

the power of three




Deep inelastic
scattering

A series of experiments in California in the late 1960s confirmed
the quark model of the proton and other hadrons. By firing
electrons with very high energies at protons, physicists showed
that they rebounded strongly when they hit three points within
the nucleon and that the guarks had fractional charge.

new particle accelerator. The Stanford Linear Accelerator Center (SLAC),

just south of San Francisco, wasn't the highest-energy particle smasher
in the US — that was at Brookhaven on the east coast. But SLAC was built to
perform a bold feat - to tear apart the proton.

I n 1968, physicists at Stanford University puzzled over results from their

The bigger accelerators of the day, like Brookhaven, mostly collided beams
of weighty protons, looking for new types of particles among the shards of
the smash-ups. Richard Feynman famously referred to this as like smashing
apart a Swiss watch to find out how it worked. The SLAC team instead fired
fast beams of electrons at protons.

While electrons are much lighter than protons, and so should have less
impact, the American theorist James Bjorken realized that they can do
more precise damage. Very high-energy electrons would have very compact
wavefunctions. The electrons would target their blow on a region tiny
enough to pierce the proton. In essence the SLAC physicists were going

Rutherford performs  Rutherford isolates  Chadwick discovers Gell-Mann proposes
gold foil experiment  the proton the neutron quark model of hadrons
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one step further than Ernest Rutherford, who 50 years earlier
had discovered the atomic nucleus by firing alpha particles at
gold foil.

In the 1960s, physicists didn’t know what protons were made
of. Murray Gell-Mann had proposed they might be built of
three quarks, but this idea was purely conceptual: it cut no ice
in experimental circles. Just as Rutherford first imagined a
‘plum-pudding’ atom, so the proton might be a ball of some
smeared-out substance. Or, like Niels Boht’s atom, it might be
mostly empty space inhabited by tiny constituents.

TWO KINDS OF COLLISION

Inthe SLAC accelerator an electron could collide with a proton in Quarks inside a proton scatter
two ways. In the simplest case it could rebound off the nucleus, incoming electrons, which would
both particles remaining intact and responding according to  otherwise pass through.

the conservation of momentum. Because kinetic energy is not

lost, this is described as an elastic collision. Alternatively, the electrons might

undergo inelastic collisions, where some of the kinetic energy gets turned

into new particles.

Inelastic collisions might be modest, where the proton essentially remains
in place, absorbing some energy from the electron plus also creating some
other particles as splinters. On the other hand the electron might pierce the
proton and blow it apart —the innards blasted out in a much larger shower of
particle shrapnel. This more destructive process is known as ‘deep inelastic
scattering’. Bjorken realized it could reveal how the proton is built.

If the proton is a smooth mass, then after the collision the electrons should
be deflected only a little from their incoming path. If the proton is made

Inner structure revealed Glashow and Georgi propose  Top quark discovered
in protons at SLAC grand unified theory at Fermilab
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| BELIEVE THERE ARE 15,747 of tiny hard cores, then the lightweight electrons
724 136.275.002.577.605.653 ’951, could bounce off them at quite large angles, just as
181 556 45’3 0 4’4 71.’791 Zl 527’11 5,709, Rutherford witnessed alpha particles ricocheting off

366,231,025,076,185,631,031,296
PROTONS IN THE UNIVERSE,

hard gold nuclei.

Bjorken’s team quickly saw that many of the electrons

AND THE SAME NUM BER were widely deflected. And they spotted peaks in the
OF ELECTRONS. relative energy of the scattered electrons, suggesting
Sir Arthur Stanley Eddington, 1938 underlying structure in the proton. Protons must be

made up of tiny grains.

S ALSTO COLLIBE

fad &3

The interpretation of the grains as quarks didn’t follow immediately. There
were other possibilities. Richard Feynman, fresh from collecting his Nobel
Prize for his work on quantum electrodynamics, promoted a different
model. He too wondered if protons and other hadrons were made of smaller
components, but his version he called ‘partons’ (parts of hadrons).

Feynman’s model was still at an early stage. He didn’t know what partons
were, but imagined how they would clash together during collisions if the
proton and electron were flattened as they experienced relativistic effects.
Feynman was convinced that the SLAC results supported his parton model
and, given his popularity and recent award, for a time many Californian
physicists were happy to believe him.

- ONE COULD SAY
THAT PHYSICISTS JUST
LOVE TO PERFORM OR
INTERPRET SCATTERING
EXPERIMENTS.

Clifford G. Shull, 1994

But further experiments started to back the quark model
Neutrons became the next targets, and produced a subtly
different pattern in the scattered electrons, implying their
make-up was slightly different. It took several years and lots
of wrangling to agree what the defining tests were and how to
interpret the data, but in the end the quark model passed.

Protons and neutrons and other baryons have three scattering centres
within them, corresponding to three up and down quarks. Mesons have two
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scattering points, corresponding to a
quark and an antiquark. The grains are
extremely compact - essentially point-

Sheldon Glashow was born and raised in

like, like the electron. And they have New York by Russian immigrant parents. He
charges of multiples of '/3, consistent was in the same high school year as another
with the quark concept. physicist, Steven Weinberg, with whom, along

with Abdus Salam, he shared the Nobel Prize
in 1979. Glashow attended Cornell University
and then took his PhD at Harvard, where he

studied under another Nobel recipient, Julian

In1970 Sheldon Glashow added a further
affirmation when he deduced the charm

quark’s existence from the decay of Schwinger. Glashow developed electroweak
heavier ‘strange’ particles such as the theory, and in 1964, in collaboration with
kaon. By 1973, most partjcle thSiCiStS James Bjorken, he was the first to predict

the charm qguark. In 1973, Glashow and
Howard Georgi proposed the first grand
unified theory. Sceptical of superstring
theory, which he once called a tumour),

accepted the quark theory.

A couple of puzzles remained: during the

Collisions the quarks seemed to behave Glashow Campajgned (WlthOUt SUCCESSJ to
like independent particles within the keep string theorists out of the Harvard
nucleus, but they could not be set free. physics department.

Why? What was the quantum glue that

held them there? And if quarks were

fermions, how come two similar ones could exist side by side within a proton
or neutron? Pauli’s exclusion principle should rule that out.

The answers would come from the next development in quantum field
theory — quantum chromodynamics (OCD), or the study of the varied
properties of quarks and the strong force that governs them.

The core of things




Quantum
chromodynamics

With the confirmation of quark theory, the search began for a
fuller explanation of the strong interaction that dictates the
hehaviour of protons and neutrons in the nucleus. Quantum
chromodynamics (QCD) describes how quarks experience a
‘colour’ force, which is mediated by gluons.

made up of a trio of smaller components called quarks. Originally
predicted by Murray Gell-Mann to explain patterns he perceived in the
characteristics of elementary particles, quarks had some weird properties.

I n the 1970s, physicists began to accept that protons and neutrons were

Experiments at Stanford Linear Accelerator Center revealed the graininess of
protons in 1968, and later the same for neutrons, by firing fast electrons at
them. Quarks have charges that are plus or minus '/; or */3 the basic unit, so
that three of them add together to give the +1 charge of the proton or o for
the neutron.

Within the SLAC experiments, the quarks behaved as if they were
disconnected. But they could not be extricated from the nucleus - they had
to be confined within it. No particles with fractional charges were ever seen
outside. It was as if they were rattling around inside the proton, like beans in
a shaker. What was holding them in?

Gell-Mann publishes Gell-Mann proposes quark Structure revealed
Eightfold Way model of hadrons in protons at SLAC
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A second problem was that quarks are fermions (with spin /). Pauli’s
exclusion principle says that no two fermions can have the same properties.
Yet protons and neutrons host two up or two down quarks. How was
that possible?

COLOUR CHARGE
In1970 Gell-Mann thought about these problems while he was spending the
| summer in the mountains of Aspen, Colorado, at a physics retreat. He realized
that the exclusion principle problem could be solved if he introduced another
quantum number (like charge, spin and so on) for quarks. That property he
called ‘colour’. Two up quarks, for example, could sit within a proton if they
j had different colours.

T0 ME, THE UNITY OF
KNOWLEDGE IS A LIVING
IDEAL AND GOAL

Frank Wilczek, 2004

Quarks, he postulated, have three colours: red, green and
blue. So the two similar up and down quarks in protons

‘ and neutrons have different colours, and Pauli’s principle is
preserved. A proton, for instance, could contain a red and a
blue up quark and a green down quark.

Because colour applies only to quarks, not to real particles like protons, the
overall colour of a real particle must be white — by analogy with the colours
of light. So a triple quark combination must include red, green and blue.
Antiparticles have equivalent ‘anti-colours’.

In 1972, Gell-Mann and Harald Fritzsch brought the three quark colours into
the model of the Eightfold Way. As well as the three flavours and colours,
the picture demanded eight new force carriers, to transmit the colour force.
These were called gluons. Gell-Mann presented his model casually at a
conference in Rochester, New York. But he still had his doubts that quarks, let
alone colour and gluons, were real.

Quantum chromodynamics published Charm quark Bottom quark  Gluon jets  Top quark
by Gross, Wilczek and Politzer discovered discovered discovered  discovered
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The harder problem to solve was that of the confinement of quarks within
the nucleus. The SLAC experiments showed that the closer together they are,
the more independently they behave. Conversely, when they are far apart
they tug upon one another more.

This behaviour is known as ‘asymptotic freedom’, as at zero separation
they should theoretically be completely free, and not interacting with one
another. Quite opposite to forces like electromagnetism and gravity, whose
strength falls off with distance, this aspect of the strong force was counter-

intuitive at best.

As a child growing up in Queens, New York,
Erank Wilczek loved puzzles, and toyed with
finding new ways to exchange money and
perform mathematical feats. It was the time
of the Cold War and space exploration, and he
recalls his house being full of old parts of TVs
and radios, as his father took night classes

in electronics. Raised a Catholic, and having
loved the idea that there was a great drama
and a grand plan behind existence’, Wilczek
turned away from his faith and sought
meaning in science.

Although attracted to brain science, he
studied mathematics at the University of
Chicago because that gave him ‘the most
freedom’. He wrote on symmetry for his
doctorate at Princeton, where he met David
Gross and worked on theories of electroweak
interactions. With Gross, Wilczek helped
discover the basic theory of the strong foree,
QCD, and received the Nobel! Prize, along with
David Politzer, in 2004.

In 1973, David Gross and Frank Wilczek
and independently David Politzer
managed to extend the framework of
quantum theory to explain asymptotic
freedom. Gell-Mann and his colleagues
developed their work further, and made
predictions about small discrepancies
in the scattering experiments that were
seen at SLAC. The entirely conceptual
quark theory was - remarkably -
holding true.

The new theory needed aname, and the
following summer Gell-Mann came up
with one: quantum chromodynamics,
or OCD. It had ‘many virtues and no
known vices', Gell-Mann said.

NO SOLO QUARKS

However, the theory wasn't quite
complete. It didn’t explain why quarks
were never seen in isolation, why they
were locked inside hadron nuclei.

5
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| WE CALLED THE NEW [FOURTH] QUARK THE “CHARMED
QUARK” BECAUSE WE WERE PLEASED, AN