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lntroduction
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. O*uantum messages are

transmitted and received instantaneously, breaking a taboo that no signal can

exceed light speed.

O-uantum 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.
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he idea of energy as the cause of transformations was familiar to the
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.

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
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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.

t}ffir$"fiflrYAT*#h{

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 knovrn as natural philosophers) to understand the different

forms of energy individually, and then to link them together.

Galileo Galilei experimented in the early rTth 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 rfih-century mathematician Gottfried Leibniz referred to energy as 'vis

viva', or life force. The physicist potymath Thomas Young introduced the word

energy in the sense we use now in the early rgth 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

1 850 1880 r90t ' ,
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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 r9o5
revealed that mass and energy are equivalent. His famous E = rrtc2 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 3oo 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.

sT${f;ffi ffitrtfi$
Properties linked to energy can also be conserved. Momentum is one. Linear
momentum, the product of mass and veloci\r, is a measure of how hard it is to
slow down a moving body. A heavy supermarket trolley has more momentum
than an emp\r one, and is difficult to stop. Momentum has a direction as well
as a size, and both aspects are conseryed 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 conserye anguJ.ar
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



the second law of thermodynamics but work with it, creating

more entropy by warming the air than they extract for cooling.

On average, taking both the fridge and air molecules into account,

entropy increases.

Many inventors and physicists have tried to think of ways of

confounding the second law but none has succeeded. Schemes for

perpetual-motion machines have been dreamt up, from a cup that

drains and refills itself to a wheel that propels its ornm rotation by

droppingweights along spokes. But whenyoulook closely attheir
workings they all leak energy * to heat or noise, say.

The Scottish physicist James Clerk Maxwell in the r86os 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.

Maxrryell imagined two adjoining boxes of gas, both at the same temperature,

Iinked 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.

ButMaxvvell imaginedthatthe reverse couldbe possible-by some mechanism,

which he pictured as a tiny demon or devil that sorted the molecules (knovrn

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.

Id.eas and ruIes about how to move and share energy around, coupled with
increasing knowledge of atomic structure,led to the birth of quantum physics

inthe early zoth century.
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Planck's law
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I t's winter and you're cold. You imagine the cosy glow of a roaring fi.re -
I the red coals and the yellow flames. But why do coals glow red? Why does
I tfre 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 r,ooooC. Moltenlava 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.

ffi L&trH-ffi # ffiW $A&t$ fi STt S pj

Bodies give offlight at progressively higher frequencies as they are heated.
Especially for dark materials such as coal and iron - which are effrcient
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

of h igh freq uency
rad iation

his law of ultra- law of black body
violetcatastrophe radiation

by Kirchhoff



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

'black-body curye'.

A glowing coal might put out most of its light in
the orange range, but it also gives off a little low-

frequency red and some higher-frequency yellow,

but barely any blue. Hotter molten steel shifts this

pattern up in frequency, to emit mostly yellow

light, with some orange-red and a touch of green.

TFd n qi ffi ffi &VH fl$ [.m'$ #$tt dl"$${ {} FF{ il

Rayteigh and Jeans's rising spectrum solution was particularly

problematic. Without a means of curtailing its growth, their

theory predicted an infinite release of energy at ultraviolet and

shorter wavelengths. This problem was knornm as the'ultraviolet

catastrophe'.

The solution came from the German physicist Max Planck, who

was trying to unify the physics of heat and light at the time.

Planck liked to think mathematically and to tackle physics

problems from scratch, starting from the basics. Fascinated by

By the late rgth century physicists knew of black-body radiation and had

measured its frequency pattern. But they could not explain it. Different

theories could d.escribe part of the behaviour but not all of it. WiIheIm 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.

PLANCK'S LAW

The colour of a star gives awaY its
temperatur^e. The Sun, at 6,000

kelvlns, appears yellow, while the
coolen surface of the red giant
BeLelgeuse lin lhe constellation
Onion] has a lemperature of hall lhat
The scorching sunface of Sinius, the
or ghtesL star 'n the s.y, whrch sh nes

blue-white, r-eaches 30,000 kelvins.
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SCIENTIFIC KNtlWLEDGE

HAVE BEEN ACHIEVED

tlNLY BY THOSE WHtl
HAVE GONE IN PURSUIT
(lF THEM WITHIIUT ANY

PRACTICAL PURPtlSE
WHATSOEVER IN VIEW.
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At school in Munich, Germany, Max
Planck's frnst love was music When he
asked a rnusician where he should go

to study it he was lold he'd betlen do
something else if he had lo ask thal
question. He tur-ned to physics, but his
professol complained thal physics was
a complete science: nothing mone could
be learned. FonrunaLely. Planc< igroneo
him and went on to develop t.he concept
of quanta. Planck enduned the deaths of
his wife and two sons killed in the world
wans. Femaining in Germany, he was able
to nebuild physics research thene in the
aftermalh. Today, Germany's pnesti gious
Max Planck reseanch institutes ane

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.

ilit$&&;T#

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 h is 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 5o-dollar bill, if you're lucky.
Similarly, high-energy quanta are rare.
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Planck worked out the most likely energy

range for a set of electromagnetic quanta.

On average, most of the energy was

midway - explaining the peaked shape 0
of the black-body spectrum. Planck published his f;

law in r9or. It was received with great acclaim

as it neatly solved the troublesome 'ultraviolet

catastrophe'problem.

Planck's concept of quanta was entirely

theoretical - the oscillators weren't necessarily

real but were a useful mathematical construction

B lue
Wavelength

Black body curves

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

zoth century a time when our understanding of Iight and the atomic world

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

imagined. It became the root of quantum theory.

PLAru[fi'$ LISAf,V Ifi SPACT

The most accurately known black-body spectrum comes from space' A

faint microwave glow with a precise temperature of 2.73K 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

rg6os but mapped in detail in the rggos by NASAs COBE (COsmic Background

Explorer) satellite. Europe's latest microwave background mission is named

after Planck.
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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 rTth 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 rgoos Albert Einstein showed that there are

Newton explains
the rainbow

Benjamin Franklin conducts
experiments on lightningelectricity and magnetism
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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

quantumtheory.

T$.{fi ,$Ffl{:Tfq[.$rui

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

Vislble light
Y Rays
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Faraday discovers electro- Maxwell publishes

magnetic inductlon his four equations
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Einstein publishes his
theory of special relativitY
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Electromagnetic waves range in wavelength from thousands of

metres to billionths of a metre.
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Hans Oersted Iinks electricitY
and magnetism
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of millionths of a metre is infrared tight. At millimetre to centimetre
wavelengths we find microwaves. Short of violet light lie ultraviolet, X- and
gamma (y)rays.

ru,&Hwnffii$ EfiuAfisrus
Electromagnetic waves combine electricity and magnetism. In the early
rgth 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 fi.eld 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 bigbreakthrough came whenthe Scottish physicist James ClerkMaxwell
managed to encapsulate all this behaviour in just four equations - knourn
as Maxwell's equations. Maxwell explained how electricity and magnetism
arise from one phenomenon: electromagnetic waves, comprising an electric

fieldvarying like a sinewave in one direction, accompanied
by a magnetic field varying similarly but oriented at
right angles.

Maxwell's fi.rst equation is also known as Gauss's law, after
the rgth-century physicist Carl Friedrich Gauss. It describes
the electric field around a charged object, and how, like
gravity,the strength of the fieldfalls withthe square of the
distance. So if you move twice as far away, the electric field
reduces by a factor of4.

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 3oo miilion
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

EtECTR0MAGtTIETtSM

Bonn in Edlnbur-gh, Scotland, James
Cler'k Maxwell became fascinated with
the natur^al world thnough spending
time in the Scottish countryside. At
school he was qiven the nickname
'dafty'because he was so engrossed
n ,ris sL-rdies. l;: nepuLae o" aL

fir-st Edinbur-gh and laten Cambridge
University was as a bright if
disor ganizeo str-,denf .

Afler graduating, Maxwell took
Michael Fanaday's eanlier wonk on

electricity and magnetism and

combrned it into lour equations. ln

1862 he showed that electnomagnetic
waves and light iravel at the same

speed, and eleven yeans laten he

published his four equalions ol
e I ect'o'nag neti s.r.

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

fi.rst. But Einstein didn't stop there. He also showed that light isn't always a

wave - it can sometimes act as a particle.

'=*''F"+ffi* 
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Golours of the rainbow
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I n r8or the physicist Thomas Young shone a beam of sunlight through

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

What was going on? Young closed off one of the slits. A single broad rainbow
appeared, much as youd 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?

i$i?,*:"ffi
Newton suggests light Young performs his

dou ble-slit experi mentis made of corpuscles for predicting wave evolution
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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.

Bor-n to a Quaker family in So'nerseL,
tngiand, ': L773, Tromas Young was
the eldest of'ten chlldren. Al school he
excelled in 'anguages and was famil;a'
with more than a dozen, from Persian and
Turkish lo Gneek and Latin. Young studied
medicine ,n London and tdinbur^gh
before ga:n ng a doctor-are in physics
at Gortingen, Genmany, ir^ 1796. Back in
tng.and he received a lange inhe.ibance
Lhal made him independently wealthy.
He pr actised medicine whilst performing
science experiments and lollowing an
inlenest in Egyptology As well as helping
to deciphen hieroglyphics by translating
the passages canved on the Fosetta
Stone, Young coined Lhe term 'energy'
and eslablished the wave theory ol 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.

$tffi#firu$' pffiir*ffifi5r_f;

In the rTth 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 modifi es Huygens' Maxwell's equations describe lighl Einstein shows light can
behave as a particleconcept for gaps and obstacles as an electromagnetic wave
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LIGHT TESS(1NS

ffiALL THE CtlMPTIMENTS
THAT I HAVE RECEIVED

FRtlM ARAG(l, LAPLACE

AND BI(IT NEVER GAVE

ME Stl MUCH PTEASURE

AS THE DISCIIVERY tlF A
THEI|RETIC TRUTH, tlR

THE GtlNFIRMATI(IN tlF
A CALCUTATI(IN BY

EXPERIMENT. i:,iil

Fr-esnel in a letler to 'tr
Yourig in rBz4

new ripple again becomes a set of new sources. By carrying
out this sequence again and again the wave's evolution
can be followed.

All that you need to track the wave is a pencil and paper and
a pair of compasses. Start by drawing the first wavefront,
then use the compasses to describe further circles along it.
The wave's next envelope can be worked out by drawing a

smooth line through the circles' outer edges. The method is
sirnply repeated.

This easy technique can be applied to follow the trajectories
of waves through gaps and around objects placed in their

path. In the early rgth 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 ofthe gap radiate
circular ripples, making the wave look almost
semicircular after it has gone through. Similarly,
waves may diffract energy around corners.

v{} {.{ F,t ffi '$ rxpf; ffi I fi'! fr hlT

\Nhen Young shone white light through one slit,
most of the waves passed through, but diffraction
at the edges of the slit produced z 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
of the slit relative to the wavelength of the light
going through. The spacing of the side fringes

Light waves combine or cancel as they
pass through two slits.
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scales with wavelength and inversely to slit ffi.*fnCn flME A MAN STANDS
width. So a narrower slit produces more widely Up FgR AN IDEAL . . . HE SENDS
spaced extra fringes, and red light is more FgRTll A TlNy RlppLE 0F HgpE,spreadoutthanblue' 
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when a second slit is introd.uced the result is A Mlttl0N DIFFERENT CENTERS

combination of the above pattern und 
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r".ool 0F ENERGY AN0 DARING, TH0SE
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waves from each of the slits. Because the THAT CAN SWEEP D0WN THE

difference betweenthose sources is much larger M IGHTI EST WALTS 0F 0PPRESSI0N
thanthe width of one slit,the fringes that result AND RESISTANCE.,ffi
are more narrowly spaced. Robert l(ennedy, 1966 '{F

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.

Wfuw ffiffiffiffi#ffiffiffiffi# ffiffimm

Waue mixing
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hen you watch an electric storm, the rumble of thunder follows

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. tight is an electromagnetic phenomenon, and

vastly quicker. But throughwhat sort of medium does it move?

In the late rgth century physicists supposed that space was filled with some

sort of electric gas, or'etherl 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

ofthe 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 addto or subtract fromthe light's speed againstthe ether. There would

:. 1 'r 
.,1
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Michelson and Moriey show Max Planck proposes
energy'quanta'

Einstein publishes his
theory of speclal relativitythe ether does not exist



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 or where the Earth shifted in space,

the speed of light was unchanged. The

ether did not exist.

Light always travels at the same speed:

3oo million metres per second. This is
odd compared with water and sound

Because moving clocks nun slow, astnonauts
on a fast,-moving spaceship would age mone
slowly than their peers on Eanth. lf you senl one
identical twin out inLo space on a speedy vessel,
say lo Lhe neanest star', they would experience
time siowly On their nelunn, they might be
youthful when their sibling is frail and elderly. This
sou-ros lmposs,ole, brt 't is nor nea ,y a paradox.
The astnonaut twin would have undergone very
powenlul fonces during lheir- trip, as their craft
accelenates ouL and deceler-ates on t,he way
back. Another- implication of nelative time shifts
is lhat events that, appean simultaneous in one
piace'nay noL appear so in anotren.

SPEED (lF LIGHT

......SPACE IS N(lT A
L(lT (lF PI|INTS CLtlSE
T0GETHER; lT lS A
ttlT tlF DISTANCES

INTERT(lCKED. :..I

5rr A.rtlrLrr 3tarrlr:y '
Idr.lington, rg:3

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.

*i g$sT trE r,J &ru ffi ffi Ht&TF'#ETi,

Why is the speed of light fixed? This question led Albert Einstein to
devise his theory of special relativity in r9o5. Then employed as a
patent clerk in Bern, Switzerland, Einstein worked on physics in his
spare time. He tried to imagine what two people, travelling at different
speeds, would see if they shone a torch at one another. If the speed

of light can't change, Einstein reasoned, then something else must
change to compensate.

*:.

f.:

Einstein publishes his theory
of general relativity

Time dilation is demonstrated
by flying clocks on planes
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Lengths shorten when travelling
near light speed.

g: TNT VEL(ICITY tlF TIGHT

IS Ttl THE THEIIRY tlF
RELATIVITY AS THE

ELEMENTARV OUANTUM
tlF ACTIIIN IS Ttl THE

OUANTUM THE0RY: lT lS
ITS ABS0LUTE G0nE.,Hgl

Aiber L Lin:Lern. i'Jo5

What changes is space and time. Following ideas

developed by Hendrik Lorentz, George Fitzgerald and

HenriPoincar6, Einsteinmadethe 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 slowlythanyou do.

Einstein's theory stated that all motion is relative: there is
no privileged viewpoint. If you are sitting on a train and see

another train next to you moving, you may not know which
one is stiil and which is pulling out of the station. Similarly,

although the Earth is moving around the Sun and across our

own galaxy, we don't perceive that motion. Relative motion is

all we can experience.

Tlifi FtYlrufi frrtrfrK$
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 r97r. Four identical atomic clocks were flonm 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 = ntc2 (energy = mass x speed of light squared). This weight gain is tiny
at slow speeds, but becomes infi.nite at light speed, such that any further
acceleration is impossible. So nothing can exceed the speed of light. And
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Bonn in Prussia [now Poland],
Michelson moved to the US with
his par ents in l-855. He tnained
as a midshipman at the US Naval
Acaderny n opL:cs, heat ano
c,in-aloiogy, everLr:a ly oecon ng

an irstructor Lnere. A[Ler
sperding seve^al yea.s sLudy'ng
che physics o'ligrc in Gerrnanv
and France, he netlnneo uo

L.re US and beca'ne a phvsics
prolessor aL Case Westenn

University, Cleveland, Ohio. lt was
rl-er-e that he carn ed ouL n s
intenfer-oneten wor-k w uh Von.ey
Lhat showed cl-e 'elher' o.d noL

exisL. raLer^, Micre son Tnoveo ro
the UnivensiLy o'Cticago and
developed inter'lenon eLens 'o'
ascnolon cal Ljse ^o'rneas.lr.ng

the sizes and sepanations of
slars. ln 1-907 he became the frnst
Ane^icar to win the Nobe Pnze
lor Phvsics

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.

Hfum ffiffiffiffi$ffiffiruffiffi# ffiffimm

Euerything is relatiue
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n 1887,the German physicist Heinrich Hertz was toyingwith sparks wl-rilst

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.

The second spark was ignited more easily, he found, when the receivet

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 dor,rrn 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
the photoelectric effect gaps bathed in ultraviolet light



the jar by a wire and ammeter to form an electric circuit.
Lenard shone light of different brightness and frequency
onto the flrst plate, whilst keeping the second dark. Any 6@"-'
electrons knocked out of the first plate would fly across d\/-;
and hit the second, completing the circuit and causing " 

W

18gg
J.J. Thomson confi rms electrons
are generated by incident light

1got
Planck introduces concept
of energy quanta

PH(1T(1ELECTRIC EFFECI

Blue light kicks electrons out of metals

1905
Einstein proposes concept
of light quanta photons

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.

i:il i.li Li l;:;i il lr i"! {i ill
Other physicists turned to the problem, including the American Robert

Millikan. Testing beams of different colours, he found that red light couid not
disiodge any electrons, no matter how bright the source. Yet

ultraviolet and blue light worked fi.ne. Different metals had a HFTy yEARS 0F
different'cutofffrequency',belowwhichlightshoneonthem 

C0NSCIgUS BR00DING
couldnotreieaseelectrons.Theenergy(speed)oftheelectrons 

lfnVt nnOUGHT ME N0
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constant. 
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0uESTl0N, "WHAT ARE LIGHT

OUANTA?'' tlF Ct]URSE TtlDAY

This behaviour was startling: according to the ideas of the day, EVERY RASCAL TH lN KS H E

Ilghtwavesshouldworkintheoppositeway.Electromagnetic KN(lWS THE ANSWER, BUT

waves flooding the metal surface should slowly boil off HE lS DELU0ING HIMSELF.
electrons. Just as storm waves impart more energy than "'lriirr:tlr:i;-i:,-r,:i' !{.ii-rt
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1n 1909 Fobent Millikan and Har-vey Fletcher
used a dr-oplet of oil to rneasune the eiectrtc
char-ge of an electnon. By suspending tt
bel:ween two changed metal plates, the pair'

showed thaL the force needed to keep tt
aloft always rnvolved a multrple of a basic
quantity of electr-ic charge, which they
measured to be 1.6 x 10 1e coulombs. This,

they supposed, is lhe charge on one eJectr^on

IT SEEMS T(l ME THAT THE tlBSERVATItlN ASSIICIATED WITH

B LAGK.B(I DY RAD IATI (} N, FLU tl RESCEN CE, TH E PH tlT(l ELECTRI C

EFFEGT, ANIl OTHER RELATEO PHEN(IMENA ASSIICIATED WITH THE

EMISSIIIN (lR TRANSFIIRMATI(IN tlF LIGHT ARE M(IRE READITY

UNDERSTI|(|D IF (lNE ASSUMES THAT THE ENERGY tlF LIGHT IS

DISCIINTINUOUSLY DISTRIBUTED IN SPACE.

Alirer | [:irrstr:i rr, lqo5

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 iittle 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

themunmoved.

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.

il + il'; F;T *. $ f,j'Ii il'il ii [fi ld f,i ij L t f;Tli

In r9 o 5, Albert Einstein explained the
weird properties of the photoelectric

effect with a radical idea. He won
the Nobel Prize for this work, not
relativity, in r9zr. Drawing on Max

Planck's concept of energy quanta,

Einstein argued that light exists in
tiny energy packets. The quanta of
Iight 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 uitraviolet
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

to do 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

PHtlTtlELECTRIC EFFECT

ln 1-905 Albent Einslein published thnee physrcs
papers, each one gnoundbneaking. lt was quile
an achievement fon a German-bonn physicist
working part-lime rn the Swtss Patent Offtce
in Benn. The paper-s explained Bnownian motion,
the pholoelectr-ic elfect and special nelativity.
ln 1915, they wene followed by another'
landmai^k, the theony of gener-al relativily That
theor'y was verifred spectacularly jL-rst four-
year-s laten by obsenvations during a solar
eclipse. Einstein became a household name.
He was awancied the Nobel Pr'ize in 1921 for-
his work on the photoelectr'ic effect ln 1933,

Einstein moved to the United States. He lent
his name to a lamous lelLen wanning Pr-esident
Foosevelt of t,he risk lhat the Genmans wene

developing a nuclear weapon, which led to lhe
cneation ol the Manhattan Prolect.

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.

li"f li +i1: Eird"ii rie fl$ i+*fr'fi f.i;*+fi$ g +i*+lit+:*

Photon bullets
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instein's 1905 proposal that light energy was transmitted in packets of
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 rlh century about what
Iight was made of. In fact it heralded a new understanding of the relation
between matter and energy.

':: "

1' TH ERE ARE TWI In the r6oos Isaac Newton had argued that light must consist

SIDES T0 EVERY of particles, as it travelled in straight lines, was cleanly

qUEST;SN. reflected and slowed in 'refractive' materials such as glass.
,i Christiaan Huygens and later Augustin-Jean Fresnel showedr'cl;por''<'4s5 4:i il t"*;;;iil a wave, because of the way it bent around

obstacles, diffracting, reflecting and interfering. James Clerk Maxwell
cemented the wave theory in the r86os 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.

1670 180t t873 1895 18s7 €
Newton develops Young performs Maxwell publishes Discovery of X-rays Thomson proposes
his corpuscle double slit
hypothesis of light experiment

equations of
electroma gnetis m

electrons are pa rticles
of electric frelds



For light is not either a wave or else a

particle - it is both. And the same is true
of other electromagnetic phenomena.

TFiF plj$t${jrr t}F $"sfi$-tT

tight'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, Iight
adjusts its behaviour so that that side

of its character comes through in the
experiment we subject it to.

!.i.rr -._ I . _
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Einstein proposes
light quanta
concept

t0l*t,t,-.'...','"
Von Laue realizes
X-rays can be

diffracted by atoms

Aiming to become a diplomaL, Louis de Broglie
entered the Sor-bonne in Par'ls in 1909 to study
history, but he soon switched to physics. After
serving in the ar^my.t,elegnaphy section, based at
the E;flet Tower-, during the FirsL Wor-'d Wat he

retur-ned to the Sonbonne to put sue mathematical
physics. lnspired by Max Planck's wonk on black-
body radiation, de Broglie put forwand his

wave -particle duality theor y in his doctoral thesrs
in1924,laLen w nning lhe Nobel Prize in 1929 He

explained thaL he got, the idea from discussing his

br-other Vaur-ice's wor'< on X-rays, i'nplying Lhat
X.r'ays wene boch waves ard 66"plscles.

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
Iong 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 fi.gure. 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

lg22 1924
Compton De Broglie
scatters X-rays ProPoses wave-
off electrons Particle dualitY

:il$E*,ri'i
Davisson and
Cermer measure
electron dlffraction



UNDERSTANDING ELEGTR(]NS

X-r'ay crystallognaphy is widely used
lo delermine Lhe str^uctune of new
maler ials and by chemisls and
blolcgists investigaling molecular
anchitectur^es ln 1953 il was used to
identify the double-helix stnucture of
DNA. Fr-ancis Crick and Jim Watson
famously got thein idea fnom looking at
Fosalind Franklin's X-nay interference
patler-ns fr"om DNA and nealizing lhat
Lhe molecuies that pnoduced them
must be annanged as a double helix.

after the particle has crossed through the gap

but before it hits the screen, it will behave in the
coruect way.

The photon behaves as if it goes through both
slits simultaneously. If you try to pin it down,
say by placing a detector in one, then strangely
the interference pattern disappears. The photon
becomes a particle when you treat it as one. In
every case physicists have tested, interference
fringes will appear or disappear according to
how you treat the photons.

$I4ftTTf;ffi L$fdlHfr$

Wave-particle duality doesn't just apply to light.
In tgz4, Louis-Victor de Broglie suggested that particles of matter - or any
object - could also behave as waves. He assigned a characteristic wavelength
to all bodies, tiny and large. The larger the object, the smaller the wavelength.
A tennis ball flying across a court has a wavelength of 10-34 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 rgth century. Just as light didn't need a

medium inwhichto travel, in 1897 J.J. Thomson showedthat 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 t9z7 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.



WAVE-PARTICLE DUALITY

t

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 
.ir.

7 Rontgen in 1895, X-rays were soon realized to be a high-energy ..- --- ----
formof electromagneticradiation. F(lR MATTER'

JUST AS MUGH AS

InrgrzMaxvonLauerealizedthattheshortwavelengthsof X-rayt F[lR RADIATI0N' lN

i were comparable with atomic spacings in crystals, so if fired PARTICUTAR LIGHT, WE
through the layers they would diffract. The crystal's geometry MUST INTRIDUCE AT

could be calculated from the positions of the bright spots that (|NE AND THE SAME
result. This method famously proved the double-helix structure of ilME THE C0RPUSCLE

i DNAinthere5os. CSNCEPT ANg THE

WAVE CIINCEPT.
A related experiment proved Einstein's photon concept in tgzz. 

rorrs r.le Bropiie.rq:c,l i'
Arthur Compton succeeded in scattering X-rays off electrons,

I measuring the small change in their frequency that resulted - known as
' the Compton effect. Both X-ray photons and electrons were behaving like

biltiard balls. Einstein was right. Moreover all electromagnetic phenomena

behaved like particles.

i-' Today, physicists have witnessed wave-particle behaviour in neutrons,

protons and molecules, even large ones such as the microscopic carbon

footballs known as'buckyballs'.

F, #*+ts fr.ftflH#H##Hruft ffiffi ffi-$ m 
g$w.*pe

Two sides of
the same coin
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fuls"se * w;es 6:rmp*med-

toms were once thought to be the smallest building blocks of matter,
but Iittle more than a century ago, all that changed. Physicists started
to dissect the atom and showed it to be made of many layers, Iike 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 r887.

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 r9o9. 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.

l-:ri-ii:l |i::rii,: 1887
Thomson d iscovers
the electron

Thomson proposes
plum pudding model

Rutherford performs
gold foil experiment



RUTHEHFtlRD'S AT(]M

New Zealander Futher ford was a modern-day
alchemist, transmuting one element, nitnogen,
into anotheq oxyEen, thr-ough i'adioactivity. An
inspining leader of Lhe Cavendish Labonat,or-y
in Cambnrdge, England, he mentoned numenous
future Nobel Pnize winnens. He was nicknamed
'the crocodilel and lhis animal is the symbol
of the laboratr:ry even today. In 1910, his
invesligations int.o the scatlering of alpha
nays and the natur-e of the inner- str-uctur-e of
Lre acon eo n n Lo ioenLt'), Lhe 'luclpLs

ru&fldT$fd# T$'{f; ffi[f {]$-il4$Ii

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,
the physics of the atomic nucleus.

.;. IT WAS ALMOST AS

Physicists and chemists knew about the masses of different INCREDIBLE AS lF V[}U
elements through the periodic table. In r8r5, william Prout FIRED A 15-INCH SHEtt
had suggested that atoms were composed of multiples of AT A PIECE 0F TISSUE
the simplest atom - hydrogen. But this could not explain the PAPER AND lT CAME
weights ofthe elements easily. The second element,helium, for BACK T0 HIT y0U.
examplewasnotdoublebutfourtimesheavierthanhydrogen. Frr,..,l 1r1i.*1i36.1,r13ir

Just over a century later, in r9r7, Rutherford showed that other elements
do contain hydrogen nuclei - the positively charged particles were given
off when alpha particles (helium nuclei) were fi.red through nitrogen gas,

, They expected that most of the alpha
5 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,
being deflected by large angles (9o to r8o
degrees), as if they had hit something
hard, like a baseball bat. Rutherford
realized that within the gold atoms that
made up the foil lay some compact, hard
and massive cores.

& 19{ I
Rutherford proposes
the nuclear model

19t8
Rutherford isolates
the proton

1s82. '

Chadwick discovers
the neutron

tgg4
Yukawa proposes the
strong nuclearforce



.+ UNIIERSTANDING ELECTR(INS

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 rgzo

Rutherford named the bare hydrogen nucleus the 'proton',

after the Greek for'first'.

#ffi ft'4 *?ffi FJ trfl$3"S ffi F T-Fi fr ru ##["ffi Ai$

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 ofthe 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

Most of an atom's mass resides

in its nucleus.

A heavy for-m of carbon is used for daling
archaeological ar-tefacls, such as wood ot'

cl-ancoal Ironr f'nes, oveT son e Lnousands

ol year-s. Ca"oon s nonma'| we,ght is 12

alomrc units, but it occasionally appeans in
a f o"m w'Ll- 14 tn'ts. Carbon-12 is unsbao e

and decays nadtoactively. The t,ime it lakes
lor^ ha r Lhe at onrs to decay by er-ritLir-g

a beLa pa"ticle to becorne n Lrogen- 14, :s

5,730 yeans Thrs slow reaction can be used

fon dating

two electrons in its nucleus - to give the double positive charge of an alpha

particle -withtwo more orbiting outside.

The concept of nuclear electrons quickly turned out to be false. In tg3z

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 paraff,n but had no

charge. It was named the neutron, and

the model of the atom was rearranged.

Atomic weights could be explained by

a mix of neutrons and protons in the

nucleus. A carbon-rz atom, for instance,

contains six protons and six neutrons

in the nucleus (to give it a mass of rz
atomic units) and six orbiting electrons.

Alternative forms of elements with odd

weights are called isotopes.



RUTHERFoHn's AToM +iffi
The nucleus of an atom is minuscule. lust a few femtometres (ro '5 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
electrostatic force. So if you could grab two protons and push them together,
at first youwould feel their repulsion. Keep pushing,though, andtheywould
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.

H'ffmm ffiffiffiftffi$ ffifrffiffi# *#mm

The compact core

lili I AM A GREAT BETIEVER

IN THE SIMPLICITY tlF
THINGS AND AS YtlU
PR(IBABTY KN(IW I AM
INCLINED T() HANG (lN Ttl
BRtlAD ANIl SIMPLE IDEAS
IIKE GRIM DEATH UNTIT

EVIDENCE IS T(ltl STRIING
F(lR MY TENACITY.
f r Ff:L F,rlhp, 16'ri 1g3r;



ffiffi Quantum leaps
Hlectrslts sirels ths rlarnleus ist shslf;s sf Siffererlt emergy, like

ths nrbits uf tf,ie plamet*. ffiistrs ffishr Sesna'ifuest how electrns'!s

ll,ay hnp het$reen the shells, amd as tlr*y dn ss emit sr afusurb

light curresBending tn the f;n*rgy dfrfferertce" The*n iurnps nre

known as quantum leaps"

I n r9r3, the Danish physicist Niels Bohr improved upon Rutherford's model

I of the atom by establishing how electrons were arranged around the
I 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.

f# fVf nWU I N G WE Electrons are held in place around the nucleus by electrostatic

CAIL REA1 lS MASE 0F forces - the mutual attraction of positive and negative

THINGS THAT CANN0T BE charges. But moving charges, he knew, should lose energy.

REGARDED AS REA1.gL Just.as moving electrical current generates a field around

r,.r,*r, e; ]# a wire or in a radio transmitter, moving electrons give off
rrr I 

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.

?"ifLE:jil{i,'+il

Thomson discovers
the electron

Pla nck proposes concept
of energy qua nta

Thomson proposes
plum-pudding model



OUANTUM LEAPS

$Ff;NTffiAil- L[T$f;$

Instead, atoms give offlight only at very specifi.c 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, as if climbing rungs on a ladder. 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).

Covalent bond: pairs of electrons
ane shaned by two atoms

lonic bond: electnons from one
atom ane removed and attached
to another atom, nesulting in
positlve and negative ions that
attract each otier

Van der Waal's bonds:
eieclr-ostatic For-ces attract
molecules in a liqurd

Metallic bonds: positive ions ane

islands in a sea of eleclr-ons

ffii+$i1$ri$"Eii:ii#'
Einstein proposes
concept of light quanta

Rutherford proposes
nuclear model

Bohr develops Schrodinger proposes
model of the atom wave equation



.., IT IS WR[lNG T(l
THINK THAT THE

TASK (lF PHYSICS IS

Ttl FIND tlUT Htlw
NATURE IS. PHYSICS

CIINCERNS WHAT WE

SAY ABtlUT NATURE.
Nieic Bchr

UNtlERSTANDING ELECTRONS

The angular momentum of each shell scales so that each subsequent orbit

]hast,z,3,4and so ontimes that of the first. The integer labels forthe different

energy states of the electrons are known as the primary'quantum numbers':

n = l corresPonds to the lowest orbit, n = z 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

a long-standing puzzle.

Bohr extended his model to heavier atoms, which have more

protons and neutrons in their nuclei and more orbiting

electrons. He supposed that each orbit could hold only a certain

number of electrons and they filled up from the lowest energy

upwards. When one level was full then electrons accumulated

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.

ffi H$r$Lfli F.I 
g ffi S trg"f, il'ilffi flJ ffi $F* ffi t il"

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 fiIled. So helium, with two



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.

Things get more complicated for the third shell
and beyond, because the electron orbitals adopt
non-spherical shapes. The third shell takes eight
electrons, but there is another dumb-bell-Iike
configuration that can take ten more - thereby
explaining the transition elements, such as iron
and copper.

OUANTUM LEAPS ...

Electrons can jump fnom one
orbit, to another, gaining on losing
electromagnelic r adiation with a

frequency [v] propontional to the
enengy differ-ence [AE] accor ding
to the Planck r-elation, wher-e h is
Planck's constanl:

A tr-E tr -hVAL--2--1-

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 tgzos by quantum-mechanical
versions. These accommodate the wavelike 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.

#, r,t+i* $j:flF 
'*i,$i'r*#'fi 

{$;rt**$ $d:+#jt;id

Electron energy ladder
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ince Isaac Newton shone a beam of sunlight through a glass prism in
the rTth 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.

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 r8oz, but the first detailed examination was carried out

in r8r4 by the German lens-maker Joseph von Fraunhofer, after whom they

are now named. Fraunhofer managed to list more than 5oo lines; modern

equipment identifi.es thousands.

111;1,ffitt:[,
Newton reveals the
spectrum of white light

Wollaston sees dark
lines in solar spectrumexperiment



FRAUNHt]FER LINES

In the r85os 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 withinthe 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 ofthe source behind.

The study of spectral chemistry known as

spectroscopy, is a powerful technique for

revealing the contents of materials.

ffiET&TSf$ffiS

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 iight
beam. This is called a grating: Fraunhofer

made the first from aligned wires.

Fraunhofer resolves
hundreds oflines

Bonn in Bavaria, Genmany, Fraunhofen was

orohaned at age 11 and trecarne an apprenLice
glassmaker. ln 1801 he nanrowly missed being

killed when the workshop collapsed and buried

him. He was nescued by a pnince - Maximillan I

Joseph of Bavania - who suppor-ted his

educalion and helPed him move lo a

monasteny speciaiizing in frne glassmaking.

There he leanned how to make some of Lhe

best optical glass in the world, and eventually
became the institute's directot-. Like many

glassmakers of the time, he died young - aged

39 - owing to poisoning from heavy metal
v(rpoLirs;seo in Lhe traoe.

1950s
Kirchhoff and Bunsen work out
that the lines come from elements



UNDERSTANDING ELECTH(]NS

.::: ALL INTEGRAT LAWS (lF SPECTRAL TINES AND tlF AT(IMIC
THEORY SPRING tlRIGINATLY FR(IM THE OUANTUM THEORV. IT IS THE

MYSTERIIIUS (lRGANtlN (lN WHICH NATURE PLAYS HER MUSIC tlF THE
SPECTRA, AND ACCIIRDING Ttl THE RHYTHM tlF WHICH SHE REGUTATES

THE STRUCTURE 0F THE AT0MS AND NUCLEI.,.,.,'
A.rn old -{om rri erie ii.i, r r;r q

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 oflight 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 fi.ner 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.

ffifAffif$#sT!fi$
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



FRAUNHt]FER LINES

for common elements, such as hydrogen,

helium or oxygen, are well known from

Iaboratory 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 ofthe gas. The lines are broadened in

Because the wavelengths of spectral
lines are known accuralely, lhey ane

useful fot'measuning speeds and

distances in astronomy ln an analogous
way Lo how an anbllance s ^en r ses ir
pitch and then dnops as it passes us -
known as t.re Dopoier- effecl - iight waves

f.om a Stan o. gataxy trave 'ing away

fnom us appear stnetched. The spectral
lines annive al slightly longer- wavelengths,
ano the difference is rnown as a r-edshif L

Spectnal lines from objects moving

towards us appean at slightly shonter
wavelengths, known as blueshift. 0n a
gr and scale, the fact that most galaxies

ar-e nedshifled and not blueshifled
pnoves Lhat they ane r-eceding fnom us -

the univense 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 gas is.

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.

ffi.H'e'-e ffiffi ffi#ffi *'ffiffiffi# sa.ffiwsc

A barcode
made of light
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hen hot hydrogen glows, it emits a series of spectral lines. These
arise when electrons perform a quantum leap, jumping from a
high energy level dovrm 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 Iight with
a wavelength of rzr 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 ro3 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

i::rt;...,1::: r ilii:lnitt !:1,:r+\!i1{ ji+r:!;ri:

Hale observes Zeeman Johannes Stark discovers
Sta rk effecteffect in sunspots



Theodore Lyman, who discovered it between

19o6 and r9r4. The fi.rst spectral line (from

level z to r) is named Lyman-alpha, the
second (level 3 to r) Lyman-beta and so on.

The set of jumps into the second level is

known as the Balmer series, after Johann

Balmer, who predicted them in 1885. Many
of these lines lie in the visible part of the
spectrum. The set of leaps to the third energy

level is the Paschen series, after Friedrich

Paschen, who observed them in r9o8. Those

Iie in the infrared.

Stern-Cerlach experiment shows
quantized electron magnetism

ln 1908 the astronomer George Ellery Hale

observed Lhe Zeernan e'fect.,n ths light

lnom sunspots, dark reg'ons on the Sun's

sunface. The effect disappeaned fon light
fnom bnighter regions, implying that the
sunspots had rntense magneLic frelds. By

measuring the separations ol the split
spectral lines he was able to deduce
Lre s[rength ol Lnose fretos He went on

to show that there ar-e symmetries in

rhe magrretic polanity of s;nspols, with
ones on either^ s'de ol Lhe sorar^ equaton
behaving in an opposite way, for insbance.

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.

$rLvfiffi fftJtlf;T$
In a famous experiment in r9zz, 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
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(AND N0 rESS)
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Arth u r Sta rr ley
Eddington, r93z
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Coudsmit and Uhlenbeck propose
electrons are splnning balls of charge
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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.

ffitfifiTffiffif'i $Frru

But why does an electron gain any magnetism? In r9z5 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.

Electrons jumping between energy levels in

a hydrogen atom give off light with specific
wavelengths. The set of lines resulting from
jumps to a particular level is called a series.

Those two orientations also explained the fine
splitting of the spectral lines - there is a slight
energy difference between electrons spinning
in the same direction as their orbit, versus those
opposing it.

O_uantum spin is not re ally 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 defi.ned
to have a value of plus or minus i for electrons.

Lots of different interactions can arise between
spinning electrons and other charged and
electromagnetic phenomena - from the electron's
own charge and that of the nucleus to external
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fields. So spectral lines become split in
many complexways.

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
lohannes 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

Bonn in a small lown in the Nether-lands, Pieter
Zeeman became interested in physics when as

s I.gh scroo st;oert ne wiLnessed the alror^a
bor eal,s n tudJ. 'I ne scrool00vs o.aw,nq
and descniption ofthe aurora was pnaised

ano puoiisl-ed in bre internauional science
jounnal NaLune. Zeeman studied physics at
the Univer-sily of Leiden unden Kamenlingh
Onnes Lhe discovener oF super^conducuiviby,

and Hendrik Lorenlz, who wonked on genenal

reiaLivity and electr-oma gnelism Zeeman's PhD

Lhesis was on magnecisn anound black hoies.

1n 1896, he was fir'ed lor an unsanctioned
experiment: discovering the splilling ol
spectr-al lines bv a sLnong magneL,ic lreld. now

known as lhe Zeeman efflect. But he had the
ast lauqh: in 190? he won rhe \obe' Pr-ize

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 (MRD machines in hospitals.

Hfuw ffiffiffi#ffiffiffiffi# ##mm

Spinning elec'lrons
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fF #nfutt Pauli exclusion
principle
Nn twn elestrurt* mrs the $&ffi*. Fauli's prlr:mipHe stmtms that
sash sn* must havs a ulmfrqu* sst mf qeramtum pr*pertl*s *s that
ym{r fiem tetrfi them apart" Tlrls terrrts sut ts expInin ilrl'ry atnms

have esrt*llt nllmfuars mf e*sstrums iri *hmills, the strunture sf ths
perindiu tabls, mnd why matter $s s*fiid *werl thmugh *t's m*stly
ernpty spftsff.

I n Niels Bohr's r9r3 model of the atom, the lowest energy orbital of

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

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
model ofthe atom

Pauliproposes his
exclusion principle



PAULI EXCLUSII]N PRINCIPTE

Pauli's rule -known as Pauli's exclusion principle - devised in r9z5 statedthat
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.

ili"f; *T$q # f$ tr tr #effi ilf *T€ # fl,J

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 filI higher and higher shells. It is like seats in a
tiny cinema fi.lling up, from the screen outwards.

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

As a pnecocious schoolboy in Vienna,
Woifgang Pauli smuggled Albert Einstein's
papers on special nelativity into his desk
and secr-etly r-ead them. Within months
ol his arnival aL univer-sity in Munich, Pauli
published his flr'st papen on relalivity And
Lhen he turned to quantum mechanics.

Wernen Heisenber-g descnbed Pauli as
a 'typical nightbind'who spent evenings rn

caf6s and narely rose to altend monning
leclures. Following the suicide of his

mother- and lhe failure of his frnst mamiage,
Pauli developed a dnink pnoblem. Seeking
help from the Swiss psychologist Carl Jung,
Pauli sent him descr-iptions of thousands
of his dreams, some of which Junq laten
published. During lhe Second Wonld War',

Pauli moved to the UniLed Slates for
sevenal yeans, during which he wonked hard
bo keep Frroocan sc:ence goir g.

He retunned lo Zunich, receiving the
Nobel Pnize in 1945.

I
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The neutron is discovered
and neutron stars predicted
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The first pulsar, a type of
neutron star, is discovered

tssS
Bosons seen to act
in quantum concert



Not eveny pai't.icle ls a fermion - some have

inLegen spin lhese ane calleo bosons. afLer
the lndian physicist Satyendnanath Bose
who wor-ked on them. Photons are bosons,
as are Lhe panticres Lhat car ry Lhe of l-er-

"urdarrertar fonces. Sorne synnrretn:c n.lc ei

car act iike bosors, inc'uding helium whicr rs

made from Lwo pnotons and two neutrons.
Not subjecl- 16 t=srmi's pn,nciple. ary nu'nber
oF bosors car f'dve tne sarre quanL,urn

onoperLies. So thousands oF oosors nr ght
acL. n quarcum concent, a pheno.nenor
bhat is cenLra to odo macnoscop c

qrant u.n behaviour s.Lch as supe^fl.rids and
su pe nco nductivi Ly.

Pauli's rule applies to all electrons

and to some other particles whose

quantum spin comes in half-
integer multiples of the basic unit,
including the proton and neutron.
Such particles are called'fermions'
after the Italian physicist Enrico

Fermi.

Electrons, protons and neutrons
are all fermions, so Pauli's

exclusion principle applies to the
atomic building blocks that make

up matter. The fact that no two
fermions can sit in the same seat

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.

Tfi,{fr fi"ivfis ffif ffTAffiffi

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 onionJike 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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White dwarf

s

Neutron star

Earth

Ior stars much larger than the Sun - above a limit of r.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.
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No two fermions
are alike
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The flsrd tlf dlscotleries ahnart vwnve-pmrti*lm dunlity and the
quamterm preperties ef atsruxs iru the"N$Pils left the tield irr n
quamdany. fixistillg thecries cf ths atssffi cmruFdn't umpe * llsw
tlris$ wer* nseded. Th* first wnl[ey *nme $n'cr* the frermmrt
physlclst Wernen Flelsenberg, whs did away with pnenen**ptiums

absut slectrrn erbit* and prut alfi the sh*srved variahlss intm nne

set cf matrix-hased equations.

I n r9zo, the Danish physicist Niels Bohr opened a new institute at the

I University of Copenhagen. Scientists from around the world came to
I 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.

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 newsort of understanding of energyquantizationwas needed.

'i 
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J.J.Thomsondiscovers Einsteinproposes

the electron photon idea

Boh r descri bes electron

orbits around nucleus

De Broglie proposes that
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
rea-lization. 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 r9z5 - with a swollen face - he
decided to leave his home tornm of Gottingen
and go to stay by the sea, where there was
Iess 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
hadhis epiphany.

MATRtx MEcHANtCs ffi-ffi

Feised in what is now Wroclaw, Poland {then
Lhe Pr-ussian province of S;lesial, Max Born
studied mathemaLics in Breslau, Heidelberg
and Zurich befbr:e arriving al lhe University
of Gdtlingen in 1904. Hecognized as an
exceptional student, he was mentor"ed by
many famous mathematicians and befriended
Albert Einstein

1n 19?5, Born and Wernen Heisenber-9, with
Bonn's assislant Pascual Jordan, for mulated
the matrix mechanics representation of
quantum mechanics, one of lhe landmerks of
physics. But lhe lrio did not neceive the Nobel
Prize together. Heisenberg won it in 1932 -
alone. Born eventually won one in 1^954. It has
been speculaled that Jondan's involvement
wiLh lhe Nazi party may have r.educed Born's
chances, even though Born, who was Jewish,
fled Germany for Enqland in 1933. Bonn was,
like Einstein, a pacifisl and anti-nuclear
campaignen.

It was almost three o'clock in the morning,
Heisenberg wrote later, when the fi.nal 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.

Tffi[N TH[ ffiATHIX

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



OUANTUM 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 CTEAR HeisenbergreturnedtohisuniversitydepartmentinGottingenand

THAT WHEN lT C0MES showedhiscalculationstoacolleague,MaxBorn.Heisenbergwasn't

T0 AT0 M S, LAN G UAG E at all confident, Born recalled later, and referred to his seaside paper

CAN BE USED 0NLy ascrazy,vagueandunpublishable.ButBornquicklysawitsvalue.

AS IN POETHY.

iriie,lsBohr,rg:* l:*'yn",had 
trained extensively in mathematics' saw that

(recc;lir:cii:ci by rieii:eirheiqy 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

into a matrix format. 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 onlywas it in aweirdmathematicallanguage 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

.rrlf
equations of standing waves, Einstein and his followers still ,,::, ALL THE QUALITIES 0F
hopedthat quantumproperties couldultimatelybe described THE ATIM 0F MIDERN
by extending wave theory. But Bohr's followers went in " pHySlCS ARE DERIVED,differentdirection.Thefieldsplitintwo. I HAS N0 IMMEDIATE

rhose who adopted matrix mechanics pusl AND DIRECT PHYSICAL

to exprain some quantum phenom""" #lrj:r*fffl PRoPERTIESATAL[.";:

managedto explainthe stark effect-the splittinjof spectral wei ner lleisenberg, 1952 ri'l

Iines 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.

TH tr L$ rutrtrF{TA$ ruTY Fffi fr Td#f; Ptffi

There were deeper implications 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.

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 eventuallyto Heisenberg's'uncertainty principle'.

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

.ffffi.m 
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Quantum times-tables
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I n the early zoth century it was becoming clear that the concepts of

I particles and waves are closely entwined. Albert Einstein showed in r9o5

I ttrat tight waves could also appear as streams of bullet-like photons, whose

energy scaled with the frequency of the light. Louis de Broglie proposed in
ryz4that all matter did the same - electrons, atoms and any objects made of
them have the potential to diffract and interfere as waves.

In Niels Bohr's r9r3 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-Iike, then they would spread

out over the entire orbit, presumabty. 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.

'il.ls's',.-l;iirtiiiii'i:,,l;i,,
Pla nck proposes concept Einstein proposes

the photon
Bohr describes
electron orbitsof energy q ua nta
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The Austrian physicist Erwin Schrodinger set

out to describe the electron mathematically
as a three-dimensional wave. Struggling to
make progress, in December r9z5 he headed

offto an isolated cabin in the mountains, with
a lover in tow. His marriage was notoriously
troubled and he had many girlfriends with
his wife's knowledge.

ffiffifi&*{3F*ffiffiq$ffi$'{

Schrodinger 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

occasionally mistaken for a tramp when he

was attending conferences.

r924
De Broglie suggests matter
can behave like waves

While at the cabin, Schrodinger'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 rgz6 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.

trE&?'$$ f, $ffi A5f #-$ ffi F !"1 fiqf; q-$ 
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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

Schnodinger-'s equalion led lo mone

sophislicated models of thr-ee-dimensional
elecLron or.bitals in atoms These are
p"obab,,ity contours, outl,ning r^egions

whene e ecLnons are BO-90% likely Lo be

located ..' r'aising the chance that with
some smalt prooab;liLy bney could oe

somewhere else entinely. These contout s

turned out not all lo be spherical shells,

as envisaged by Bohr-. Some are mone

st.r-etched shapes, such as dumb-bells
or^ doughnuts. Chemists today use this
knowledge to engineen molecules.
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Heisenberg publishes
his matrix mechanics
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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.

",:,G00 RUNS

ELECTR(lMAGNETICS
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MtlNDAY, WEDNESDAY,
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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.

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.

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?

Hf&utrg:t$ ru #Tfi$3ru ffi

Schrcidinger expressed the probability of the particle being in
a given place at some time in terms of a'wavefunction', which
includes all the information we know about that particle.

Wavefunctions are difficult to grasp, as we do not witness them in
our own experience and find them hard to visualize and interpret.
As with Heisenberg's matrix mechanics, there was still a gulf
between the mathematical description of a wave-particle and the
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
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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.

Vr/hat might a wavefunction look like? In Schrodinger'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 thewavefunctioncanbe determined qUANTUM MECHANICS lS
by considering the allowed energy levels, or energy 

CERIAINLY lMP0SlNG. BUT AN
quanta, of the particle, which must always be greater 

INNER V0ICE TETLS ME THAT
than zero. Analogously, only certain harmonics are i'lS lS N'T yET THE REAL
possibleforawaveonafixedlengthof string.Because 
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some places than in others. ANY CI0SER T0 THE SECRETS

tlF THE tllll (lNE. I, AT ANY

More complicated systems have wavefunctions that RATE, AM C0NVINCED THAT

are a combination of many sine waves and other HE lS N[lT PLAYING AT DICE. 
'

mathematical functions, like a musical tone made up All:ert Frnsteirr, letter Lc tuiax Born,

of manyharmonics. 4 Decetrbtt t9:l'

By bringing the wave-particle duality idea to atoms and all forms of

matter, schrcidinger earned his place as one of the founding fathers

of quantum mechanics.

,#.#e +s fl##t Hft $*$ffi p.:Hrffir#tr# g g. m*.g.

Harmonies of the atom
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n t926, Werner Heisenberg and Erwin Schrodinger 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
ofthe 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, schrcidinger'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.

$'* irit fl +- E t1.$ ii

Pla nck proposes concept
of energy quanta

Einsteln proposes Bohr describes
the photon electron orbits

De Broglie suggests matter
can behave like waves
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In May 19z6 Schrodinger published a paper proving :+THE MIRE PRECISELY THE
that matrix and wave mechanics gave similar results - PgSlTl0N lS DETERMINED,
they were mathematically equivalent. He argued that THE LESS PRECISE1Y THE
his wave theorywas better than the matrix description, MSMENTUM lS KNSWN lN THIS
whichannoyedHeisenberg'onereasonrorscnroalngl_1 

INSTANT, AND VICE VEHSA.:.,-;
preference was that the discontinuities 
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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.

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.

ffi E$trLVI fuffi TH f; ffi UAFJTIJ IW $T&ru tr ilFF

In October 19z6, Schrodinger 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 Gottingen 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?

q3ruf;Uffi?&ITdTY TE{H frruLV fifrffiTAIruTV

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.



;: OUANTUM MECHANIGS

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 tgzT,andlater in a formal paper.

Any measurement has some degree of uncertainty associated with it. you
might measure a child's height to be r.zo 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.

& TfIEA{" ffiY TFIffi[jH}FqT

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.

rufiWTffru il}VfiffiT&HilFi

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.

HEISENBERG'S UNGERTAINTY PRINSIPLE

Wennen Heisenbeng gnew up in Munich,

Ger-mary, and loved Ll-e nounla;ns. As

a leenagen duning the Finst World War
he worked on a dairy far-m, reading
mathemaltcs and playing chess in his

spare lime. At Munich University he

studied theonetical physics, completrng
a doctor-ate unusually early. Heisenbeng

took up a professorship at Leipzig aged

.jrsL ?5, ard worked in Mln c" GoLr-ingen,

and Coper-hager, wlere he met N ers

Bohn and Albent, Einstein. In 1925 he

inverLed naLn,: 'nechan cs, Teceiv ng

the Nobel Pnize in 1932 His uncentainty
pninciple was fonmulated in 1"927.

Dur-ing the Second Wor-ld War
He senoenq led tre German ruclear
weaools p^o1ecL, wh ch was llL mately
unsuccessful in producing a bomb.

Whebnee he deriber-aLe'V delayed Lne

p'o1ect, or ae Ied he nesoL-,r^ces s

srill deoateo.

There is no cause and effect, only chance.

Many physicists found this difficutt 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
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he quest to understand the meaning of quantum mechanics began
in earnest in tgz7. 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.

.!'i

ii;*Aruy0ruf WHI lS NIT Heisenberg had also shown that our understanding was

SH0CKED BY qUANTUM fundamentally limited by his uncertainty principle. He believed

THESRy HAS NgT that both the past and future were unknowable until fixed

UNDERSTggg lT. 
. by observation because of the intrinsic uncertainty of all the

Nie is Bohr,.,95g .' 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'

proposes Bohrdescrlbes De Broglie suggests matter
ofenergy quanta the photon electron orbits can behave like waves



inryz7 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 Iight waves, but his
conclusion still held film. Uncertainties were
inherent in quantum mechanics. But what was
really going on?

il fi ili ft i:iifqirT::ii i: ili rli iu i iq ll
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

t925
Heisenberg publishes
his matrix mechanics

r926
Schrodinger publishes
his wave equation

TH E C{IPEN HA6EN INTERPRETATI{}N

Niels Bohr's rnstitute in Copenhagen
was at lhe hear-t of the development of
quantum theony. All the besl physicists,
from Heisenber-g to Einstein, made regular
visrls Bohr set up the depar tment after
spending time in England when he had
frnished his doctonate rn theor-et,ical
physics at Copenhagen Univer-sity.

After- clashing with J.J. Thomson, the
discovener of the electron, in Cambridge
and wonking with the nuclear pioneer
Ennesl Futhenfor-d in Manchester', Bohr-
netunned lo Denmark in 1916 Lo pursue
his own concept of the atom. He earned a

Nobel Pr-ize for the work in 1922.
As Hrtler- r'ose to power- in Genmany tn

the 1930s, screntists tr-avelled to Bohn's
institute in the Danish capital lo debate
the rnlr-icacies of quantum theor-y In

1943 when Denmank was occupted, Bohr
fled by frshing boat to Sweden and then
to England, wher-e he Soined the British
war effort. Bohr travelled to Los Alamos
and advised on the Manhattan Pnojecl,
although he campargned 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

f tg05
Heisenberg publishes his
u ncerta i nty pri rrci ple

1905
Boh r proposes the
Copen hagen i nterpretation
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generates the uncertainties that Heisenberg spotted. This line of reasoning

became known as the'copenhagen interpretation' of quantum mechanics.

The uncertainty principle, which states that one cannot measure

both the position and momentum of any subatomic particle at

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

measured precisely, the other becomes less well known. Heisenberg

believed that the uncertainty arose due to the mechanics of the

measurement process itself. To measure a quantity we must

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

its movement. That interaction changes the system, Heisenberg

realized, making its subsequent state uncertain.

"I'$$ fi # fld ffi ["il&*r{ ffi ffi #ffi $trffi Hilffi

Bohr's understanding was quite 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.

To br^idge lhe gep between
qJantL'n ard ro^maL systPnrs.
rncluding our- own expeniences

on human scales, Bohr- also
introduced the'cot-nespondence
principlel that quantum behaviour'

must drsappean for larger sYstems
that we ar-e famiiian with, when
Newtonian physics rs adequate.

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

how we would like to measure it.

Uif i+dtq t'$"f, fffrll$ frifdtirF-r

Here Bohr turned to Schrodinger's equation and

his concept of the 'wavefunction', containing
everything we can know about a particle. When an



object's character is fi.xed, say as a particle or a wave, by an act of observation
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 to leave 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
young man's career were high.

Matters improved later in r9z7 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.

Not everyone agreed, notably Einstein and Schrodinger, who remained
unconvinced by Bohr's doctrine for the rest oftheir 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. O_uantum mechanics must be incomplete.

Even today 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.

An act of obversation

collapses the waveform.

Some things yue
may neuer know
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iels Bohr's r9z7 proposal ofthe Copenhagen interpretation of quantum

mechanics thrilled many physicists, but the hard core fans of the

wavefunction approach did not get on board. Erwin Schrodinger and

Albert Einstein stayed on the sidelines.

In 1935, Schrodinger 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

rg05 1924
Einstein describes De Broglie suggests matter
the photon can behave like waves
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SCHNiiDINGER'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?

O_uantum probabilities obviously made little sense on the grand scale.

Schrcidinger's article contained a thought experiment that tried to illustrate
this behaviour using a more emotionally engaging subject - a cat.

$IJAruT 4,6 f\ii B"$ F,Jf; ffi ff

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 .'i
fatedependsontheprobabilityofwhethertheatomhasdecayedornot. 'r.: IAM CINVINCED

THAT THE(lRETICAL
'Ifonehasleftthisentiresystemtoitselfforanhour,onewouldsaythat PHYSICS lS ACTUAL
the cat still lives if meanwhile no atom has decayed. The first atomic PHIL0SSPHY.
decay would have poisoned it,' he wrote. Schrodinger's depressing Max Fr,rn,My
apparatus would deliver a 5o:5o chance of the cat being either alive or Ltjr antt My
dead when the box is opened after that time. Vler'vs (t968)

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.

Schrcidinger 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
h is u ncerta i nty
prin ciple

{$tl.',.,.r.-1 .,

Boh r proposes
the Copenhagen
i nte rpretation

Einstein, Podolsky
and Rosen publish
their paradox
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OUANTUM MECHANISS

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 fi.rst star, say, or the flrst 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 rTth-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.

Er^wrn Schrbdrnger was bonn tn

Vrenna, the son ol a botantst. He

chose lo study theoretical physics

aL unrversity, although he was also
rntenested in poelr-y and philosophy

During the Flrsl Wonld Wan, he

senved with the Austnran antilleny
r- lt-aly, keepirQ up r'' ply- -s
neseanch while on the front.

Schrbdinger- r-etunned to
academic posls in univer-silies
rncluding Zunrch and Benlin. But
as the l'.lazis came to poweq he

decided to leave Ger-many and
moved to Oxfor-d. Soon after he

arrived thene he heard he had won

the 1933 Nobel Prize, with Paul

D.rac 'oe q-rartrm .:ecl-anics.

ln t9Jb .,. -6,1 .lr^.ed Lo [:"az 'n

Austnra, bul polit,ical events again

oventook hrm. He lost his..1ob

aften cnilicizing the Nazis, and
eventually moved Lo the lnstitule
for- Advanced Studies in Dublin,

where he stayed until netiring to
Vienna. Schrodinger^'s personal
lrfe was complrcaled. he had
numenous affairs, many wtth hts

wife's know edqe, and had sever-al

chrldr-en with other women.
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F; TIUSTTIru ARGUED THAT THERE SHIIUTD EXIET StlMETHING IIKE

A REAL WtlR[0, NtlT NECESSARILY REPRESENTED BY A WAVE FUNGTItlN,

WHEREAS BtlHR STRESSED THAT THE WAVE FUNCTIIIN DOESN'T

DESCRIBE A "REAT'MICR(lWtlRLtl BUT tlNLY "KNIIWLEDGE''

THAT IS USEFUT FtlR MAKING PREDIGTIIINS.
5ir Roger Penrose, t_o94

M&HY W$ffil_ffiS

The issue of how measurements cement outcomes was revisited in a novel

way in :9S7 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 infi.nite, number.

Iverett's idea was ignored at fi.rst, 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.
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The EPR Paradox
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Einsteinbelievedthateverythingintheuniverseexistsinitsownright,
andtheuncertaintiesofquantummechanicsillustratedthatsomething
was wrong with the theory and our interpretation of it' To expose gaps in

the Copenhagen view, Einsiein, together with his colleagues Boris Podolsky

and Nathan Rosen, came up with an imaginary experiment' which they

published in a paper in i935' This is known as the Einstein-Podolsky-Rosen'

or EPR, paradox.

f! 1" Copenhagen interpretation of quantum mechanics' proposed by

I Niels 
^Bohr 

il',, ,9r7,,"u'o"' that the act of measurement influences

I a quantum ,yrt"*, causing it to adopt the characteristics that are

subsequently observed. Light's wave- and particle-like properties know

when to appear because thJ experimenter effectively tells them what to do.

Atbert 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

aII possible states of being' Einstein argued that such a.superposition was

unrealistic. A particle exists whether or not we are there to see it'
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THE EPR PARAII()X

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.

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.

Inthe language ofthe 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
consolidate that result.

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. Schrodinger later used the term'entanglement'to describe

this weird action at a distance.

Heisenberg publishes his
uncertainty principle
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Einstein believed in 'local reality', that everything in the world exists

independently of us and signals carry information no faster thanthe 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.

But Einsteinwas wrong. His idea sounds reasonable and chimes

with our everyday experience. But it has been demonstrated
to be false by numerous quantum experiments over many
decades. The'spooky action at a distance'does take place, and

coupled particles do seem to'speak'to one another across space

faster than light. Physicists have now entangled the quantum
properties of more than two particles and have seen them
switch states together across many tens of kilometres.

O-uantum 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 rs, 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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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.

Intangled 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.

Iinstein'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.
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hen you throw a tennis ball against a wall you expect it to bounce

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.

O-uantum 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

. ! i,: '',
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H u nd proposes q ua ntu m-
tunnelling concept
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OUANTUM TUNNELLING

tunnelling plays a role in the nuclear fusion processes that light up our Sun

and other stars, and has applications in electronics and optics.

fr C{J i iJ':1{: i I +'il ft }: i;ii's'

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 5o7o cltance that an atom

will have decayed.

In tgz6 Friedrich Hund came up with
the concept of quantum tunnelling, and

it was soon invoked to explain alpha

decay. A chunk of polonium-zrz, for
example, readily emits alpha particles
(two protons and two neutrons) with a
halflife of o.3 microseconds. These have

typicalenergies of around 9 MeV (million
electronvolts). But the alpha particle should require z6 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

Hund grew up in lhe Genman lown of
Kanlsruhe. He studied maLhematics, physics

and geogr'aphy in Marbung and Gotlingen,
eventually netunning to a posltion at
Gottingen in 1957. Hund vtsiled Niels Bohr-

in Copenhagen and was a colleague of
Frwin Schr-odrngen and Wernen Heisenberg
He worked with Max Bonn on a quantum
inLerpnelatron of the spectra of diatomtc
molecules, such as molecular^ hydnogen. In

1926 he drscovered quantum tunnelling.
Hund's rules for- fillinq up electnon shells ar-e

stil1 widely used in physics and chemistry.

1957
Flectron tunnelling
in solids accepted

| 1e2B
O-uantum tunnelling applied to alpha
decay by Ceorge Camow and others
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There is a small chance a particle's wavefunction
ca n 'tu n nel'th rough a n enegy ba rrier, even though
it does not have enough energy according to
classical physics to overcome it.

... ELEMENTARY

PARTICLES ANIl THE

ATOMS THEY FtlRM
ARE DtlING A MILLI(IN

SEEMINGLY IMPtlSSIBTE
THING$ AT (INCE.
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particle is able to leap - or quantum-tunnel - across

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.

How can we envisage quantum tunnelling? The

alpha particle feeling the attractive pull of the
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 Schrodinger'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
nuclear charge, so a little must leak out.

Visualizing it mathematically, the wavefunction is a sine wave

within the valley, but when it reaches the sides of the hill it
extends right through that energy barrier. trt drops off steadily
in strength as it travels through, so a thicker barrier is harder
but not impossible 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.

Hid&h{ il$ * fl F'$l V-de$f, -$

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



=-tF

,

OUANTUM TUNNELTING "

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 energybetween 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 andtransistor, as ameans of controllingvoltages,
a bit like a volume control.

,# wnu THE ADvENT tlF
OUANTUM MECHANICS,

THE CLtlCKWtlRK WtlRTD
HAS BECtlME A IIITTERY.

FUNDAMENTAL EVENTS,

SUCH AS THE OECAY (lF A
RADI(IACTIVE AT(lM, ARE

HEID Tll BE DETERMINED

BY CHANCE, NtlT LAW. tlji:
lan )1ev dr t Does Cad
Flay Dice? (zrsaz)

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 rTo of anatom's diameter.
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n the rgzos and 3os physicists looked beyond electrons towards probing

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.

Following onfromhis r9n discoveryof the nucleus inhis gold-foilexperiment,

Ernest Rutherford transmuted nitrogen into oxygen by firing alpha particles

at the gas in r9r7. Physicists knocked small bits off other nuclei. But it was

not until r93z 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 r938, the German pair did something more

profound. They sheared a massive uranium nucleus roughly in half, giving
offbarium,whichis 4o% as massive.

r896
Hen ri Becq uerel discovers
rad ioactivity

James Chadwick
d iscovers the neutron



NUCLEAR FISSItlN

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 ffi- \
unexpected because physicists at the time, including George Q$-)* \,--,
Gamow and Niels Bohr, thought that the nucleus was like 3 \#64
liquid drop. Forces of surface tension should resist the droplet's O t-- (ffi *- O
d.ivision, and even if it d id split then the two positively charged 5.b_---' 

qq;y
drops of substance would repel and fly apart, they believed. n$r, /
Thatwasn'twhatwas seen. -ry /

/
The solution came from Hahn's colleague Lise Meitner. Exiled in O
Sweden, having fled Nazi Germany, Meitner and her physicist 

Neutronsfiredataheavv
nephew Otto Frisch quickly realized that it wasn't so odd for a large nr. "rr.r" ,f i,i ," r,rft
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.

A PffiTH*ITf;AI WfrEP#i$

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 €migre Enrico Fermi began fi.ssion experiments in the
basement. The Hungarian exile leo Szilird, 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 SzlI|rd 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

Atomic bombs dropped Electricity produced
on Japan from nuclear power

+?..li':i;'fftii::liya;lt''itJ

First chain reaction



OUANTUM MECHANICS

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 (,rru) 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 fi.ssion cascade. Fermi obtained the first chain reaction inr94z al

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

Fober-t Oppenheimen was bonn in New Yot-k

City into a wealthy family. He flrst went to
New Mexico whilst a teenager, sent thene to
necoven fr'om an illness. At Har-vand Universily

he sludied chemrstry and physics, moving

to Cambr-idge in t9?4. Oppenheimer- didn't
get, on with hts tutor-, Patr-ick Blackett, and

claimed to have left an apple coveied with
chemicals on his desk.

ln 1926 he moved to Goltlngen lo work

with Max Bonn, where he also encounter'ed
giants such as Heisenberg, Pauli and

Fenmi. Oppenheimen netunned lo Lhe USA

in the 1930s and wonked al Caltech and

Ber^keley. Descr-tbed as both mesmenrzing

and fniqid, he had a power-ful personality. Hts

communtst leaning led to him belng distrusted
by government offloals. Yel in 1942 they

asked him to lead the Manhatlan Project

Oppenheimen was troubled by the dr-opping of
the atomic bomb, quoting from the Bhagavad

Gita 'Now I am become Death, the destroyer-

of worlds.' ln his later life he loined with other
physicrsts lo pnomote global nuclean 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 794L, 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.

Tfi fi M&ruffi&TT*fd tr${trJfi *T
Back in the US, Frisch's realization that only a little uranium was needed to
make a bomb coincided with the lapanese attack at Pearl Harbor. Roosevelt

Iaunched 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 2o,ooo
tonnes of dynamite. Three days later,'Fat Man' delivered its blow to Nagasaki.
Each bomb killed around roo,ooo people instantly.
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Nuclear splitting
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n 1928, the physicist PauI Dirac attempted to upgrade Schrodinger's wave

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.

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 - Iength

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 allowedthe possibility

that electrons could have negative as well as positive energies, just as the

equation >c = 4 has the solutions x = z and x = -2. The positive-energy solution

was expected, but negative energy made no sense.

Anderson detects
the positron

Antiprotons are
detected

Dirac proposes a ntimatter
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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 CarI 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 Drnac has been called'the
stnangesl man'. He admitted t.hat
he neven stanted a sentence
wilhout, knowing how t,o frnish
it; people joked that his only
words were 'Yesl'Nol and 'l don'i
know'. Luckily he was as brilliantly
clever as he was acutely shy
Hrs doctonate, completed at
Cambnidqe Universily in necord
time and char-acter'istic bnevity,
was a complet,ely new pictune

of quantum mechanics. Dinac
went on to inconponat.e relativity
theory rnto quantum theony
and to predrcl the exislence of
anlimatten, plus pioneering wonk
in eanly quanlum lield theony.
When he was awanded the Nobel
Pnize in 1933, fearing the publicity,
Dirac hesitated lo go and accepl
il,. He only agneed when told that
he might get more attention if he
tur-ned it down.

tgss
The first antinucleus
p rod uced

1gg5
Anti hydrogen
atoms created
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Anti hydrogen Hydrogen

Matter and antimatter annihilate to form pure energy.

The next antiparticle, the antiproton, was detected two decades later, in
1955. Emilio Segrd 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

Iater, 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 rnake a hydrogen anti-atom (anti-hydrogen) took a little

Ionger, but was achieved also at CERN in r995. Today

experimenters are testing whether anti-hydrogen
behaves in the same way as normal hydrogen.

To deliberately create antimatter on Earth - rather
than catching its signs in cosmic rays from space

- physicists need special machines that use huge

magnets to boost the speeds of particles and focus

them into beams. In giant particle accelerators,

such as those at CERN in Switzerland or Fermilab
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near Chicago, streams of particles can be fired at targets
or at other beams, releasing energy according to Einstein's
E = rac'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.

T*i fi ffi &trd ffi 'S $ flBt ffi &L&fti fi: tr

Iy'y'hen 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 - Iess than o.otTo of. the stuff in the universe is
made of antimatter. What caused this fundamental imbalance?

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 r in every to,ooo,ooo,ooo
(ro'o) 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.
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old two magnets close to one another, you can feel them repel. But
how is that force being transmitted? Likewise, how does the Sun's

Iight or its gravity manage to stretch across vast expanses of space to
influence the Earth, or tiny Pluto?

The idea that forces act across distance through sorne extended'field'grew
out of Michael Faraday's work on electricity and magnetism in the mid-rgth
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 zoth century Albert Einstein described
light in a similar wa]L as a stream of photons depositing packets of energy

Faraday d i scovers
el ectro m agnetic
ind uction

Maxwell proposes
equations of electro-
magnetism

Einstein proposes
concept of photons

Dirac descri bes electron
and antimatter
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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?

Fff ffi *fi-#effi ffiv! f$ ffi FFAnT$ ffi H"f; S

O_uantum field theory which emerged in the rgzos, supposes that all fields
transmit their energy through flows of quantum particles - known as 

rgauge

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 fi.elds.

iltffi&ff &ffiH] ffis.fiA$dTffif,HI TF{trffifr1Y

The first field whose quantum behaviour was studied was the electro-
magnetic field. In the rgzos 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

Iong as they follow quantum rules. Certain quantities - such as charge and
energy - must be conserved before and after the interaction, if you consider

i$, ,.., .'.,,,.,1 6-50

1':.:1.i1ir;:6i r

Jordan and Wigner Quantum electrodynamics
developquantum developedbyTomonaga,
field theory Schwinger and Feynman

,fC.S4'r .,,.,,:,,';,'';',,

Evidence for quarks
seen at Stanford Llnear
Accelerator Center

I$S8',,,r,, r,,,.,.', r."il,rr

O_ua ntu m ch romodynam ics

theory published by Cross,
Wilczek and Politzer



!

=i,.ii;i 0UANTUM FIELDS

Pascual Jordan was born in

Hanover', Genmany. His father
was an antist and hoped his son
would follow a simrlan palh, but
.lordan chose science. AfLer-
attendlng Hanoven Technical
University, Jondan eanned a PhD

at Gottingen Univer-sity, whene
he wonked with Max Bor-n. ln

1925, Bonn, Wennen Heisenbeng
and Jondan published the first
tleory o' qrarrL'n meclarir-s.
A year later Jordan extended
the idea of energy quanla Lo

a Frelos - tne l -sr sLeps r
Quanlum Field Theory. Jordan
neven r-eceived the Nobel Pnize,

perhaps because he loined the
Nazi party dur'ing the Second
World Wan.

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 as a hole in a

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 aII 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.

ffigffiT&'i *rdffi ffitr&T$'* #F f;:ffitrffiffiY

Particles can sometimes pop into 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 ry27
and r9z8 worked out how to statistically combine
many wavefunctions to represent fields.

But early quantum fi.eld 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.

Theveryideaofwhatanelectronorphotonwasmadeofwas,' lT 0FTEN HAPPENS THAT

difficult to visualize. If the negatively charged. electron was THE RE0UIREMENTS 0F
extended,and notapointsource,somebitswouldrepelothers. SlMPLICITY AND BEAUTY

Electromagnetic stresses could rip it apart. But if electrons ARE THE SAME, BUT WHERE
hadnoextent,thenhowdoyouassignpropertieslikecharge THEY C[ASH, THE TATTER
and mass to an infinitely small point? rhe equations quickly MUST TAKE PRECEDENCE.
filledwithinfinities. t,rui/\.ii4. ijii.;;r,, j(-)tg :

lnry47, 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
(O_ED), 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 r97os.

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.

Fsrce carriers
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I n the r93os, physicists knew quite a lot about electrons, Niels Bohr's

I simple r9r3 model, which treated electrons like negatively charged
I planets circling a positively charged nucleus, had been upgraded to
account for the shielding ofthe 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.

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. Schrodinger'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

'.il 1896 tg22
Zeeman observes Stern Cerlach experiment shows
Zeeman effect quantized electron magnetism



THE LAMB SHIFT

Born in Str-asbout-9, now in Fnance but then
part of t,he Genman Emprre, Hans Bethe
showed an eanly flatr for- mathemal-ics.
Also a keen wr-iter', he had an odd habit of
wnting for^wands and then backwards on

alter nate lines. Bethe chose lo study physics
al the Universily of Frankfurt because
'mathematics seemed to prove things
that are obvious'. He wenL lo Munich, and
completed his PhD in electnon diffr-action
by crystals in 1928 Moving to Cambridge,
Bethe's humoui came to the fore when he
published land ]aten netractedl a hoax paper

on absolute zem lo lease his colleague
Arthur Eddington. Duning the wa1 Bethe [who
was of .Jewrsh her"itage] moved to the United
Stales, and he remarned at Cor-nell Univensity
for the nest of his caneen He worked on

nuclear^ research and the Manhaltan Pr-oject
and solved the problem of how slans shine
by pnoposing fusion reactions. This won
him the Nobel Pnize. Belhe's sense of fun
pr-evailed when he lent his name to a famous
paper that is now known as the 'alpha, beta,
gamma'papen, by B Alphen, H. Bethe,
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.

ffi #* F1,iT't I tut # -t [iF. H lH.* fl* i$ [i # Ft

Int947, an experiment came up with a clue that pushed quantum physics

on to the next level. At Columbia Universlty in New York, Wiilis 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, Iamb sought to apply it to look at hydrogen at wavelengths much
Ionger 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 shouid have

p- tg47
Lamb and Retherford find splitting is

due to electron orbital shapes

1946-50
QED deveioped by Tomonaga,
Schwinger and Feynman

1947
Bethe proposes
renorm a lization
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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.
Vl/hile 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 Iand on a metal plate, where the
electrons were released, generating a little current.

,i 
WE NEE0 SCIENCE Microwaves (at frequencies close to that of a microwave oven)

EDUCATISN T0 pH6DUCE *"r: aiso fired at the atoms in the magnetized region. By

sclENTrsTS, BUT WE Hllqi:itrength 
of the magnetic field, Lamb was abre to

N E E D n r q u a r iv i0- ilfi T#TlTil j:llTj iln :Iffi "T'J;TLT Jffiil1i1l
CREATE LITERACY transrtion, uefore they hit the detecting plate, thus producing
lN THE PUBLIC. nocurrent.

i'.lans Be lhe iri F*pulnr
ll'4ei.h*r:ii-i iiqrrr) 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 fi.eld - known as the Lamb shift.
It was not zero. So the theory of electrons must be incomplete.

In t947, 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?
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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 ofinfinity haunted quantum physics.

Some means was needed to explain why the electron's mass

was fixed and not infinite. Hans Bethe, while travelling
home from the conference, hit upon a way to work around
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 infi.nities - an approach

called renormalization.

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 pointJike, 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.

'!:,.^i -. ,..- d' llli ir! iF

Electrons' Brownian motion
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ED is 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 rgzos 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 introducedthe ideaof particle interactions,duringwhichparticles
could be spontaneously created and destroyed.

ffiffifrAttTfl* F*{} ffiffi g.f;

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

1.8?3,,r.1,,.,.,.:,,1 i,r ..', , ,I ,,

Maxwell publishes his equations
of electromagnetism
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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 r94os, Iike 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.
He still didn't have a fully relativistic theory though. Over the next few years,
Bethe's ideas were developed by physicists including Sin-Itiro Tomonaga,
lulian Schwinger and Feynman. By further massaging the equations they
managed to banish the infi.nities completely, winning the trio the Nobel
Prize in 1965.

Born and naised in New York, Fichard
Feynman was appanently a late talker-.
Havrng not spoken a wond until he was
three, he made up for it in his laler ltfe as
a i'enowned lecbur-en and brilliant physicist
Feynman studied phystcs at Columbia
Univensity and then Princet,on, and was
rnvited lo wonk as a junion scientisl on l-he
Manhattan Pr lect at Los Alamos. Feynman
was a prankster- and liked to play jokes on
his colleagues in the New Mexrco desent
He br^oke into people's frling cabtnets by
guessrng obvrous lock combtnations, such
as the natural log e = ?71828 . , and left
notes behind He took up drumming and

dancrng in the desert - numours developed
of an 'ifuun Joe'. Afler the war-, Feynman
eventually moved to Caltech, in par-t due
to the war-m weaLhen. Known as 'the
gr-eat explainer'', Feynman was a supnerne
teachen and wrote a famous sel of books
encapsulat ng his lectlre series. As well
as QFD, for which he won the Nobel Prize,
Feynman wor'ked on theor-ies of the weak
nuclean lor-ce and superflurds. ln e famous
talk, 'Thene's plenty of r oom at the bottoml
he set the foundations of nanotechnoiogy.
Descrrbed by his colleague Fneeman Dyson
as 'ha1l-genius, half-buffoonl Feynman iater
becarne'a11-genius, all-buffoon'.

l
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1948*50
Tomonaga, Schwinger and

Feynman deveiop 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'.

FHYruFUl&rd ffi*&ffiffi$tFJl$

The equations of O*ED are complicated. So Feynman, a zany,larger-than-Iife

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.

A plain 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 Ieft to right
on the page. Because antiparticles are equivalent to real particles moving

backwards in time, the positron arrow would be drawn pointing backwards,

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.

E lectron

Positron

Electron-positron annihilation

\

T
Photon emission

Feynmann diagrams

I
Photon
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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.

Fffi S tr*# i 1. $T f H-* il* gl&$t {] 
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These diagrams are not just visual sketches: they have deeper
mathematical meaning - they can also tell us how probable the
interactions are. To find this out you need to know how many
w-ays there are of getting there. For any starting and end point, the
number of alternative interaction paths can be quickly ascertained
by piotting all the variants. Count them up and you have the answer
to what is most likely to happen.

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 QCD. And O_ED was merged with the weak
nuclear force into a combined'electroweak' theory.

-=*1fi',:i 
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adioactivity emanates from the nucleus of an atom, through the weak

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 uraniumbreaks down. Beta particles are electrons

.:. released from the nucleus when a neutron decays into a proton.
.s BETA DEGAY WAS . ' . Gamma rays are energy released as photons.

LIKE A DEAR tlLD FRIEND.

THERE W0UL0 ATWAYS Because alpha particles are relatively heavy they don't travel far

BE A SPECIAL PLACE lN and can easily be stopped by a piece of paper or our skin. Beta

MY H EART RES ERVE0 particles are light and travel further - it takes lead or a thick piece

ESPECIALLY F$R lT. .;. of metalto stopthem. Gamma rays are more pervasive still
, l,ie tg.qhi rao V\ll

In experiments similar to those used previously to identify the

electron, in rgoo Henri Becquerel measured the ratio to mass of a beta

particle's charge and found that it matched that of an electron. In 19or, 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,

' l$00.,,,.; '. ,;..r:,:; .

Becquerel shows that
a beta particle is like
an electron
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Rutherford and Soddy
show that beta particles
come from the nucleus
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Meitner and Hahn Pauli proposes that
show energy is lost the neutrino exlsts
during beta decay



they concluded, beta particles must be electrons
from the nucleus.

In r9rr, the German scientists Lise Meitner and
Otto Hahn found a puzzling result. Whereas
alpha particles were given off only at particular
energies, beta particles could take on any
amount of energy, up to some maximum. It
seemed that some energy, which should have
been conserved, was disappearing somewhere.

&fff$T F#ffi & F,i$E$S$fl*ffi F&ffiTg#tf,

Nor was momentum being conserved - the
direction and velocity of the nuclear recoil and

BETA DECAY

Leptons ane basic building blocks of
malter. There ar e six flavours: the
electnon, muon, and tau par-licies and
thein associated neulrinos. Each also
has iLs arrcipa'ricle.

Particle Symbol Mass energy

e o.ooo511 cevelectron

p o.ro56 6eV

1.777 Cev

the emitted beta particle did not counterbalance one another. The best
expianation was that some other particle was being given off, dumping the
spare energy and momentum. But nothing obvious was detected.

In r93o, 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
Iater renamed the neutrino (meaning 'Iittle neutral one') by Enrico Fermi,
to avoid confusion with the heavier neutron that was discovered by Iames
Chadwick intg3z.

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. Int934, 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.

Chadwick discovers Fermi publishes his
the neutron theory of beta decay

1S34 1S5 .,.'','.',

Cowa n detects
the neutrino

tgEz rssS
Lederman and Solar neutrino
others detect the oscillation found
muon neutrino
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As a chrld in Fome, Enrico Fer'mi Look an

interest in science, drsmant,ling engines and

playing with gyr-oscopes When hrs father died

whrle he r,ryas in hts teens, he immensed himself

in st,udy While studyrng physics at unlver-sity

rn Pisa, Fenmi became so good at quantum

phys cs that he was asked to or-ganize

semrnars, and rn 1921 he published his frnst

paper on electnodynamics and relativity He

received his doclonate aged lust 21, and a

few year^s laten became a pnofessor^ in Flome

Fenmi's Lheor-y of beta decay was published

rn 1934, but, disappointed at ihe lack of
interest rn it, he turned to exper-imenLal

physics, perfonming ear-ly wot k on neutron
bombar-dmenl and flssion Aften he won Lhe

Nobel Prize !n 1938 for hrs nuclear wor'k,

he moved to the Unlted Slates to avold

the lascist regrme of Benito Mussolini
Fermr's gnoup genenated the flrst nuclean

charn r-eaclion rn Chlcaqo in 1942, and he

loined the Manhattan Pro'1ect. Known for
hLs clear and stmple thinking and abilittes jn

both exper-imental and lheoretical physics,

Fenmi was one of the gneatesl physiclsts

ol the 2Oth centuny The writer' C.P. Snow

remarked on his talents: 'Anythlng about
Fer-mi is lrkely t,o sounci like hyper bole.'
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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 196z 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 zooo at Fermilab.

Neutrinos are produced by some fusion reactions

that power our Sun and other stars. In the late r96os,
physicists trying to detect neutrinos from the Sun realized that they saw too
few: only 3o-5o% 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.

" :- I -;'::," \

Mysterious missing
pafticle

BETA DECAY iiiil:ir.:r_s.i:::

-.)i

,r,ir; OUCf BASTC KN0WIEDGE
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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 r5 minutes into a

proton, electron and antineutrino.

Neutron decay underlies beta radiation. It makes radiocarbon dating possible

- the carbon-r4 isotope decays through the weak interaction to become

nitrogen-r4, with a half-life of some 5,7oo yeals. And in the opposite sense,

the weak interaction makes nuclear fusion possible, building deuterium

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 o.r% of the diameter of a proton'

ffiil-f,& trffiffi*H

In the rg3os, Enrico Fermi developed his theory of beta decay and began to

disentangle the properties of the weak force. Fermi saw parallels between

lgg? rg84 {$Edt,'..' . ,
Yang and Mills
publish a theory of
the strong force

19.86..'.' 
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Yang and Lee proPose
parity not conserved in

weak interactions

Wlgner proposes Fermi proposes theory
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charged particles interact
be transmitted by similar
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the weak force and electromagnetism. Just as

by exchanging a photon, the weak force must
particles.

Physicists turned to the basics. V1/hat is a neutron? Werner Heisenberg
imagined that the neutron was a combination of a proton with an electron
stuck on it, Iike a molecule. He thought that larger nuclei and combinations
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 t93z 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
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-6o 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.

Wu and Ambler show that
parity is not conserved in
beta decay

Schwinger proposes 3 Higgs field
weak force carriers, W', proposed
W-and Zo

Direct evidence forW and Z
particles found at CERN
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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 lS 0NtY 0NE Aflurryoftheoriststurnedtotheproblem.InNovemberrg5T,Julian

THING W0RSE THAN Schwingerproposedthatthreebosonswereinvolvedintransmitting

CSMING HSME fiOU the weakforce. To pass on charge they must inciude a pair with
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T(l THE LAE AT At
i-hir:n5:-!iri.irrrg,; \'vi;, A decade earlier, Julian Schwinger had wondered if the restricted

cil.l(-ried ir-1 ;oo] 
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-Iived, 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

Iinked. 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 Zo. So the weak force was carried by three heavy bosofls: W*, W andZo.

I
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By 196o, 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.

EtEfiTffi trWfr S${ T$,6 ffi {} f.{Y

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.

The mass problem was solved theoretically in ry64 when a new sort of
particle - the Higgs boson - was proposed. Its discovery was reported in zorz.

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.

tuound 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 r97os, 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'.

i'"*. : l. f*." "f td.q' {.:."" l'q 3""'r-'*- t-".' rr. ,.{

,,.I SINCE TIIE BEGINNING
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PRtlVIDED US WITH AN

EXTREMELY PtlWERFUT
AND USEFUT T(l(lI
IN ()UR EFF(IRT TII
UNDERSTANtl NATURE.
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Left-handed force
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y the rg6os physicists had discovered around 3o elementary particles.

As well 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.

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 faII into two basic types. Matter is made of fermions, which divide

into two further sorts: Ieptons, 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.

Thifi fr!#t*TFfttffi wflY

while visiting the collEge 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

Yang and Mills Publish a

sym mel i'y-based lheorY ol
the strong force

Ouarks discovered
at Stanford Linear
Accelerator Center

the Eightfold WaY quark theory
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Born into a family of Jewish immigrants
fnom the Aust,ro-Hungar-ian Empine, Gell-
Mann was a child prodrgy. He entered
YaJe Univensity at the age of 15. ln 1948
he earned a bachelor-'s degree in Physics
and went on to att,end graduate school
at MlT, whene he received his PhD in

physrcs in 1951.

Classifying r-ecently discovened cosmic
ray panticles [kaons and hypenons] led

him to pr^opose that a quantum flavour'
called stnangeness would be conserved
by str-ong but not weak intenactions
In 1961 he developed a scheme for'

classifyrng hadrons in tenms of octets,
which he called lhe Erghtfold Way. In

1964 he proposed that hadrons consist
of lnios of 'quanks'. He pnoposed the
conservation oi'colour char ge' and
wonked on QCD

Gell-Mann was awarded a Nobel Prize
in physics ln 1969 in the 1990s he tur-ned
to complexity science, and helped found
the Santa Fe Institule in New Mexico,
whene he holds a -1oint position alongside
his post al Caltech, whene he loined 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 1/za-fld mesons with
spin o). In 196r he published his vision as 'The Eightfold Way', named after
the Buddha's elght 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 -7, 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

i# tg?3
Cross, Wilczek and Politzer
publish quantum
chromodynamics theory

fir4
Charm quark
d iscovered

1g'17 1gg4
Bottom quark Top quark
discovered discovered
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THREE tlUARKS

F(lR MUSTER

MARK! SURE HE

HAS Nt}T GtlT

MUCH tlF A BARK

AND SURE ANY HE

HAS IT'S ALL BESIDE

THE MARK.
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neutronswere eachmade of three smaller particles,thenyou couldrearrange

the components differently to build up these particle family trees'

The basic units would have to have an unusual charge, of plus or minus
1/3 or 2/3 that of the electron, so that their combination gave the proton's

single positive charge, or zero for a neutron. Such fractional charges seerned

ridiculous - nothing like them had ever been seen - so Gell-Mann gave the

imaginary particles a nonsense narne,'quorks' or'kworks'.

li ii jhffi Fi[* Jil$ il]'lH ilE ffi FL3!i,rlliJ [4t$

while reading James Joyce's Finnegans l,4/akq Geli-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. In 1964 he published his quark

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

'down'quarks, and a proton is two ups and a down. So beta radiation,

he declared, involved the conversion of a down quark in a neutron

into an up quark in a proton, while emitting a W particle.

Gell-Mann's magical Eightfold Way seemed to work, but even the

physicist himself didn't know why. He accepted it was merely a

mathematical device. others treated his quark theory with derision

at first. There was little evidence for quarks' physical existence,

until experiments at the stanford Linear Accelerator center in 1968

revealed that the proton was indeed made up of smaller components'

Today, as more and more particles have been discovered, Gell-Mann's picture

has been vindicated. we know that there are six types oI 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 r995.

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
interactlon, 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).
O_uarks cannot exist on their own - they only come in
threes and are confined within hadrons.

&{jsffiK 'ffff$-ffi*.$FfiS'

O_uarks have their own set of properties, including electric charge, mass, spin
and a further quantum trait known as 'colour'charge, linked to the strong
nuclear force. O*uark 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 cailed'gluons'. The theory that
describes strong interactions is called quantum chromodynamics (QCD).

HF,e*e fl$#"$*:ft fr$ ffi H"m:F.*ffi #:# ru 
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the power of three
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I n 1968, physicists at Stanford University puzzled over results from their

I n"* oarticle accelerator. The Stanford Linear Accelerator Center (SLAC),

I lrrrt south of San Francisco, wasn't the highest-energy particle smasher

in the uS - that was at Brookhaven on the east coast. But stAC was built to

perform a bold feat - to tear apart the proton.

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

:.ii,:,'r:.li I,:..,
l$0-$:.'1,i "r,,," !$l$''il.,i',:,,:
Rutherford performs Rutherford isolates

gold foil experiment the Proton the neutron quark model of hadrons
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one step further than Ernest Rutherford, who 5o years earlier
had discovered the atomic nucleus by firing alpha particles at
gold foil.

In the r96os, 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 fi.rst imagined a

'plum-pudding'atom, so the proton might be a ball of some
smeared-out substance. Or, like Niels Bohr's atom, it might be

mostly empty space inhabited by tiny constituents.

TWt} ffirun$ $i: ffffiLL{$iffiru

In the SLAC accelerator an electron could collide with a proton in 
o_ua rks 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 otherwisepassthrough.

the conservation of momentum. Because kinetic energy is not
Iost, 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 Iarger 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

in protons at SLAC gra nd u n ified theory at Fermilab
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of tiny hard cores, then the lightweight electrons

could bounce off them at quite large angles, just as

Rutherford witnessed alpha particles ricocheting off

hard gold nuclei.

Bjorken's team quickly saw that many of the electrons

were widely deflected. And they spotted peaks in the

relative energy of the scattered electrons, suggesting

underlying structure in the proton. Protons must be

made up of tiny grains.

F${YS[ #E -$TS S[-$# {:{}E-fi""$ $}tr

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 happyto believe him'

''-.[lNE C0UL0 SAY But further experiments started to back the quark model.

THAT PHYSICISTS JUST Neutrons became the next targets, and produced a subtly

LIVE T0 PERFIRM 0R different pattern in the scattered electrons, implying their

INTERPRET SCATTERING make-up was slightly different. It took several years and lots

EXpERIMENTS. , of wrangling to agree what the defining tests were and how to

{iifforcl il.lhuil, 1qg.4 ' interpretthe data,butinthe endthe quarkmodelpassed'

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-
Iike, Iike the electron. And they have
charges of multiples of '/a, consistent
with the quark concept.

In r97o Sheldon Glashow added a further
affirmation when he deduced the charm
quark's existence from the decay of
heavier'strange' particles such as the
kaon. By 1973, most particle physicists
accepted the quark theory.

A couple of puzzles remained: during the
collisions the quarks seemed to behave

Iike independent particles within the
nucleus, but they could not be set free.

Why? What was the quantum glue that
held them there? And if quarks were

DETP INELASTIC SCATTERING

Sheldon Glashow was bonn and r-aised in
New York by Bussran rmmignant par-ents. He

was in the same high school yean as another'
physicist, Steven. Weinbeng, w th whom, along
with Abdus Salam, he shai'ed the Nobel Frize
ln 1979. Glashow attended Cornell Unrvensrty

and then look his PhD at Harvar-d, whene he

studied unden anothen Nobel necipienl, Julian
Schwinger. Glashow developed electr-oweak
theony, and in i964, in collabor-ation with
James Bjonken, he was the frnst to pnedrcl
the char-m quark. ln 1973, Glashow and
Howard Geongi proposed lhe frnst gnand
unifred theony. Sceptrcal of supensti'ing
theony, which he once called a 't.umour'l

Glashow campargned [wilhout. success] to
keep slring theonrsts out of the Har-vand

physics depantment.

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 (QCD), or the study of the varied
properties of quarks and the strong force that governs them.
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The core of things
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n the r97os, physicists began to accept that protons and neutrons were

made up of a trio of smaller components called quarks. originally

predicted by Murray GeII-Mann to explain patterns he perceived in the

characteristics of elementary particles, quarks had some weird properties

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. o_uarks have charges that are plus or minus ' / 3 or ' / 3 the basic unit, so

that three of them add together to give the +r 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 confi.ned 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?

r'19$N

Cell Mann publishes
Eightfold Way

Cell-Mann proposes quark
model of had rons

Structure revealed
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 possibleT

cfir*L!ffi tr${effiffiH

In r97o 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
had different colours.

[r*;:i.*"{:'ffi# nrtr#H*r ilffi,n: ffitFJt""lft"{, 
ff [

preserved. A proton, for instance, could. contain a red and a Frank $'/iiczek,:oo4 .$1

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'.

Inry7z, 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.

Charm quark
d i scove red

ii.i: i;t
il::.1;:ti:,;.lri l

C I uon jets
d iscovered

Top q ua rk
d iscoveredd i scove red
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As a chrld gr-owing up in Queens, New Yonk'

Frank Wilczek loved puzzles, and t'oyed with

frnding new ways to exchange money and

per-fot-m mathemalical feats' lt was the time

of the Cold War and space explonalion' and he

r ecalls his house being full of old par-ts of TVs

and nadios, as hls father took night classes

in electronrcs Baised a Catholic, and having

'loved the idea that ther'e was a gneat drama

and a gr-and plan behind extstence', Wilczek

tur-ned away from his faith and soughl

meaning ln science
Although attnacted to bnain sclence' he

sludied mathematics at Lhe Univer slty of

Chicago because that gave hjm 'the most

fr-eedom' He wrote on symmetny fon his

doctorate at Princeton, where he met Davtd

Gross and wor^ked on theonies of electnoweak

intenaclions. Wlth Gr oss, Wilczek helped

discoven the basic lheory of the stnong fonce'

QCD, and neceived the Nobel Pnize, along with

David Politzer', in 2004.
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The harder problem to solve was that of the confinement of quarks within

thenucleus.TheSIACexperimentsshowedthattheclosertogethertheyare,
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 theoreticaliy be compietely free' and not interacting with one

another. O-uite opposite io fortes like electromagnetism and gravity' whose

strength falls off with distance, this aspect of the strong force was counter-

intuitive at best.

In tgT3,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 smali discrepancies

in the scattering experiments that were

seen at SLAC. The entirely conceptual

quark theory was - remarkablY -
holding true.

The new theory needed a name, and the

following summer Gell-Mann came up

with one: quantum chromodYnamics'

or O-CD. It had 'many virtues and no

known vices', Gell-Mann said'

[! fi * [-fl] {]i.xi!'ft +{i;

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'
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:.... WE CALLED THE NEW [F(IURTH] llUARK THE "CHARMED

OUARK'' BECAUSE WE WERE PIEASEO, AND FASCINATED BY THE

SVMMETRY IT BRtlUGHT T(l THE SUBNUCLEAR WORLD.
Shelclorr Lce Cl;:sl-ir:,ru, ig77

Physicists duly came up with an explanation. As quarks are dragged away
from the core ofthe proton, the colour force increases and the gluons holding
them back are stretched out into strings, a bit like strands of chewing gum.

If the quark continues to try to escape, the string eventually snaps, and the
gluon energy is converted to quark-antiquark pairs. The escaping quark may
be mopped up by the antiquark, becoming absorbed into a real particle like a
meson. The other free quark stays within the nucleus. Individual quarks can
never escape the colour force.

Unlike photons, which carry no electric charge, gluons carry'colour charge'
and can interact with one another. In colour interactions a whole series of
particles may be created out of quark-antiquark pairs, and they tend to
fly off in roughly the same direction. Observations of these 'gluon jets'
confirmed evidence for gluons inry79.

In subsequent years, further quarks were found: the charm quark in 1974, the
bottom quark in ry77,andfinally the top quark in 1995. QCD joined the table
of other accurate quantum field theories. What remains to be discovered is
a way of unifying the main three forces - electromagnetism, and the weak
and strong force - to explain the standard model of particle physics.

1$"H,+ u** flrfl;*$j'* +'& +;fi r,Bi#'#tr$ m *#*ism

Three colours red,
green and blue
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y the mid-rg8os, physicists were putting the finishing touches to their

full account of the plethora of elementary particles discovered over the

past century. Whereas in the r95os and 6os, theorists had been taken

aback by what was turning up in experiments, by the r97os accelerators

were dotting the 'i's and crossing the 't's of what was becoming the standard

Model of particle physics.

From Niels Bohr's opening salvo on atomic structure, electrons had turned

out to be weird probabilistic creatures, answering only to quantum

mechanics and described in terms of wavefunctions. The nucleus was even

stranger. A ladder of entities, from quarks hetd in place by springy gluons to

massive w and Z bosons and fleeting neutrinos, combined to produce once

familiar behaviour such as radioactivity.

As more and more particles emerged - fi.rst from studies of cosmic

rays and then in ground-based accelerators and colliders - Murray Gell-

Mann's mathematical intuition was one step ahead. His 196r Eightfold

way expressed the underlying symmetries of families of particles,

governed by their quantum numbers' The theory of quarks and quantum

chromodynamics f ollowed.
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Tomonaga, Schwinger and
Feynman develop O-ED
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quark model of hadrons
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By the r99os, all that remained to be fitted into the basic gaps in the
Standard Model framework were the top quark (discovered in 1995) and
the tau neutrino (discovered in zooo). The Higgs boson was more icing on
the cake inzotz.

Tfffif;H ffifiIdHffiATfi#TdS

The Standard Model describes the interactions of three generations of
matter particles, through three fundamental forces, each mediated by its
oram force carriers. Particles come in three basic types: hadrons, such as

protons and neutrons that are built from quarks; leptons, which include
electrons; and bosons, Iike photons, associated with the transmission of
forces. Each hadron and lepton has a corresponding antiparticle as well.

O_uarks too come in threes. They have three'colours': red, blue and green.
Just as electrons and protons carry electric charge, quarks carry'colour
charge'. The colour force is transmitted by a force particle called a'gluon'.

Rather than weakening with distance, the colour force strengthens if
quarks are pulled apart, a bit like elastic. It locks them together so tightly
that individual quarks can never be separated and cannot exist on their
own. Any independent particle made of quarks must be colour-neutral

- made up of a combination of colours that adds to white. Particles such
as protons and neutrons made from three quarks are called 'baryons'
('bary' means heavy), those comprising quark-antiquark pairs are

called'mesons'.

Quarks have mass and come in six types called 'flavours'. O_uarks are

grouped in three generations and come in three complementary pairs.
The labels are flukes of history:'up' and'down','strange' and'charm'
and'top' and'bottom' quarks. Up, charm and top quarks have electrical
charges +'/3. and the down, strange and bottom quarks have charge -'l3.
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propose electroweak theory

)

:

I

I

lgft$i",.' -....r,,"'1..'','',':i :,:i,:

Quantum chromodynamics
theory published by Cross,
Wilczek and Politzer

THE STANDARD MoDEr lE?#:ffi

Fermions

Qua rks

,+uir :fe{:j lji:;j
i,w',,' :$nl$.. 

r.".t9e.;i,

,#,,:;Ht tu,,
,.,{"?If', ;.'ffi,,iffi,
Leptons

Bosons

ffi
ffi
ffi
ffi
H

.o

a
O

o
L

N.Ss$,.,:.,.., 00sii.:,,
'Top quark Iau neutrino
discovered discovered



OUANTUM FIELI!S

.TAPESTRIES ARE

MADE BY MANY

ARTISANS WtlRKING
TOGETHER...StlITIS

IN tlUR PICTURE (lF

PARTICLE PHYSICS.
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A proton is made of two ups and a down quark; a neutron is made of two
downs and an up quark.

The leptons include particles like electrons and neutrinos, which are not

subject to the strong nuclear force. Llke the quarks, leptons exist in six flavours

and three generations with increasing masses: electrons, muons and taus

and their corresponding three neutrinos (electron neutrino, muon neutrino
and tau neutrino). Muons are 2oo times heavier than an electron

and taus 3,7oo times. Neutrinos have almost no mass. Electron-like

leptons have a single negative charge; neutrinos have none.

The force-carrying particles include the photon, which transmits
the electromagnetic force, the W and Z particles that carry the weak

nuclear force, and the gluons linked to the strong nuclear force. All
these are bosons and are not subject to Fermi's exclusion principle,

meaning that they can exist in any quantum state. O-uarks and

leptons are fermions and are restricted by Pauli's rules. Photons have no

mass, gluons are light, but W and Z particles are relatively heavy' Mass is

given to the W and Z bosons by another field - the Higgs field, transmitted
by the Higgs boson.

i*S ffi Fl l.; l"*: l; f\iifi il H E i,'i [t

The discovery of the particle zoo has only been possible thanks to extreme

technology. Apart from those dissected from atoms, the first exotic particles

stemmed from cosmic rays, high energy particles from space that crash into
the Earth's upper atmosphere, sending out a shower of secondary ones that
particle physicists could catch.

In the r96os, a series of particle accelerators climbed to higher and higher

energies, making it possibte to create particles from scratch. By firing fast

beams of protons at targets or opposing beams, new types of particles could

be generated in the smash-up. High energies must be reached to create

very massive particles, so the latest to be discovered tended to be the heavy

generations. Lots of energy is also necessary to prise apart the strong nuclear

force and temporarily release quarks.
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THE STANDARB Mt)DEL

To identify the particles, physicists pass them through a magnetic field.
Positiveiy and negatively charged particles swerve in opposite directions,
one to the right and the other to the left. Massive and light and fast and slow
particles are also deflected differently, some forming tight spirals.

siJT$Teru [* $ ru {i ffi # HsT[ r.] Fd $

The Standard Model has proved remarkably resilient, and its development is
certainly a huge achievement. But physicists are not crowing just yet. With
some 6t particles and zo quantum parameters, the model is cumbersome.
The values of these parameters are all experimentally derived, rather than
being predicted theoretically.

The relative masses of the various particles make no obvious sense. Why is
the top quark so much heavier than the bottom quark, for instance? And
why is the mass of the tau lepton so much greater than the electron's? The

particular masses seem quite random.

The strengths of the various interactions - the relative strength of the weak
and electromagnetic forces, for instance - are equally unfathomable. We can
measure them, but why is it so?

And there are still gaps. The model doesn't include gravity. The 'graviton',
or gravity-force-carrying particle, has been postulated, but only as an idea.

Maybe one day physicists will manage to put gravity into the Standard
Model - such a grand unified theory (cUT) is a huge but distant goal.

Further puzzles not yet explained by the Standard Model include some of the
mysteries of the universe, among them matter-antimatter asymmetry the
nature of dark matter, and dark energy. So there's a lot left to learn.
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e are all familiar with the concept of symmetry. The patterns on

a butterfly's wings are reflections of one another; a symmetric

human face is often thought beautiful. Such symmetries - or

robustness to transformations - underlie much of physics. In the rTth century

Galileo Galilei and Isaac Newton assumedthat the universe works the same

everyrwhere - the same rules apply to the planets as to Earth. Laws of nature

are unchanged if we move a few metres or millions of light years to the left,

if we spin around or stand on our head.

Albert Einstein's special and general theories of relativity are motivated by

the fact that the universe should look the same to any observer, no matter

where they are or how fast they are travelling or accelerating. James Clerk

Maxwell's classical equations of electromagnetism exploit symmetries

between electric and magnetic fields, such that their properties can be

interchanged from different vantage points.

The standard Model of particle physics also grew through considerations

of symmetry. Murray Gell-Mann pieced together the jigsaw of elementary

particles by finding regular patterns in the quantum numbers of particles.

As a result he predicted the existence oftriplets of quarks.

1915
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irrgfiitr
Cell-Mann
pu b lls hes

Eightfold Way

Maxwell publishes Einstein publishes Einstein publishes Yang and Mills
equations of theory of special theory of general publish gauge theory
electromagnetism relativity relativity of strong force



All three physicists - Einstein, Maxwell and Gell-Mann - developed
their breakthrough theories by following their deep faith in
the mathematics of symmetry. Their trust that nature followed
such rules enabled them to bypass prejudices tied to existing
observations and ideas to derive completely new theories, whose
weird pronouncements were later found to be true.

flieff tr fi li''dfdi Flq il fi'ffi H

The quantum world is full of symmetries. Because there is a
disconnect between what is observed in the real world and what
is really going on below the surface, the equations of quantum
mechanics and quantum field theory must be adaptable. Wave and
matrix mechanics, for instance, must give the same outcome for an
experiment, irrespective of how the theory is formulated. The observables -
such as charge, energy or velocities - should appear the same no matter on
what scale we describe the underlying fleld.

These laws of physics must be written in such a way that the observed
quantities are unaffected by transformations in coordinates or scale (gauge).
This is known as 'gauge invariance' or 'gauge symmetry', and theories
that obey this are called gauge theories. As long as this symmetry holds
true, physicists can rearrange the equations as much as they like to
explain behaviour.

Maxwell's equations are symmetric under scale transformations. So too
is general relativity. But the approach was generalized most powerfully
in 1954 by Chen Ning Yang and Robert Mills, who applied it to the strong
nuclear force. The technique inspired Gell-Mann's search for symmetry
groups of particles, and found application in the quantum field theory
of the weak force and in its unification with electromagnetism in
electroweak theory.

SYMMETRY BREAKING

SYMMETRY, AS

WIDE tlR AS NARR(IW

AS Y(lU MAY I|EFINE
ITS MEANING, IS
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Symmetries are closely tied to conservation rules. If energy is conserved,
then to comply with gauge invariance charge must also be conserved - as we
cannot create a fixed amount of charge if we don't know what the absolute
scale of a field is. When describing flelds, relative effects are all that matter.

Gauge symmetry explains why all particles of a given type are
indistinguishable. Any two could swap position and we'd never know.
Similarly, photons are inextricably linked even though they might appear
distinct.

Other symmetries that are important in physics include time: the laws of
nature are the same today and tomorrow and antiparticles are equivalent
to real particles moving backwards in time. And parity: a measure of the
symmetry of a wavefunction, such that even parity is symmetric under
reflection, odd is not.

i"tF:, 1t { i;\ rii}[,tldrd\:

Symmetries are sometimes broken. For example, the weak nuclear force
doesn't conserve parity and prefers left-handed particles (electrons and
neutrinos). Handedness (or chirality) is also a property of quarks in quantum
chromodynamics (O_CD), such that a left-handed particle moves and spins
in the same direction. Matter and antimatter are in cosmic imbalance. And
the fact that different particles have different masses requires symmetry
breaking - without it they would all be massless.

lust as water freezes quickly to become ice, symmetry breaking is rapid. At
a critical point, the system clicks into a new state, which at first might seem
arbitrary. An example is a pencil balanced on its point. As it stands there it is
symmetric - there's an equal chance of it lying in any direction - but once it
falls down lt picks a compass point. The symmetry is broken.

Another example is the appearance of a magnetic field in a bar magnet. In
a piece of hot iron, all the internal magnetic fi.elds are jiggling about and
oriented randomly - so the block has no overall magnetic field. But when
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Big bangyou cool it below a threshold, known as the Curie temperature (around

7oo"C), the atoms undergo a 'phase transition' and most align in one

direction. The cold iron gains north and south magnetic poles.

A series of similar phase transitions in the young universe explains why
we have four fundamental forces today and not just one. In the extreme
heat of the very early universe, just after the Big Bang, all four forces were
unified. As the universe cooled, just like the bar magnet, it underwent
symmetry-breaking phase transitions.

The various forces sprang off one by one. Gravity separated first, at just
10-43 seconds after the Big Bang. At ro-:6 seconds the stlong interaction
appeared, pulling quarks together. The weak and electromagnetic
forces remained combined until around 10 " seconds, when they
too divided.

The energy of the universe at this electroweak phase transition ..!t ,o l' iO
is around 1oo GeV. Above this energy, the W and Z bosons that ti$: ,.,,1 ,t.:a .'l

carry the weak interactlon and photons that transmit the l'igi i,,, iit. 
n:

electromagnetic force are indistinguishable - their equivalents ,E .#i ,,r$' #'
are carriers of the electroweak interaction. Below this energy, * i H s*

though, we know that the W and Z bosons are heavy whereas

the photon is massless. so they acquire their mass during the Thefourfundamentalforcessplit

symmetry-breaking process. ::i::::'l:::t 
breaking in

tne ea|y unrverse.

Symmetry breaking explains the different masses of gauge bosons

- why some are heavy, others light or having no mass. Without
spontaneous symmetry breaking, all of them would be massless.

The mechanism involved is known as the Higgs field, after the physicist
Peter Higgs who worked on it in the r96os.

,l
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Jl V the r96os, it was known that the four fundamental forces were

fi carried by very different particles. photons mediate electromagnetic
r interactions, gluons link quarks by the strong nuclear force, and the w
and Z bosons carry weak nuclear forces. But unlike photons, which have no
mass, the W and Z bosons are heavy, weighing a hundred times more than a
proton. Why do particles have a range of masses?

Physicists looked to symmetry. The Japanese-born American theorist
Yoichiro Nambu and the British physicist Jeffrey Goldstone proposed that
a spontaneous symmetry-breaking mechanism generates a slew of bosons
during the separation of forces. Yet in their models these bosons had no mass
- by implication, all the force carriers should be like the photon.

It didn't make sense. Massive force carriers are needed for short-range
forces, the physicists reasoned. Massless bosons, like the photon, can travel
large distances, whereas the nuclear forces are obviously localized. If the
weak and strong forces have massive carriers, then their small range could
be explained.

16g7 , . r,
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equations for mass
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Higgs and two other teams
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Commenting on the futility of generating force carriers from the vacuum,
as Nambu and Goldstone had done, fellow physicist steven weinberg
quoted from Shakespeare's King Lear:'Nothing will
come of nothing'.

Phil Anderson, a condensed-matter physicist, made a
suggestion by drawing upon the behaviour of paired
electrons in superconductors. Nambu and Goldstone,s
massless bosons should effectively cancel each other
out, he reasoned, so ones with finite mass would be left.

A flurry of papers enlarging on this idea followe d in ry64, written by three
teams: the Belgian physicists Robert Brout and Frangois Englert working at
cornell university, the British physicist peter Higgs at Edinburgh University,
and Gerald Guralnik, Carl Hagen and Tom Kibble at Imperial College London.
The mechanism they derived is now known as the Higgs mechanism.

while all three groups performed similar calculations, Higgs went on to
describe the mechanism in terms of a boson - the Higgs boson.

fitgtr#$ ffiil$$#*d

Higgs imagined the W and Z force carriers as being slowed by passage
through a background force field. Now known as the Higgs field, it is
mediated by Higgs bosons. By analogy, a bead dropped into a glass of water
will fall more slowly than in air. It is as if the bead is more massive when in
water * it takes longer for gravity to pull it through the liquid. The bead may
sink even more slowly in a glass of syrup. The Higgs field acts in a similar
way, like molasses.

The Nobel Pnize-winning physicist
Leon Lederman called the Higgs
boson 'the God panticle' in his
book of that name.

Or imagine a celebrity walking into a cocktail
make it past the door before they are swamped

g00s

LHC switches on

party. The star will barely
with fans, who slow their

2912
Higgs like boson discovered
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Born in Newcastle upon Tyne, UK, Peten Higgs had a disr.upLed
chlldhood. Moving around because of his father-'s job as a sound
engineer fon the BBC and a so because ol the Second Wor ld War-, he
was scl'ooleo ar horne. Ne aLer wenr to Lhe sane Snisl6l qr6n16p
school that Paul llir-ac had once attended.

Higgs studied physics at King's College London and became a

lectunen at lhe University of Edinbungh in 1960. He famously came
up with his boson idea fon givtng mass to particles while walking in
the Scottish Highlands in 1964.

movement across the room. The W and Z bosons are the particles with star
appeal: the Higgs force acts more strongly on them than on photons, so they
appear heavier.

l;tu+#H$fld# rltifti
Hints of the Higgs bosonwere detectedin zonbutthe signals were confirmed
convincingly - to great fanfare - in zotz. It took decades to build a machine
capable of finding the Higgs boson because of the high energies at which it
ought to exist (over roo GeV). In 2oo9 the multibillion-dollar Large Hadron

Collider (LHC) at CERN in Switzerland began operating.

[THE LARGE HADR()N

c0ruDEnl rs THE

JURASSIC PARK F(lR
PARTICLE PHYSICISTS . . .

StlME tlF THE PARTICLES

THEY ARE MAKING NtlW
tlR ARE ABOUT T(l MAKE
HAVEN'T BEEN ARtlUNIl

FtlR 14 BILLI(IN YEARS.
I'l i1.; -qr1.', ' rJ

CERN, the Conseil Europ6en pour la Recherche Nucleaire
(European Organization for Nuclear Research), is a vast
particle physics facility near Geneva. About roo metres
under the Swiss-French border is a z7-kilometre-long ring
of tunnels, through which particle beams are accelerated
by giant superconducting magnets.

Two opposing proton beams smash into each other head-
on. The huge energies produced in the crash allow a range
of massive particles to be released temporarily in the



.: .ALTHOUGH 
THE SYMMETRIES ARE HIDDEN FRtlM

US, WE CAN SENSE THAT THEY ARE TATENT IN NATURE,

G(IVERNING EVERYTHING ABOUT US. THAT'S THE

M0ST EXCITING IDEA I KN0W:THAT NATURE lS MUCH
SIMPLER THAN IT Ltl(lKS. .r
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carnage and recorded by detectors. Because the Higgs boson is heavy it can
only appear at extreme energies and, owing to Heisenberg's uncertainty
principle, only for a very short time. The Higgs particle's signature must
be teased out from billions of other particle signatures. So it has been a

diftrcult search.

On 4 July zorz, two experimental teams at CERN claimed to have seen a
new particle with the energy expected for the Higgs boson according to
the Standard Model (rz6 GeV). The particle's identity needs to be confilmed
through further measurements, but its appearance is tantalizing. As well
as being another tick for the Standard Model, it opens up a host of new
questions for particle physicists to explore.

First, exactly how does the Higgs boson confer mass? From neutrinos to the
top quark, there are 14 orders of magnitude of mass that the Standard Model
needs to explain. And then, how does the Higgs boson get its own mass?
Stay tuned.
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he Standard Model has done a remarkable job of tying together the
varied properties of over 6o elementary particles. Like a pricey box of
chocolates, the many particles may be grouped into layers according to

their style. But the Standard Model remains very complicated and physicists
yearn for simplicity.

There are many open questions. For example, why do so many particle
properties come in sets of three? Why are there three generations of
leptons - electrons, muons and taus and the corresponding neutrinos? Two
generations were too many for the Nobel laureate I. I. Rabi, who exclaimed
upon its discovery'Who ordered the muon?'Likewise, the three generations
of quarks needs explaining.

Why do particles have such a wide range of mass? From the electron to
the top quark, fermions span six orders of magnitude in mass. The recent
discovery of neutrino oscillations - showing that neutrinos have a tiny mass

- pushes the mass range towards thirteen or fourteen orders of magnitude.
With so many possibilities, why does any particle take the mass that it does?

lg27 '] : r.'.

Di rac pred icts a ntimatter

r96r
Murray Cell-Mann publishes
Eightfold way %
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SUPERSYMMETHY

The strengths of the four fundamental forces - related to the mass of their
carrier particles - are also impossible to predict in the Standard Model. Why
exactly is the strong force strong and the weak force weak? Then there is

the Higgs boson. Its existence was deduced for the purpose of breaking
symmetry in electroweak interactions. So far we only know of one Higgs

boson. But could there be more particles like it? And what else might be out
there? Even though there are regularities to the patterns it supports, the
whole framework of the Standard Model seems ad hoc.

BIYSr*# TF{il trT*r'jffi*ffiti trH#ffitrl

The Standard Model's messiness suggests to some that we are not there yet

- that one day we will realize that the model is a small part of a broader and
more elegant theory. Physicists are again returning to basic definitions and
concepts like symmetry to see what sort of qualities such an overarching
theory might have.

When seeking a more fundamental basis for understanding some
phenomenon physicists tend to look at ever-smaller scales. The physics of
ideal gases, pressure and thermodynamics require an understanding of
molecular processes, and theories of atoms require an understanding of
electrons and nuclei.

Take the electron. Physicists can use the equations of electromagnetism to
explain its properties some distance away from the particle, but the closer
you get to it the more the electron's influence upon itself comes to dominate.
As the fine structure of hydrogen spectral lines demonstrates, the charge,

size and shape of the electron are important.

As the development path of quantum electrodynamics (QED) showed, it took
a quantum-mechanical view of the electron as a wavefunction, including

1981
Supersymmel ric version ol
Standard Model postulated

g00g', , :

LHC switches on

ga12 ,

H iggs boson
detected
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BUT ATTH(IUGH THE

SYMMETRIES ARE HIDtlEN FRtlM
US, WE CAN SENSE THAT THEY ARE

LATENT IN NATURE, G(IVERNING
EVERYTHING ABOUT US. THAT'S

THE MtlST EXCITING IDEA I KNOW:
THAT NATURE IS MUGH SIMPLER

THAN IT L(](IKS. .
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the effects of special relativity, to describe all its properties. Paul Dirac
managed to write that down in tgzT,butthe new picture came with a major
consequence - the existence of antimatter. The number of particles in the
universe doubled, and a host of new interactions could be considered.

The equation for electrons only makes sense if there are also positrons, with
quantum properties that are the flipside of the electron. For a length of time

that depends on Heisenberg's uncertainty principle,
electrons and positrons may pop into existence in
the vacuum of space, then annihilate. These virtual
interactions solve problems such as the size of an
electron, which otherwise create discrepancies in
the theory.

To go beyond the Standard Model, we must consider
processes on smaller scales and at higher energies
than the most extreme ones currently known,
namely the Higgs boson (whose energy exceeds

roo GeV). Just as with the electron, physicists must ask what a Higgs boson
actually looks like and how its own shape and field affects its behaviour at

close quarters.

Flf*.trT$ ff Lil: fl tir,{i [tr+ $i

Again, Iike the electron and positron, the solution to this physics problem
requires another doubling in the number of possible particles - such that
every particle has a'supersymmetric'partner (with the same name but an's'
prefix). The supersymmetric partner for the electron is called the selectron,
quarks have squarks. The photon and W and Z boson equivalents are called
the photino, wino and zino.

Supersymmetry (often shortened to SUSY) is a symmetry relationship
between bosons and fermions. Every boson - or particle with integer spin

- for example, has a corresponding fermion or 'superpartner'whose spin
differsby'/, a unit, and vice versa. Apart from spin, all the quantum numbers
and mass are the same for the superpartners.

I
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SUPERSYMMETRY

Aithough attempts were made in the
r97os, the fi.rst realistic supersymmetric
version of the Standard Model was

developed in r98r by Howard Georgi
and Savas Dimopoulos. For bosons, it
predicts a range of superpartners with
energies between roo and r,ooo GeV,

that is, just above or similar to that of the
Higgs. Like the positron, the existence of
these supersymmetric particles cancels

out irregularities in the descriptions of
particles at close range.

Whlle the theony nemains speculative,
supersymmetny has some attractive
fealunes. The undetected supenparl-ners
are qood candidates'o. tle qlosrly
dark n-aLuer- trar hau.r[s the urive^se.
Dark matter makes up most of the
mass of the univer-se bul it only reveals
itself though its gnavitationai effecl,
ocherwise it s rnv sible.

The lower end of this energy range is now accessible with the Large Hadron
Coilider at CERN. To date (as of zotz) there is no evidence for supersymmetric
particles. We'Il see what happens as the collider's energy is raised within a
few years.

If the superpartners remain out of reach, physicists could speculate that
they have even higher masses than their Standard Model partners. In that
case, supersymmetry must be being broken, suggesting yet another level of
particles that needs to be explored.

Ultimately, supersymmetry could help to unify the weak and strong
interactions and electromagnetism and perhaps eventually also gravity.
The complementary approaches of string theory and quantum gravity
would have to incorporate it, especially if hints of supersymmetric particles
are found.

1$-$.g +:r ill+, # li +# #rf rn $$+* #$
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Quantum grauity
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hen Albert Einstein presented his theory of general relativity in
r9r5 he recognized that it would have to be reconciled with the

emerging quantum theory of the atom. Just as planets are held

by gravity around the Sun, even electrons should experience gravitational
forces as well as the electromagnetic ones that hold them in their shells.

Einstein worked for much of his life to develop a full quantum theory of
gravity. It eluded him - and still eludes us today.

After Einstein, Niels Bohr's prot6g6 Leon Rosenfeld began the process in
the r93os, when quantum mechanics was put on the table. Fundamental

obstacles were immediately thrown up. The fi.rst is that general relativity is

not tied to an absolute backdrop, whereas quantum mechanics is.

Relativity applies most of all to massive objects, like planets and stars and

galaxies and matter across the entire universe. Its equations don't distinguish
space and time but treat them as four dimensions of a smooth metric called

space-time. Masses move within this fabric, distorting it according to their
mass. But there is no absolute grid of coordinates. As its name implies, the

theory of general relativity explains relative motions, of one object relative

to another in curved space-time.

1915, i.,' ,,,
Einstein publishes theory of
general relativity

195?.'.,1,''. ' ,

Misner proposes
two ways forward to
q ua ntu m gravity

1960 .'': ,' , '.
DeWitt publishes
wavefunction of the
u n iverse

.T



OUANTUM GRAVITY

By contrast, quantum mechanics does care about where and when a particle

is located. Wavefunctions ale dictated by and evolve according to the local

surroundings - the wavefunction of every particle in a box or electron in an

atom is different. In the quantum picture, space is not empty or uniform but

a sea ofvirtual quantum particles, popping in and out of existence.

lust as drawing together Heisenberg's matrlx mechanics and Schrcidinger's

wave equationwas fundamentally difflcultbecause one was discrete andthe

other continuous, so reconciling quantum mechanics and general relativity
is like matching apples and oranges.

There are three areas where the disconnection is greatest. Both

general relativity and quantum mechanics break down or

become inconsistent at or near singularities, such as black holes.

Second, because the Heisenberg uncertainty principle means a

particle's location and velocity cannot be known with certainty,

it is impossible to say what gravity it feels. Third, time has a

different meaning in quantum mechanics and general relativity.

#U $ PiT L$,q-q Fi]-q f'-i*

Work on quantum theories of gravity picked up in the r95os. The Princeton

University physicist lohn Wheeler and his student Charles Misner applied

Heisenberg's uncertainty principle to describe space-time as a quantum
'foam'. On the tiniest scales, they proposed that space-time distorts into a
tangle of tunnels, strings, lumps and bumps. In 1957 Misner recognized

that there are two ways forward. First, general relativity can be rewritten

in a form of calculus more similar to that of quantum mechanics. Then that
theory could be quantized. The alternative is to expand existing quantum

field theories to include gravity, following a similar path to quantum

electrodynamics and attempts to include the nuclear forces. A new force

carrier for gravity would be needed - the graviton.

:', Jl16 VEI(ICITY 0F
LIGHT IS Ttl THE THEORY
(lF RETATIVITY AS THE

ELEMENTARY OUANTUM
tlF ACTItlN IS Ttl THE

0UANTUM THE0RY: lT lS
ITS ABS0LUTE G0RE. ."

Mrx i;'i;nck,:948

1g8t
Hawking develops his
no boundary model of
the universe

I 986
>rnolin and Jat obson propose
quantum loop theory

Igg2 , ,

Cosmic microwave
backgrou nd an isotropies
ma pped
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Bonn in California, Bryce DeWitt
studied physics unden Julian
Schwinger at Hanvand University.
He served in the Second Wor-ld
Wan as a naval aviator and aften
sevenal positions ended up at
the Univensity of Texas at Aust.in,
where he headed a centne fon
genenai nelativity theor y DeWitt
fonmulated the Wheeler'*DeWitt
equat.or for Lre wavefunct o" oI
the univense with John Wheelen,
and advanced Hugh Evenett's
nany-worlds :nLerpnecat on
of quantum mechanics. A keen
mounlaineel DeWitt st,ar-ted
an influential sumrner school
al Les Houches in France.
Throughout, his lile he wonked
closely with his wife, the
mathematical physicist. C6cile
DeWitt- Monette

Int966, Bryce DeWitt, who had studied under Julian
Schwinger, took a different tack after a discussion
with Wheeler. Familiar with cosmology - and the
recent discovery of the cosmic microwave background
radiation - DeWitt published a wavefunction for the
universe. It is now known as the VVheeler-DeWitt
equation. He took the equations for the expansion
of the universe after the Big Bang and treated the
cosmos as a sea of particles.

One odd outcome was that time was unnecessary
in DeWitt's formulation. He only needed the three
coordinates of space - time was just a manifestation
of changing states of the universe, which we perceive
as a sequence. Just as Schrodinger struggled to
understand what his wave equation meant, DeWitt
could not explain what his universal wavefunction
was describing in real life. Whereas the Copenhagen
interpretation tied the quantum to the classical
world, when it came to the whole universe there
was nothing to compare it with. There could be no
external 'observer' whose attention collapsed the
cosmic wavefunction.

Other physicists worked on the problem, including Stephen Hawking, who
came up with a description of the universe that had no boundary - and
no starting point. Whilst attending a conference at the Vatican in r98i, he
apparently had no wish to counter the Pope's request that cosmologists stick
to studying the universe after its creation - Hawking needed no creator.

A new way of formulating the equations of relativity came in 1986, at
a quantum gravity workshop in Santa Barbara, California. Lee Smolin and
Theodore lacobson, later with Carlo Rovelli, hit upon a set of solutions to the
equations based on'quantum loops'in the gravitational field.
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The loops were the quanta of space. They did away with the need for a precise

location, because it made no difference if the Ioops were displaced. Space is a

knitted fabric of these loops, knotted and linked together.

The loop concept appeared in other guises, during the development of
quantum chromodynamics and in Roger Penrose's work explaining webs of
particle interactions. In quantum gravity, these loop states become quanta

of geometry. They are the smallest components of the universe -their size or

energy is known as the Planck scale.

Loop quantum gravity is a step towards an overarching theory, although
there is still far to go. It does not say anything about the graviton, for instance.

Other routes are still being explored, such as string theory.

Because of the huge energies needed to find a graviton, or any particle

involved in the epoch when gravity broke away frorn-1he other forces,

physicists can only dream of investigating quantum gravity at particle

colliders. So there is no experimental evidence to support any of the models.

The best bets in the interim are astronomical objects, especially black holes.

Some black holes emit jets of particles - thought to be electron-positron
pairs driven offwhen matter is sucked in. Around black holes gravity is very
strong and unusual effects that violate relativity theory might be spotted.

Alternatively, the cosmic microwave background radiation is a hunting
ground - its speckled hot and cold patches were produced by quantum
variations in the young universe.

Wffim ffiffiffiHffiffiffiffiffiffi# ##wm

Quanta of space
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Hawking radiation
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y the r97os, theories of quantum gravity were wallowing. Bryce
DeWitt referred to his wavefunction of the universe as 'that damned
equation'- no one knew what it meant. General relativists turned

their attention to black holes. In the mid-r96os black holes were postulated
to be the power source of the newly discovered quasars - galaxies whose
cores were so bright they outshone all their stars.

G 0 D N 0T 0 N LY The black hole idea was developed in the r8th century by the geologist

PLAYS DICE, BUT ALSI John Michell and the mathematician Pierre-Simon Laplace. Later,

S 0 M ETIM ES TH RSWS after Einstein had proposed his relativity theories, Karl Schwarzschild i

TH EM WHERE THEy worked out what a black hole would look like: a pit in space-time. In

CANN0T BE SEEN. Iinstein's theory of general relativity, space anci time are linked and

,ire:h*, ,;:wk rg, 111,7 :.":T:#::'ff:i,:::,1,T::;"1?:'"*;tf"T::liXT;;1i?T::
tirne, and its gravitational pull is equivalent to the force felt as you roll into
the dip, perhaps warping your path or pulling you into orbit.

fr Hfli fd"f, F$ ti ffi f ;Til! f1i

Black holes are so called because even light cannot escape their pull. If you
throw a ball up in the air, it reaches a certain height and then falls back

t784 illlos:,' 1965 g
Miche lldeduces possibility Existence of frozen Quasars discovered 

,

ofdark stars stars predicted
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down. The faster you fling it, the higher it goes. If you

hurled it fast enough it would escape the Earth's gravity

and whiz off into space. The speed that you need to
reach to do this, called the 'escape velocity', is rl km/s (or

about z5,ooo mph).

A rocket needs to attain this speed if it is to escape the

Earth. The escape velocity is lower if you are standing

on the smaller Moon: 2.4 km/s would do. But if you were

standing on a more massive planet then the escape

velocity would rise. If that planet was heavy enough, the

escape velocity could reach or exceed the speed of light.

HAWKING RADIAilt}il

One member of particle-antiparticle pairs

formed near the event horizon can escape

the black hole's pull.

If you pass far from a black hole, your path might curve

towards it, but you needn't fall in. But if you pass too close to it, then you wiII
spiral in. The same fate would befall a photon of light. The critical distance

that borders these two outcomes is called the'event horizon'. Anything

that falls within the event horizon plummets into the black hole.

F.$-ir;lF:# $T&ffi;;t

Watching a piece of matter fall towards a black hole, you wouid see its

progress stall. Time slows down near it. Light beams travelling in the

vicinity ofthe black hole take longer to travel across the curved space-

time landscape, and reach us.

As the matter crosses the event horizon, from a distant vantage point,

time actually grinds to a halt. We see the material stop dead just at

the point at which it falls in. In the r93os Einstein and Schwarzschild

predictedthe existence of 'frozen stars', poised onthe cusp of collapsing.

The physicist lohn Wheeler renamed them'black holes'in r967.

. 
THE BLACK HOLES

tlF NATURE ARE

THE M(IST PERFECT

MACR(lSCtlPIC
(lBJECTS THERE ARE

IN THE UNIVERSE:THE
(INLY ELEMENTS IN

THEIR C(lNSTRUCTIt)N

ARE tlUR CONCEPTS (lF

SPACE AND TIME.
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Wheeler re names frozen Hawklng proposes that
stars as black holes black holes radiate

1gs7 2004
Preskill bets information Hawking concedes
is not lost in black holes Preskill's bet
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Bor-n duning the Second Wonld War,
Stephen Hawkine was r-aised rn Oxfond
and St Albans, England. Hawkinq pur^sued

physics at Oxfond Univer-sity and then
moved lo Cambridge to wor-k with
Dennis Sciama on cosmology. He held
lsaac Newt.on's Lucasian pnofessonship
in mathematics there from 1979 to
2009. Diagnosed with ALS, a fonm of
molon neuron disease, just aft,er his
21st birthday, Hawking has confounded
his doctor-s and rs now as famous fon
his wheelchair'-bound pensona and
computerized voice as for- his science
Hawking's ideas include r-adiation from
black holes and a boundar-y-fnee theony
of the universe.

The collapse of stars into black holes has been detailed by the astrophysicist
Subrahmanyan Chandrasekhar. He showed that stars like our Sun are not
heavy enough to be crushed by their own weight when their internal fusion

engines switch off. Those more than 1.4

times the Sun's mass can collapse. But
these would be propped up by quantum
pressure because of the Pauli exclusion
principle - forming white dwarfs and
neutron stars. Only stars more than three
times the Sun's mass can shrink further
to produce black holes.

The existence of black holes in space was

not discovered until the r96os. Although
they are dark, there are ways to tell if
they are there. The intense gravity fields
of black holes pull other objects, such as

stars, towards them. And gas can also

be drawn in, heating up and glowing as

it encroaches.

A giant black hole has been located in the
centre of our own galaxy. It has the mass

of a million Suns squashed into a region
just ro million kilometres (3o light seconds) or so in radius. Astronomers have
tracked the orbits of stars moving near the hole and seen them suddenly
change course when they get very close. Just as comets have elongated orbits
and are flung far out when they pass by the Sun, so these stars in the heart of
the Milky Way move in strange ways around the black hole.

Black holes are the central engines in quasars. Gas falling into the
black hole becomes superheated and glows fi.ercely. Stellar-mass black
holes can also be identified by detecting the X-rays from hot gas swirling
around them.
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Even if they are not swathed in gas, black holes are

not completely black. Quantum effects mean that
there is a chance that some radiation can escape, as

Stephen Hawking ascertained in the r97os.

Particles and antiparticles are continually being

created and destroyed according to Heisenberg's

uncertainty principle in the vacuum of space. Should

they pop into being near a black hole's event horizon,

it is possible that one falls in and the other escapes.

This escaping radiation is known as Hawking
radiation. Because they lose energy as they radiate
particles, black holes slowly shrink. Over billions of

years they could evaporate away entirely.

Falling inlo a black hole has been

described as being'spagheltilred'.
Because the sldes ane so steep,
ther-e is a very slnong gr-avity
gnadrent withrn the black hole. ll
you were to fall rnto one feet*frnst,
lhen youn feet would be pulled

more than your head and so youn

body would be stretched like being
or a rack Aod Lo bnar any soinning
motion and you wouid be pulled out
r'e chewing gu'n irl-o a scnamble

of spaghetr:

There is more to the tale. If an object falls into a black hole, what happens

to all the information contained in it? Is it lost for ever or are some of its
quantum properties preserved and released in the Hawking radiation? If one

of an entangled pair of particles fell in, would its partner know?

Hawking believedthat quantum informationwas destroyed. Other physicists

disagreed vociferously. A famous bet was made. In t997 lohn Preskill bet

Hawking and Kip Thorne that information was not lost in black holes.

In 2oo4, Hawking published a paper that claimed to resolve the paradox -
showing that quantum effects at the event horizon could allow information
to escape from the black hole. He sent Preskill an encyclopedia'from which

information can be retrieved at will'. Thorne, however, remains unconvinced

and hasn't given way on his side of the bet.
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inding back time, the universe must have been smaller and denser
in the past. Some 14 billion years ago everything in it would have
been crushed into a point. Its explosion from this moment was

named the 'Big Bang'- originally in ridicule - by the British astronomer Fred
Hoyle in 1949.

The temperature of the universe within a second of the Big Bang was so

great that atoms were unstable and only their constituent particles existed
in a quantum soup. A minute later, quarks pulled together to form protons
and neutrons. Within three minutes, protons and neutrons combined
according to their retrative numbers to produce hydrogen, helium and traces
of deuterium (heavy hydrogen), lithium and beryllium nuclei. Stars later
furnished heavier elements.

flbiE [ ffi $tffi tr{rA'dtr fliAtr H[t ffi {} {j ru fl]

Another pillar supporting the Big Bang idea was the discovery in 1965 of the
faint echo of the fi.reball - the cosmic microwave background. Arno Penzias
and Robert Wilson were working on a radio receiver at Bell Labs in New Jersey

when they spotted an unexplained faint source of microwaves coming from
all over the sky. The photons'origin was the hot young universe.

1915
Einstein publlshes general
relativity theory
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The existence of a faint microwave afterglow from the Big Bang, predicted
in 1948 by Gamow, Alpher and Robert Hermann, originated in the epoch
in which the first atoms formed, some 4oo,ooo years after the fireball. At
earlier times, the universe was filled with charged particles - protons and
electrons flew around unattached. This plasma created an impenetrable
fog,by scattering light photons. When atoms formed, the fog was cleared
and the universe became transparent. From then on, light could travel freely
across the universe. Although the young-universe fog was originally hot
(some 3,ooo kelvins), the universe's expansion has redshifted the glow from
it so that we see it today at a temperature of less than 3 K (three degrees
above absolute zero).

in the 199os, NASAs COBE satellite mapped hot and cold patches in the
microwave background, differing from the 3 K average temperature by r part
in roo,ooo. This uniformity is surprising because when the universe was
very young, distant regions of it could not communicate even at light speed.
So it is puzzlingthat they nevertheless have almost the same temperature.
These tiny variations in temperature are the fossil imprints of the quantum
fluctuations in the young universe.

ffif,ilF #*rufff;#T[{}ff -5

Three other properties ofthe universe also hint at deep connections forged in
its earliest moments. First, light travels in direct lines across the vast reaches

of space - otherwise distant stars and galaxies would be distorted.

Second, the universe looks roughly the same in all directions. This is
unexpected. Having only existed for r4 billion years, the universe is more
than 4 billion light years across in size (known as the'horizon'). So light has
not had time to get from one side of the universe to the other. How does one
side of the universe know what the other side should look like?

1965
Penzias and Wilson detect
cosmic microwave backgrou nd
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Third, galaxies are sprinkled evenly across the sky. Again, this need not have

been the case. Galaxies started out as just a slightly overdense spot in the

gas Ieft over from the Big Bang. That spot started to collapse due to gravity,

forming stars. The dense seeds of galaxies were set up by quantum effects,

minuscule shifts in the energies of particles in the hot embryonic universe.

But they could well have amplified to make large galaxy patches, like on a

Friesian cow, unlike the wide scattering that we see. There are many molehills

in the galaxy distribution rather than a few giant mountain ranges.

The three problems - flatness, horizon and smoothness - can be solved if
the very early universe lay within its horizon. Then all its points could once

have been in contact, setting its properties thereafter. If that was true, then
some time later the universe must have suddenly become bloated, growing
rapidly beyond its horizon, into the sprawling cosmos we see today. This

rapid burst of expansion is known as 'inflation', and was proposed in t98t by

the American physicist Alan Guth. The slight density fluctuations, imprinted
earlier by quantum graininess, became stretched and smeared out, making

the universe smooth on large scales.

fii&ffiK s[ffifr:

Quantum effects might have other impacts on the universe. Ninety per

cent of the matter in the universe does not glow but is dark. Dark matter is

detectable by its gravitational effect but hardly interacts with light waves

or matter. Scientists think it may be in the form of MAssive Compact Halo

Objects (MACHOs), failed stars and gaseous planets, or Weakly Interacting
Massive Particles (WIMPs), exotic subatomic particles, such as neutrinos and

supersymmetric particles.

Today we know that only about 4% of the universe's matter is made up of

baryons (normal matter comprising protons and neutrons). Another z3%

is exotic dark matter. We do know that this isn't made up of baryons. It is
harder to say what it is made from, but it could be particles such as WIMPs.

The rest of the universe's energy budget consists of another thing entirely,

dark energy.
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Albert Einstein came up with the dark energy concept as a way to
compensate for the attractive force of gravity. With gravity alone,
everything in the universe would collapse to a point. So some
repellent force must counterbalance it. At the time, he didn't know
that the universe was expanding and so believed it was static.
He added a sort of'anti-gravity'term to his equations of general
relativity. But he quickly regretted it. Just as gravity could make
everything collapse, so this anti-gravity could cause regions of
space to rip apart. Einstein shrugged and imagined that this term
wasn't needed - no one had seen any evidence for a repelling force.
He kept the term in his equations, but he set it to zero.

That changed in the r99os, when two groups found that distant supernovae
were dimmer than they should be. The only explanation was that they were
farther away than we thought. The intervening space must have stretched.
Einstein's term came back into play - this negative energy term has been
named'dark energy'.

AruTI-fiffiflH$TY

We don't know much about dark energy. It is a form of energy stored within
the vacuum of free space that causes a negative pressure in empty regions. In
places where matter is abundant - such as near galaxy groups and clusters -
gtavity soon balances or overwhelms it.

Because it is so elusive it is hard to predict how its presence will affect the
universe in the long run. As the universe is pulled apart, galaxies will lose
their grip and become spread more sparsely. Then dark energy can start to
claw at their constituent stars. Once those stars die, the universe will become
dark. Ultimately it would be a sea of scattered atoms and subatomic particles.

Quantum physics would again rule.

Hfu m ffi#ffi ffiffi fl#ffiH#effiffi H.$ ffi 
g;$mm

Early connections



String theory
Bsr * ffi'fimdeFm tmssst sc$ btr$$w**#fits"Afrmfi* {$s};EEfltg- xtrgrary th**rg
mtt*ntptm tat tfims*nfrhw *$mm'en*u'etnrg ptartfrm$*s #s qryffiH# fuarffietnc*#i$

c*ffi m vfifurmtitt6 mtnHx:g" Thm x*f;tisxcmtm g*mfi E*; ts$ *#$?tfuFxt* a4tt;*rett*mt

g:F*pmimm mffia$ r*Hmt$x,$frty e*td mmp$*ra.t s$frH f*ffin fs$En{$msqce$ntm{ fffis'$i*s il*}

ffi st# [:sls]ffi #ptua$ f rmffi"cm$vmrfu"

tring theory is a parallel branch of physics that is developing an

ambitious yet unique mathematical method for describing quantum
and gravitational processes in terms of waves on multidimensional

strings, rather than solid entities. It arose in the r9zos, when Theodor Kaluza

and Oskar Klein hit upon using harmonics, like a musical scale, to describe

some quantized properties of particles.

In the r94os, it was clear that matter particles such as the electron or proton

are not indefinitely small but have some extent. To explain why an electron
possesses its own magnetism it must be a smeared-out spinning ball of
charge. Werner Heisenberg wondered if this was because space and time
broke down on extremely small scales. On larger scales, the fact that particles

had reproducible behaviour in experiments meant that their quantum state

held true, no matter what was going on below the surface. Building upon

his rnatrix-mechanics description of the hydrogen atom, Heisenberg linked
a particle's behaviour before and after some interaction using a matrix, or

table of coefficients.

But quantum field theory was starting to show that particle processes

didn't proceed in one grand step, but involved many tiny incremental ones.
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Heisenberg would have to supply a whole host of matrices
to explain anything other than the simplest case. He tried
to restructure his matrix notation, but to no avail.

In the 196os, attention turned to finding ways of
describing the strong nuclear force. Murray Gell-Mann
was working on his quark theory of nucleons. Other
theorists toyed with alternative mathematical pictures.

In r97o, Yoichiro Nambu, Holger Bech Nielsen and
Leonard Susskind represented nuclear forces as vibrating
one-dimensional strings. However, their model didn't
take off and quantum chromodynamics superseded it.
In ry74, John Schwarz, Joel Scherk and Tamiaki Yoneya

extended the string idea to depict bosons. That they managed to include the
graviton showed that string theory held promise for unifying all the forces.

'€Etrffi* 
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Strings, like springs or elastic bands, want to contract to minimize their
energy. This tension causes them to oscillate. Quantum mechanics dictates
the 'notes'that they play, with each vibration state corresponding to a
different particle. Strings may be open - with two end points - or closed,
forming a loop.

The first string models weren't successful as they could only describe bosons.

Building on the concept of supersymmetry, theories that included fermions

- called superstring theories - became possible. A series of barriers were
broken between 1984 and 1986, in what is known as the fi.rst superstring
revolution. Realizing that string theory was capable of handling all the
known particles and forces, hundreds of theorists joined the bandwagon.

STRING THE{}HY
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The second superstring revolution came in the r99os.

Edward Witten drew together all the various superstring

theories into one big rr-dimensional theory called

M-theory (where'M'means different things to different
people, such as membrane or mystery). A flurry of papers

followed between 1994 and 1997.

Since then, string theory has steadily progressed, shoring

up its cathedral-like edifice as new experimental findings
flow. But there is still no deflnitive theory - people say

that there are as many string theories as there are string
theorists. And string theory is arguably not yet in a fit
state to be testable through experiments, making it
something of a luxury as far as science goes.

The only way to truly test a physics theory, according to

philosopher Karl Popper, is to prove a statement false.

With no novel predictions that would prove string

theory above other standard physics ideas, it is seen as

something charming yet impractical. String theorists hope that one day that

will change. Perhaps the next generation of particle accelerators will probe

new physics regimes. Or perhaps research into effects such as quantum

entanglement will advance such that hidden dimensions will be needed to

explain them.

Tffi ffi ffi FqT ffi $: ffiWNF4YT${$ T*ffi

String theory's ultimate goal is to describe a'theory of everythingl uniting
the four fundamental forces (electromagnetism, the strong and weak

nuclear forces and gravity) in one consistent picture. It's an ambitious goal

and very far from being realized.

It's true that the rest of physics is fragmented. The Standard Model of particle

physics has great power but its formulation was largely ad hoc, based on faith

in underlying mathematical symmetries. O*uantum field theories are an

impressive feat, but their extrusion to include gravity is beyond a challenge.
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Those cancelled infinities - fixed by the mathematical trick of
renormalization - still haunt quantum and particle theories.

Einstein's failure in the r94os to unify quantum theory and
relativity troubled him for the rest of his life. His peers thought
him crazy for even attempting it. But the likelihood of failure
hasn't put string theorists off pursuing their abstract quest.
Will it be futile? Does it matter if a few scientists waste their
time? Will we learn something along the way? Some physicists
argue that string theory isn't real science. But not everything
has to be. Pure mathematics helped Werner Heisenberg develop
his matrix mechanics and let Murray Gell-Mann envisage
quarks, after all.

What scope must a theory of everything have? Is it enough just to describe
the physical forces? Or must it go further and include aspects of the world
such as life and consciousness? Even ifyou describe an electron as a vibrating
string, that may not tell you much about molecular bonds in chemistry, or
how living cells are assembled.

Scientists fall into camps when it comes to such 'reductionism'. Some
believe that we can create a 'bottom-up' picture of the world, constructed
from matter and forces. Others argue that this is ridiculous - the world is so
complex that a host of behaviours emerge from interactions that we have
never thought of. Counter-intuitive aspects such as quantum entanglement
and chaos make the world even harder to predict. The physicist Steven
Weinberg believes that the building-block view is'chilling and impersonal'.
We must accept the world the way it is.
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s scientists'understanding of particles and forces grew in the r95os
and 6os, so did their need to get more of a grip on what was really
going on at the subatomic scale. Decades after it was put forward,

the Copenhagen interpretation still reigned supreme - with its insistence
that particles and waves are two sides of the sarne coin, described by a
wavefunction, whose collapse is triggered when a measurement is taken.

The Danish physicist Niels Bohr's concept explained quantum experiments
well, including the interference and particulate behaviour of light.
Nevertheless, wavefunctions were hard to comprehend. Bohr thought them
real. Others took them as mathematical shorthand for what was really going
on. The wavefunction says with what chance an electron, say, is in some
place or has some energy.

Worse, the Copenhagen interpretation puts all power in the hands of an
'observer'. When Schrodinger's cat sits poised in its closed box, radioactive
danger untold, Bohr's supposition was that the feline is in a superposition of
states - both alive and dead at the same time. Only when the box is opened
is its fate sealed. But why should the cat care whether a human had seen it or
not? Who observes the universe to ensure our existence?

1927
Copen hagen i nterpretation
of quantum mechanics
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In 1957, Hugh Everett proposed an
alternative view. He disliked the idea that
wavefunctions must collapse when we
make a measurement and that observers
are needed to do it. How would a distant
star know to exist if no person had seen it?

He argued that everything in the universe
exists at any moment in one state * the cat

is really alive or it is dead. But to cope with
all the possibilities, there must be many
parallel universes where the alternative
outcomes are reaiized. This is known
today as his 'many worlds'theory.

While not all physicists believe in it -
creating lots of universes seems harder
to puil off than telling a few photons
what to do - the many-worlds theory has

proved popular with some. The American
relativist Bryce DeWitt, who coined the
'many worlds' name, promoted the idea

1970
Dewitt coins the term
'many worlds'
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Hugh Evenett uras bonn and raised rn

Washingt,on, DC. He studied chemrca
engrneer ing at the Catholic Universrty of
America, tak ng a year ouL to visit, his father-,
who was stationed in West Germany just
after the Second Wor-ld War-

Everett moved to Pninceton Un versity
for his PhD, sh ftrng lr-om game lheory to
quanlurn mechanics. He was consider-ed
srrant but too engrossed in scrence f ctron
books. ln 1956 He went to wor-k for the
Pentagon on nuclean weapons modell ng. At
John WheeLer-'s request, Everett visited N els
Bohr in Copenhagen in 1959, but hrs wonk got
a poor receptron. Ever ett found l-he visit 'he1l'

and r-etur-ned to h s compuling caneei-.
ln 1970 Everett's rdea was popularized in an

article by Bryce DeWitt, which dnew a lot of
attention. A follow up book sold out in 1973.
Sclence f ction wntens loved the many worlds
concept Everetl- died yorng, aged 51

r994-7
M Theory is
p ro po sed

in the 196os and 7os. Today many physicists use the 'multiverse'concept to
explain otherwise inexplicable coincidences in cosmology, such as why the
forces have the strengths they do, allowing atoms and life to exist.

Before Everett's proposal, the universe was thought to have a single path
of history. Events unfolded with increasing time, producing a cascade of
changes that fulfilled rules such as the second law of thermodynamics. In

*
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the many-worlds picture, every time that a quantum event happens, a new
daughter universe splits off. The many universes - perhaps infinitely many
of them - build up a branching structure, like a tree.

Although there is no bulk communication between each of the universes *
they are separate and each goes its own way thereafter - some physicists
have suggested that there might be a little meddling between split-off
worlds. Perhaps those interactions explain interference experiments, or
might even make time travel feasible between them.

ft fli l* il: il i'r ;ii

The beauty of the many-worlds theory is that it avoids the need for
wavefunction collapse and does away with the need for an observer to
cause it. If Schrodinger's boxed cat is in a blend of possible states, then the
experimenter must be also. The scientist who sees that the cat is alive is
superposed with the scientist who will find him dead. Everett's concept thus

solves manyof the paradoxes of quantumphysics. Everything
| 00N'T DEMAND that mighihave happened, already has in one universe or

THAT A THE0RY possiblycouidinanother.

CtlRRESPtlND T(l
REALITY BECAUSE I Theuniversecanexistwhetherornotthere'slife.Schrcidinger's

00N'T KNIW WHAT lT cat is alive in one place anddeadin another,not amixof both.

lS. REALITY lS N0T A Wave-particle duality also makes sense as both eventualities

qUALlTv ygg CAN TEST are accommodated.

WITH LITMUS PAPER.
Everett worked out his model while he was still a graduate
student, publishing it in his PhD thesis. The many-worlds idea

wasn't taken up immediately and even drew scorn from some colleagues.
Everett left research and went into defence work and computing. It took
a popular article by Bryce DeWitt in Physics Today to draw it to wider
attention inry7o.

liiliiiii tli:iri:

Today the many-worlds concept has a mixed response. Its fans praise it for
satisfying Occam's razor anddoing awaywith much non-intuitive quantum
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behaviour. But is questionable whether many worlds is a testable theory.
That depends to what degree the various universes interact and whether
experiments can be proposed that prove that other universes exist. The jury
is stili out.

Those less taken with the interpretation argue that the splitting-
off of universes is arbitrary - it's not really clear what these
mean or how it happens. Everett's observerless picture gives no
significance to the act of measurement, so it's not clear why, how
or exactly when universes should branch off.

Other great pttzzles of fundamental physics also remain
unexplained - such as the direction of time and why entropy
increases according to the second law of thermodynamics.
It's not clear whether quantum information can travel
across the universe faster than light - whether the entire
universe splits off every time a particle pops into existence around
a black hole on the far side of the universe, for instance. Some of
the parallel universes couldn't exist if their physical properties
were incompatible.

Stephen Hawking is one critic who views many-worlds theory as'trivially
true', a useful approximation for calculating probabilities rather than a

deep insight into the real universe. Dismissive of attempts to even try to
understand the meaning of the deep quantum world, he has said,'When I
hear of Schrcidinger's cat, I reach for my gun.'
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Ibert Einstein famously didn't like the Copenhagen interpretation

of quantum mechanics, declaring that 'God does not play dice'.

What concerned him was that probabilistic treatments of quantum

mechanics were not deterministic - they could not predict how a system

would evolve in the future from a particular state.

If you know the properties of a particle now then, due to Heisenberg's

uncertainty principle, you could not also know them some time later. But if
the future depends on chance occurrences, why is the universe ordered and

driven by physical laws?

As Einstein, with Boris Podolsky and Nathan Rosen, encapsulated in 1935 in
the EPR paradox, quantum mechanics must be incomplete. Because messages

can't travel faster than the speed of light, twin particles with entangled

quantum rules that fly apart must always 'know'what state they are in.

An observation of the state of one particle tells us something about the other,

but not because any wavefunction is collapsing. The information was

inherent to each particle and contained in 'hidden variables', Einstein

dsz? : , ''.::
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reasoned. There must be a deeper level of understanding that is
hidden from our view.
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In the rgzos and 3os, physicists puzzled over the meaning of
quantum mechanics. Erwin Schrodinger, who had proposed his
wave equation in 1926, believed that the wavefunctions that
described a quantum system were real physical entities. His

colleague Max Born struggled more to comprehend the picture. In
a paper Born noted that the probabilistic interpretation of the wave

equation had implications for determinism - cause and effect.

Born considered that further atomic properties might one day be discovered

to explain the consequences of a quantum event, such as a collision between
two particles. But in the end he backed the wavefunction approach and

accepted that not everything was knowable:'I myself am inclined to give up

determinism in the world of atoms. But that is a philosophical question for
which physical arguments alone are not decisive.'

Einsteintoo was suspicious of wavefunctions. He saw Schrodinger's equation
as only describing atoms in a statistical sense, not completely, although he

couldn't prove it.'Quantum mechanics is very worthy of regard. But an inner
voice tells me that this not yet the right track,'he remarked.

At a conference in Belgium in r9z7 the French physicist Louis de Broglie

presented a hidden-variable theory that maintained determinism. A'pilot
wave' guided each particle through space, he suggested. Einstein had

also considered this possibility, but he had cast the idea aside, and stayed

silent. Other physicists also steered clear. The majority were swayed by
the confidence of Born and Werner Heisenberg, who bravely announced

iIIDt]EN VARIABLES

THE AMBIGUtlUS
IS THE REALITY AND

THE UNAMBIGU(lUS
IS MERELY A SPEGIAL
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t981
Aspect concl usively d isproves
local hidden variable theory



t

.. IN S(lME SENSE
MAN IS A MICRtlC(lSM

(lF THE UNIVEH$E:
THEREFtlRE WHAT

MAN IS, IS A CtUE Ttl
THE UNIVERSE. WE

ARE ENFOLDED IN

THE UNIVERSE.
[jairii-i lJr:hrrr

that quantum mechanics was now a complete theory. The

indeterminism was real, within the domain of experiments to
which it applied, they believed.

After Niels Bohr proposed his Copenhagen interpretation of
quantum mechanics - requiring an observer to collapse the
wavefunction during measurement - in t9z7 he and Einstein
debated fiercely whether it made sense. Einstein's best challenge
was the EPR paradox, which raised the possibility of an observer

on one side of the universe collapsing a wavefunction on the
other side instantaneously, in violation of special relativity.

ffi9.$$S$rutr Hrja"tftr-q

In r95z David Bohm resurrected hidden-variable theory, when he
unwittingly rediscovered de Broglie's unpublished 'guiding wave' idea.
Bohm believed that particles such as electrons, protons and photons are

real. We can see individual photons build up on a detector, for instance, or
electrons create pulses of charge on hitting an electric plate. So, he reasoned,
Schrodinger's wavefunction must be describing the probability of it
being somewhere.

Born and naised in Pennsylvania, USA,

Bohm obtained his doctorate in lheor-etical
physics at the Univer'sity of Califor-nia,
Ber-keley - in the gnoup direcled by the
'fathen of the alomic bomb', Fober-t
0ppenheimen. Bohm engaged in nadical
politics, ..1oining local communist and
pacifrst groups. As a nesult he was blocked
fnom loinrng the Manhattan Pr-o1ect dur-ing

the Second Wonld War and some of his
work was ciassifred - even he couldn't.
access it. Afler^ the wan, Bohm moved

to Princeton Univensily and worked wit,h

t nsi.eir. When VcCarchy sn rook o"r aqa nsl
suspected communists, Bohm r-efused to
teslify to a committee and was ari^esled. He

was acquitted in 1,951, bul had to leave the
country as Pnrnceton had suspended hrm.

Bohm spent year-s in 56o Paulo, Brazil, and
Haifa, lsrael, befor'e moving to the UK in 1952
where he held positions at the University of
Bnistol and Binkbeck College, London. ln his
,arer yFans, as welt as qrartun pl-ysics Bohn
also worked on cogniLion and social issues
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To guide the particle as to where it should be, Bohm

defined a'quantum potential'. It hosts all the quantum
variables and responds to other quantum systems and
effects and is linked to the wavefunction. So the position
and trajectory of a particle is always defi.ned, but because

we don't know all the properties of the particle at the
outset we must use the wavefunction to describe the
probability that the particle is somewhere or has some

state. The hidden variables are the particle positions, not
the quantum potential or wavefunction.

Bohm's theory retains cause and effect - the particle is

travelling along some path just as in classical physics.

It eliminates the need to collapse a wavefunction. But
it doesn't get around the EPR paradox or'spooky' action
at a distance. If you change a detector then the particle's
wave fi.eld also changes instantaneously. Because it acts

irrespective of distance, the theory is said to be'non-local'.
So it also violates special relativity, leading Einstein to call
the theory'too cheap'.

Bohm imagined that a particle

possesses a web of'hidden
knowledge'of all the physical

properties it cou ld have, but
quantum mechanics limits what
we can know ofthem.

Bohm showed that it was possible to write down a hidden-variable version
of quantum mechanics. The next steps were to test it. In 1964, John Bell

derived a set of imaginary experiments whose outcomes could be consistent

with hidden-variable theory. If the results differed from those predictions,
then quantum entanglement would be true. In the r98os physicists
managed to perform those tests. They ruled out the simplest case of 'local'

hidden variables, where information is constrained by the speed of light.
Instantaneous long-distance correlations or quantum entanglement are

indeed needed.

.": -r ,;i,],'"- : -

Known unknowns
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uantum mechanics is troubling. Its probability-based assertions

and fundamental uncertainties, even about basic properties such as

energy and time, position and momentum, seem to defy explanatlon.

Adherents to the r9z7 Copenhagen interpretation, including Niels Bohr and

Erwin Schrcidinger, accepted the fact that there is a limit to what we can

know about the subatomic world. Particles such as electrons also behave like

IT NtlW SEEMS THAT

THE NtlN.LtlCATITY
IS DEEPLY R(ltlTED IN

OUANTUM MECHANICS

ITSELF AND WItL PERSIST

IN ANY C(lMPLETItlN.
I ;; i1 ii i.ri-li i, I q f;ir

waves, and the only way to describe what we do know about

them is in a mathematical form, as a wavefunction.

Albert Einstein and Louis de Broglie in the r93os and later
David Bohm in the r95os clung to the belief that electrons and

photons and other particles are real entities. They exist - it's
just that we can't know all about them. O*uantum mechanics

must be incomplete. A set of 'hidden variables' could explain
some of its more counter-intuitive aspects.

The EPR paradox defied explanation. The properties of two correlated

particles sent flying off in opposite directions across the universe must

remain linked, even if they become so distant that a light signal from one

cannot reach the other. This reasoning predicts'spooky'action at a distance.

1927
Boh r's Copen hagen i nterpretation
of quantum mechanics

t:s35
EPR paradox
proposed

1952
David Bohm proposes
hidden variables
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Just as electrons are limited in how they filI their orbitals, quantum rules
tie together particles. If one particle (say a hydrogen molecule) splits in
hall then conservation principles mean that the spins of both resulting
particles wiil be opposite. If we measure one particle's spin as 'up', then we
immediately know that the spin of the other must be 'down'. In quantum
terms, the wavefunction of the second particle collapses at exactly the same
time as the first, no matter how far apart the particles are.

Einstein and his colleagues worried that this is unreasonable. No signal
can travel faster than light, so how would the measurement of the first
particle be conveyed to the second? Einstein's reasoning relied on two
assumptions: locality, that nothing can travel faster than iight, and realism,
that particles exist whether they are'observed'or not. Einstein's thinking
was in terms of 'local realism',

iii:1.;.. il l,i' il.iii: llt
\nry64 John Bell took this thinking further. If hidden variables and locai
realism were both true, then any decision made about a measurement

-John Be I was born in Belfast, Northern
lreland, and studied physics at Queen's
Un versity, Belfast. He completed hrs PhD
rn nuclear and quantum physics at the
Unrversity of Birmingham in 1956

Bell wor'ked wrth the UK Atomic Energy
Besearch Establishment, near Harwell,
Oxfordshire, and bhen moved lo l-he

European Counci for Nuclear Feseanch

ICEFN, Conseil Europ6en poun la Becherche

Nucl6aire], in Geneva, Switzer'land. Here
he wor-ked on theoretical particle physics
and accelerator design, bu1- found time to
investrgate the foundaLions ol quantum
the o ny

ln 1964, aller spendrng a sabbatrcal year
work ng ln the USA, he wnote a paper entrt ed
'On the Einsl,ein-Podolsky-Bosen Par-adox', in

whrch he derived the Bell theorem in tenms of
an expression violated by quanlum theor-y.

1964
Bellformulates his
inequalities

1972
First experiment
violates inequality

1981
Aspect's experiment conc usively
supports q uantum theory
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on one nearby particle would not affect the property of the distant one.

If the remote particle already knew what state it was in, then it shouldn't
care whether or not you decided to measure the particle at hand using

interference or scattering.

Bell deflned specifi.c cases where this behaviour would clash with the wilder
predictions of quantum mechanics. He defined quantities that could be

measured to test this, such that if a value greater or less than some limit
was obtained the evidence would point to quantum mechanics or hidden

variables. These mathematical statements are known as'Bell's inequalities'"

Modifying the EPR example, Bell imagined two fermions whose spin was

complementary such as two electrons, one with spin up and the other spin

down. Their properties were correlated, perhaps because they both started
out as a single particle that decayed. The two particles travel off
in opposite directions.

It ls not known which one has which value of spin.

Measurements of both are made, at their respective locations.

Each observation would yield a result of spin up and spin down.
Each measurement is carried out independently, without
knowlng anything about the other.

The probability of measuring a particular direction of spin

depends on the angle with which it is measured, from o to r8o

degrees. The chance is +t if you measure it in exactly the same

direction as the spin axis; it is -r if measured in the opposite direction; and

half that if measured at a direction perpendicular. At angles in between, the

different theories predict different chances of measurements.

Bell's theorem gives the statistics of what would be seen for many triais of

the experiment measured at various angles. For hidden-variable theory there

is a linear relationship between these points. For quantum mechanics, the

correlation varies like the cosine of the angle. So by making measurements



in many different directions it is possible

to tell which is happening.

Bell concluded:'there must be a mechanism
whereby the setting of one measuring
device can influence the reading of another
instrument, however remote. Moreover,
the signal involved must propagate

instantaneously.'

Fffi f L] gtrT$ # ruff Tfr:S'E"ilffi

Ittook more than a decade for experiments
to be good enough to really test Bell's

BELTS INE(lUALITIES

Bell illustrated his theorem usrng a

chanacter wit,h eccentric dness sense.
Dr Bentlmann liked to wean oarish
socks, each of a diffenent colour-.
Wh ch colour re wil' wea. on a g ven
foot on a given day is unpredictable.
But we can know a litlle - if we see
one sock is pink then we know that the
othen s rot o;n<. Bell angrred brat t -r s
ls all the EPF par-adox is telling us.

predictions. In the r97os and 8os a series of them proved quantum
mechanics is correct. They rule out local hidden-variable theories, ones

whose quantum messaging is limited by the speed of light. And so they
prove that faster-than-light signalling is happening on the quantum scale.

Some variants of hidden-variable theories are still possible, if they are non-
Iocal, or open to superluminal signalling.

Bell welcomed the discovery but was also disappointed: 'For me, it is so

reasonable to assume that the photons in those experiments carry with
them programs, which have been correlated in advance, telling them how to
behave.'It was a pity that Einstein's idea didn't work.

Bell's theory is one of the most important in fundamental physics. It doesn't
quite prove quantum mechanics exactly - some loopholes in its reasoning
have been identified. But it has held up over numerous attempts to disprove it.

l"*s i-

Quantum limits
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J n g6+,lohn BeIl wrote down a series of mathematical statements that

I would hold if the hidden-variables picture of quantum physics was

! correct - and particles carried a full portfolio of parameters with them'
If these rules were violated then the weirder aspects of quantum mechanics

must be true. Spooky action at a distance, faster-than-light messaging and

quantum entanglements indeed take place.

It took more than a decade to devise definitive experimental tests of Bell's

inequalities. The reason is that it is hard to do. First you need to identify
an atomic transition that gives off pairs of matched particles, a property of

each particle that depends on orientation and can be measured reliably and

accurately, and an experimental design for doing so.

In t96g John Clauser, Michael Horne, Abner Shimony and Richard Holt

suggested using as the entangled particles photon pairs produced by

excited calcium atoms. By raising the energy of the outer electron pair in
calcium into higher orbitals and letting them fall back, two photons would
be emitted. Because they obeyed linked quantum rules, the pair would have

1935 1984 lg74 1982
EPR paradox suggested Bell proposes Clauser and Freedman Aspect proves Bell's

inequalities test Bell's inequalities inequalities are violated

{



corelated polarizations, a characteristic
that had been known since the late r94os.

In 972 Clauser and Stuart Freedman
performed the very first successful
experiment to test BeII's inequality. It
was difficuit to excite and capture the
paired photons and took zoo hours of
running time. The photons' polarizations
had to be detected in the blue and green
parts of the spectrum, but detectors at
the time weren't very sensitive. In the
end, the result agreed with the quantum
n.echanics prediction. But Clauser and his
colleagues had to apply a statistical fudge
for <iealing with the missing photons, so

it wasn't the end of the story.

1998
Zeilinger rernoves
communication loophole

A$FECT EXPTAIMEI\ITS

Alain Aspect was bonn ia 7947 rn Ager, in the
French r-egion of LoL-eL-Gar'onne He studied
phys cs at the Fcole l'lor-male Srp6r'ieune de

Cachan and at the Universit6 d'0rsay After
comp eting his master's degnee he did bis

nationa service, Leaching for tirnee years in

Camenoon. While thene, he became intrigued
by Bell's inequalit es. Aspect reiurned to
Cachan, and carried out h s experiments
on entangled pholons at Orsay befor'e he
obtained his PhD He went on to hold a
pos lion at the prestigrous Colldge de Frence,
where he turned to working on ultr-a co d

at.oms slowed by laser-s, a technrque used in

atomrc clocks. Now a senior neseancher at
CNFS, Aspect runs the atomic optics gr-oup

at 0rsay and has many links to induslry

Further experiments, on calcium as well
as on excited mercury atoms and using photon pairs produced in positron
annihilations, followed. Most also backed quantum mechanics, although
some were inconclusive. The accuracy of the experiments improved with
detector technology and as lasers were introduced, making it more efficient
to excite atoms so that more photons could be given off.

Jiili'l!,! , :i.:

In the late r97os the French physicist Alain Aspect upgraded the experiment.
Again using vaporizeci calcium, he tuned two lasers to the precise frequencies
needed to make the outer electron pair quantum-leap into higher shells and
be released in a cascade. He monitored beams of light coming off in two
opposite directions, one tuned to each photon frequency, green and blue.

re 1998
Entangled photons carried
to km across Ceneva

2ga7
Entangled photons carried
t44 km across Canary lslands
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Because the time between each photon pair being given off was longer

than the interval between each photon's release within the pair, the

beams simultaneously measured the correlated pairs. Moreover, any

communication between the separated photons would have to travel at

twice the speed of light to connect them.

lust as Polaroid sunglasses reduce glare by blocking reflected light, the

polarization of the photons in each beam was measured using special

prisms. The prisms transmitted verlically polarized light well (around 95%

of the light went through) but almost all horizontally polarized tight (again

around g5%) was blocked and reflected. By rotating the prisms, Aspect's team

could measure how much light of intermediate polarizations came through.

Aspect, Philippe Grangier and Gerard Roger published

their results in 1982. They were consistent with a cosine

variation in polarization with angle, in support of
quantum mechanics. Local hidden variables predicted a

linear fall-off. Their result had a much higher statistical

significance than previous efforts and was a landmark.

I-t;:''rt-iitimr)i" As a consequence, local hidden-variable theories were

dead, or certainly on the critical list. There was still a little room for exotic

types of hiddenvariables that could switchfasterthanlight speed,but simple

models that relied on direct communication at light speed or less were ruled

out. So measurement of one particle did affect the other, no matter how far
away. Quantum states are indeed entangled.

iti"iJ li ii + f'{ ii i,$'1 {-} t}ll tl t"fi i]
Critics complained that the experimental tests were not perfect and had

loopholes. The detection loophole was one, plugged in the analysis by

Clauser: not every photon will be detected so a statistical way of accounting

for this is needed. A second issue is the communication loophole - that one

detector might somehow pass information to the other owing to the limited
slze of the experiment. This could be excluded by switching the apparatus

faster than any message could be sent.



ASPEGT EXPERIMENTS ffi
Aspect had aimed to avoid this loophole by using an opposing twin-beam
set-up in his first experiment. But to make sure, he changed the polarizer
settings while the photons were in flight. His further experiment again
proved that quantum theory holds. In 1998, an Austrian team led by Anton
Zeilinger went further, by making the choice of detector very fast and
random. There was no way one side of the experiment could know what the
other side was doing. Again quantum mechanics was backed. Then in zoor
teams of American physicists sealed the remaining'fair sampling'Ioophole
by capturing every correlated photon from a beryllium-based experiment.
The findings are now unequivocal. O_uantum information is entangled.

OI $TAruT TffTAf{ fi LEIU [ff T
Today, physicists have shown that entanglement can be maintained over
vast distances. In 1998, Wolfgang Tittel, Jrirgen Brendel, Hugo Zbinden and
Nicolas Gisin at the Universityof Geneva managedto measure entanglement
between pairs of photons across a distance of ro km. The photons had been
sent through fibre-optic cables through tunnels across Geneva. .

InzooT, Zeilinger's group communicated using entangled photons over 144

km, between the Canary Islands of La Palma and Tenerife. Entanglement is

now being investigated for long-distance quantum communication.

Clauser's and Aspect's experiments, and the many others since, have now
conclusively shownthat local hidden-variable theories don't work. O_uantum

entanglement and faster-than-light communication does happen.

Wffiwm ffiffiffiffiffiffiffiffiffiffi ffiffimm

Faster-than-l_igh.t
G0mmunrGatr0n
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Quantum eraser
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t the heart of quantum physics is the idea of wave-particle duality.

As Louis de Broglie proposed, everything has both wave and particle

characteristics. But these two facets of nature cannot manifest

themseives at the same time. They appear under different circumstances.

In the rgth century Thomas Young showed with his double-slit experiment

how light behaves like waves when passing through a gap, the criss-crossing

trains producing interference stripes. In r9o5 Albert Einstein showed that

Iight also behaves as a stream of photons. Electrons and other elementary

particles may also interfere in the right circumstances.The Danish physicist

Niels Bohr imagined that waves and particles were two sides of the same

coin. Werner Heisenberg explained that full knowledge about certain

complementary properties such as position and momentum was mutually
exclusive. Might such unpredictability underlie wave-particle duality too?

In r9 65 Richard Feynman wondered what would happen if we could measure

which slit a particle had travelled through in Young's experiment. As we fired

electrons through twin slits, we could shine light upon the apparatus and so,

by detecting the scattered light, tell the routes of individual electrons' If we

1801
Young performs his
double-slit experiment

r 905
Einstein shows light
can behave as a particle

1927
Bonr proposes Copenhagen
i nterpretation a nd com plementa rity

.el



OUANTUM ERASEB

know an electron's position, and thus treat it as a particle, the interference
fringes should disappear, he reasoned.

In 1982, the theoretical physicists Marlan Scully and Kai Dnihl I D0N'T FEEL

imagined another experiment with two atoms acting as the light FRIGHTENED BY N[lT

sources. If we use a laser to excite an electron in each atom into the KN [lwl N G TH I N G S,

same higher energy level, then each electron would drop back and BY BEING L0ST lN A
release a similar photon. Both would have the same frequency, and MVSTERI0US UNIVERSE
so it would be impossible to tell from which atom they came. These WITH 0 UT ANY PU RPI S E,

photons should then interfere, giving fringes. But we can go back WHIGH lS THE WAY lT
and find out from which atom a given photon has come. We could REALLY lS, S0 FAR AS I
measure the energy of the remaining atoms -the one that has lost 

CAN TELL. lT 00ESN'T
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toseeboththewaveandparticlesidesofthelightatonce. Rirjilrd Fevnnr;ri'

Yet the Copenhagen interpretation tells us categorically that we cannot
see both. According to quantum mechanics, we have to think of the whole
system and its wavefunction. By observing the state of the atoms, even

after the photon has fled, we affect the whole experiment. If we tell it so, the
photon will act as a particle and the interference will disappear.

frffi&$}iffi{:

What if we measure the atoms but don't look at the result? In theory, the
interference fringes should remain if we don't know anything about
the photons'paths. In reality, if we measure the energies of the remaining
photons but keep that secret, the fringes don't come back.

One way of measuring the energies but filing away the information is to fire
a further laser photon at them both. The atom that produced the first photon
would again be excited; a new third photon would be given off. But we now

fl@;"l$65
Feynman asks whether both sides of
photons can be seen slmultaneously

!$82,.....:......l...:.'.'.,.:ll$s5
Scully and Druhl imagine an experiment Zeilinger observes wave-
for wave-particle switching particle switching



Light from each slit foliows different paths, A and B, and is split

again.Which way information is erased for photons hitting Dt

or Dz, and not for D3 or D4.

tlUANTUM UNREALITY

couldn't tell which atom it came from -
either one might have decayed.

However, this is not enough for the
interference fringes to reappear. The

interfering photons don't know anything
about the third photon. It is necessary to
correlate both groups before the fringes
can arise. In the case above, we could erase

the information contained in the third
photon, while keeping it part of the whole
system. By detecting the third photon in
such a way that we can't tell which atom
it came from, the quantum uncertainty
is brought back. For instance, the third
photon could be caught by a detector

placed in between the two atoms. The chance of this happening would
be 5o%, so it would be uncertain. But its detection (or not) would reset the

system such that we really wouldn't know anything about the interfering
photons'paths. Such an experiment is known as a quantum eraser because

it destroys quantum knowledge about a system.

SELDOM, IF EVER,

WAS ANy KN(}WLEDGE rf we look at a deeper level, an original interference photon becomes

GIVEN T0 KEEP BUT correlated with the third photon. There are two possibilities - that

T0 I M PART; TH E the third photon is detected or not. And each case has an interference

GRACE 0F THIS RICH pattern.However,bothareshiftedinphase,suchthatwhencombined

JEWET lS LSST lN they cancel out. So the appearance of the third photon - with its

G0NCEALMENT. rlnceflinty intact - adds an interference pattern that cancels out the

ji:reph 1 i;rii first. when its fate is learned, and it is detected, the system picks one

set offringes.
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In 1995, Anton Zeilinger's group in Innsbruck, Austria, made a similar
observation, using entangled pairs of photons generated by laser excitation

of a crystal. By using very low levels of red and infrared light they could



essentially follow individual photons through
their experiment. First they produced a

beam of excited photons, and passed some
of it back through the crystal to make a

second beam. Interference was produced
where they crossed. But if each beam was
made distinguishable - so that the path
of a given photon could be ascertained -
by changing its polarization, the fringes
disappeared. The interference pattern didn't
reappear until the two pathways were
scrambled so that all positional information
was lost.

Even stranger, it doesn't matter when the
decision is made to apply the quantum eraser.
You can even do so after the interfering
photons are detected. In zooo Yoon-Ho Kim,
with Scully and colLeagues, performed such a
'delayed choice' quantum eraser experiment.
The interference pattern can be controlled by

:' .lr :r
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IIUANTUM ERASER

Anton Zeilinger was bonn 1945 in
Austnia. Now a pnofesson at the
University of Vienna and lhe Austrian
Academy of Sciences, since t,he
1970s he has been a pioneen of
expeniments in quantum enlanglement.
He has descnbed the connelated
polarizations of photon parr-s used in
the exper-imenls as like a patr- of dice
that always land on matching numbers.
Zeilinger''s gr-oup has held many neconds

- for- the longest drstance over whrch
enlangled pholons have been sent and
for the numben ol photons entangled.
ln 1997 Zeilinger demonslr aled
quanlum lelepontation - the imprinting
of a quantum st,ate fnom one onl,o a
second entangled panticle.'A11 | do is
ton the fun,' he says.

choosing whether or not to learn about a photon's trajectory after it has
already hit the detector. The interference stripes only appear when the
secondary uncertainty is resolved.

So there is a link between complementarity and non-local effects in quantum
physics. Interference only works because of these entangled long-distance
correlations. And it is simply impossible to measure both wave and particle
properties at once.

i i:l r:';:i

Ignorance ls hliss
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n the quantum world, everything is uncertain. Particles and waves can't

be distinguished. Wavefunctions collapse when we pin something down

through measurement. In the classical world, everything seems more

solid. A speck of soot is a speck of soot from one day to the next. .

Where does the division between the quantum and classical worlds kick

in? Louis de Broglie assigned a characteristic wavelength to every object

in the universe. Big objects like footballs have a small wavelength, so their
behaviour is particle-like. Tiny things like electrons have wavelengths closer

to their size, so their wave-like properties are visible.

In the Copenhagen interpretation of quantum mechanics, Niels Bohr

proposed that wavefunctions 'collapse'whenever a measurement is made-

Some of their inherent probability is lost when we recognize a characteristic

with certainty. It is irreversible. But what is going on when a wavefunction

collapses or when we make a measurement? How are the fuzzy uncertainties

converted into a hard outcome?

tg27
Coperhagen interpretrt ion
proposed

r95?
Bohm's hidden variables
theory proposed

1,95?

Everett proposes
many worlds idea

*
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'many worlds'
wavefunction,

Hugh Everett bypassed the issue when he proposed the
concept in 1957. He treated the entire universe as having one
which evolves but never collapses. An act of measurement
is an interaction or entanglement between quantum
systems, which spins off a new universe. Even so, Everett
couldn't explain the exact point at which this happens.

In later'guide wave' quantum theories, such as the one
by de Broglie and David Bohm that sought to describe
wave-particle duality in terms of a particle in a quantum
potential, measurements distort the motion of the particle
in its quantum field. It's a bit like bringing one mass up near
another in general relativity - space-time shifts to blend
the gravitational influences. There is no actual collapse of
the particie's wavefunction, it just changes form.

# il#ffi${ fiF{flild ilj$:

Today, the best explanation for the replacement of possibility with certainty
is the concept of decoherence, noted in r97o by the physicist Dieter Zeh.
When two or more wavefunctions come up against one another, such as
when a measuring apparatus is brought near a quantum entity, how they
interact depends on their relative phases. Just as crossing light or water
waves amplify or cancel out when they interfere, wavefunctions can be
boosted or erased when they mix.

The more interactions a wavefunction has to contend with, the more
scrambled it becomes. Eventually it decoheres and loses its wave-like aspects.
Decoherence is much more significant for large objects - they lose quantum
cohesion fastest. Small entities such as electrons retain their quantum
integrity for longer. Schrcidinger's cat, for instance, would pretty soon regain

19?0
Zeh proposes concept
of decoherence

r996
Quant um decoherence observed
using rubidium atoms

Over coming decohenence is
a big challenge for quanLum
corloLLens wl-rcn rely or
quantum states being able
to be sloned fon long pei-iods
ol time. A measur-e called
'quantum discond' has been
proposed to descnibe the
degnee of cor^r-elat,ion between
quantum states.

1ggg,,
Diffraction of
buckyballs detected
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its feline form even if not observed, because its wavefunction would almost

instantaneously degrade.

This is a comforting idea. It puts our familiar macroscopic world on a surer

footing. But puzzles remain with the approach. For instance, why does

decoherence act so uniformly over a quantum behemoth like a cat? Couldn't

half of the animal stay in quantum penury, the other becoming real? Could

it be literally half alive and half dead?

Also, what restricts the outcome of the decayed wavefunction to the

appropriate observables? Why does a photon appear when needed, or a

Iight wave when a slit is placed in the way? Decoherence tells us little about

wave-particle duality.

fl.il$t ili il $j.d'fiTft ftrJ ii
One way of learning more is to devise and study a macroscopic phenomenon

or object that exhibits quantum behaviour. In tg96 and 1998 the French

physicists Michel Brune, Serge Haroche, Jean-Michel Raimond and their

colleagues manipulated electromagnetic fields into superposition of states

using rubidium atoms and saw their quantum integrity decay. Other groups

have tried to build bigger and better Schrodinger's-cat-like scenarios.

The quantum behaviour of large molecules is another avenue. In 1999 Anton

Zeilinger's group in Austria managed to observe the diffraction of buckyballs

- football-shaped cages of 6o carbon atoms called buckminsterfullerenes

after the architect Buckminster Fuller. In terms of relative scale, the

experiment was like fi.ring a football at a goal-sized gap and seeing the ball

interfere and behave like a wave. The buckyball's wavelength was one-4ooth

the molecule's physical size.

Another large system where decoherence effects can be studied is a

superconducting magnet, which is often in the form of a supercooled metal

ring, centimetres in diameter. Superconductors have unlimited conductivity

- electrons can pass unhindered through the material.
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The superconducting ring adopts particular energy levels, or THERE lS 0NE GREATquantum states. So it is possible to see howthey interfere if you 
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studies have now proved that systems decoh
thelargertheyare. 

'cu trlaL systems qeconere more qurci(ly 
RouNDiD, rTr conrlrns
SM(ltlTH AND THE

{]#sfld'Esiflr$ e.#sK$!*;fi 00NTENT C0HESIVE AND
Decoherence can be thought of as the leaking of quantum C0HERENT, lT lS LIKELY
information into the environment, through many small T0 BEC0ME A THING lN
interactions. It doesn't actuatly cause wavefunctions to ITSELE A W0RK 0F ART.
collapse, but it mimics it as the quantum components of a Joiirl,teinbi:r,k,r94.i
system steadily become decoupled.

so decoherence doesn't solve the measurement problem. Because they
must be large enough for us to read, measuring devices are simply complex
quantum systems placed in the way of the pristine one that we are trying
to observe. so the many particles making up the detector each interact
with their quarry in complex ways. Those many entangled states gradually
decohere, until we are left with a jumble of separate states. This quantum
'sandpile'becomes the result of the final measurement, with the extraneous
quantum information from the original system sucked out.

All in all, this picture of the tangled web of quantum interactions shows that
'realism' is dead. Like 'localism', the transmission of signals through direct
light-speed-limited communication,'realisml the idea that a particle exists
as a separate entity, is a charade. The apparent reality of the world is a mask
put on to hide the fact that it is really made of quantum ashes.

iii?i#:,i
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leaky intorrnation
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Paul Benioff applies quantu m
theory to computers

Qubits
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he tiny dimensions of quantum systems and their ability to exist
in different states raise the possibility of building radically new
types of computers. Rather than using electronic devices to store and

process digital information, individual atoms become the heart of a

quantum computer.

Proposed in the r98os and developing rapidly in recent decades, quantum
computers remain a long way from being realized. Physicists have only
succeeded in linking around a dozen or so atoms in ways that can be used to
perform calculations. The main reason is that it is hard to isolate the atoms -
or other basic building blocks - so that their quantum states can be read yet
remain immune to disturbances.

Conventional computers work by breaking down numbers and instructions
into binary code - a series of os and rs. Whereas we usually count in
multiples of ten, computers think in factors of two: the numbers z and 6

would be expressed in binary notation as'ro' (one z and zero rs) and'rro' (one

4,one 2,and zero rs). Each o or r'binary digit'is known as a'bit'. An electronic 
I

computer translates this binary code into physical states, such as on or off, 
I

I

1e82 1s8e I-T
plies quantum Richard Feynman proposes the David Deutsch proves that it is possible Iuters idea of a'quantum computer' to build a quantum computer 

I

I
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within its hardware. Any either-or distinction wourd work as a means of
storing binary data. The strings of binary numbers are then handled through
banks of logic gates, hardwired into silicon chips.

QUBITS ,,.1,,

I ---> riTiFt
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Quantum computers are qualitatively different.
They are also based on on-off states - called.
quantum bits or qubits for short - but with a
twist. like binary signals, qubits can take on two
different states. But unlike normal bits they can
also exist in a quantum blend ofthose states.

A single qubit can represent a quantum
superposition of two states, o and r. A pair of
qubits may superpose four states, and three
qubits cover eight states. Each time you add
another qubit, the number of states blended

no,utffi<H

A 3 bit register

doubles. By contrast, a traditional computer wourd only be in one of these
states at any one time. This rapid doubling of rinks between qubits gives the
quantum computer its power.

Another benefit of the quantum worrd. that can be harnessed for
computation is entanglement. The behaviour of qubits far apart from one
another may be tied by quantum rules. Flicking one into one state may
simultaneously change that of another, bringing both speed and versatility
to the mechanisms for solving mathematical problems.

For these reasons, quantum computers have the potential to be much faster
than conventional machines for performing some types of carculations.
Quantumnetworks are particurarryeffi cient at and suitedto sorving problems
that require rapid scaring or comprex networks of linked communication.

ffi.rusu
Shor proposes his
factoring algorithm

*ll0i,N. ',, ' ': : '.',''

Scientists demonstrate Shor's
algorithm on a quantum computer

bfflfT"lE
Three qubits can represent eig.ht
states simultaneously.

{0117 ,,,,'; ,1,,, , ; ,, .

A Canadian company demonstrates
a r6 bit ion Lrap computer
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lon traps: use light and
magnelic fields to trap ions
or atoms.
Optical traps: use lighl
waves lo control panlicles.

Quantum dots: ar e made of
semiconducton mater ial and
manipulate electnons.
Superconducting circuits:
let electnons flow with almost
no resistance at veny 1ow

lempenatur-es.

In 1994 the field received a boost when the
mathematician Peter Shor developed an efficient
algorithm for factorizing large integers - working out
the prime numbers that multiply to give that number

- on a quantum computer. Shor's algorithm has now
been implemented by several teams using handfuls of
qubits. Although it's a great technical breakthrough,
the results to date are admittedly far from mind-
blowing: the number r5 has been shown to be 3 times

5, and zr is 3 times 7. But these are very early days.

When sizeable quantum computers become available,

Shor's algorithm might unleash its power. It could
potentially be used to break all current cryptography
codes on the internet, necessitating different ways of
securing information online.

.$; &'dfi $d # t{J # $: $T *' $liT

How can you build a quantum computer? First you need some qubits. O-ubits

can be assembled from more or less any quantum system that can adopt
two different states. Photons are the simplest - perhaps using two distinct
directions of polarization, vertical and horizontal. Atoms or ions with
differing electron arrangements have been tried, as have superconductors,

with electron currents flowing clockwise or anticlockwise.

Just as Schrodinger's cat is potentially both alive and dead when it lies unseen

in its box, qubits superpose outcomes until their final state is locked down
through a measurement. Also like that of the fabled cat, qubit wavefunctions
are susceptible to partial collapse through many tiny interactions with the
objects in their environment. timiting this quantum decoherence is a major
challenge for quantum computing. Within the device, it is important to keep

the qubits isolated, so that their wavefunctions don't get disrupted. At the
same time the qubits must be able to be manipulated.

Individual qubits, such as atoms or ions, may be embedded in tiny cells. A
copper and glass casing can protect them from stray electromagnetic fields
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and allow electrodes to be connected. The atoms must be held in vacuum
conditions, to avoid interactions with other atoms. Lasers and other optical
devices can be used to alter the energies and quantum states ofthe qubits,
such as their electron levels or spin.

To date, only small prototype quantum 'registers', of ten or so connected
qubits, have been made. There are many challenges. First, even buiiding
one qubit and keeping it isolated is hard. Keeping 

.:::

H:Tli.:"t':1f,ffi:ff il':T:1,i";'lf"lli:T1 rF$,g.wuTERs THAT y'u
accurate and reproducible results - *"ry ti*"'f* -..P-VlL^D-t[E-qU$lTqM,multiply 3 by s you want to get the right answer THFry SPIES 0F ALL FACTI0NS
Joining several qubits together compounds the WILL WANT'EM.
complexity. And as the qubit arrays grow larger, [lUR C0DES WILL A[[ FAlL,
the difficulty of controlling the whore assembly AND THEY'LL READ [lUR EMAIL,
escalates. The possibility of stray interactions rises TILL WE'VE CRypT0 THAT'Sandaccuracysuffers. 

oUANTUM, AND DAUNT'EM.*
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Shor :

As the silicon-chip technology of traditional computers reaches its limit,
we can look forward to quantum techniques that will deliver a whore new
level of power. A quantum computer could simulate just about anything and
could even be key to creating an artificialy intelligent machine.

By performing so many calculations simultaneously, quantum computers
are in effect doing mathematics across many parallel universes, rather than
on parallel machines. Like shor's function, new types of algorithms will
be needed to exploit this power. But the source of a quantum computer,s
strength is its weakness. Because they are so sensitive to the environment
they are fundamentally fragile.

lff 
'ft't 
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Truly parallel computing
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henever you check your bank account online or send an email

across the internet your computer exchanges messages in a

scrambled format so that no one except the recipient can read

them. The letters and numbers are transformed into a coded message, which

is then reassembled at the other end, using a key to translate it'

Codes have long been used as a way to prevent people from prying. The

Roman Emperor Julius Caesar used a simple cipher to pass on his messages:

merely swapping one letter for another. Replacing each letter with one two

places to the right in the alphabet would turn the message'HELLO'into the

inscrutable 'JGNNO-'.

In the second world war the Nazis built machines to automate the coding

process for their secret communications. The most sophisticated device,

Iooking a bit like a typewriter, was called Enigma. The beauty of using a

machine to encode sentences was that the precise matching of the letters

from the original to the encrypted version depended on how the particular

1$,fi$..,,'',' : :,,, i -,..,1O$:8,,,,',.,,'r';',;,r.,

EPR paradox suggested Turing starts work.at
Bletchley Park on decoding

r982
Alain Aspect proves quantum
entanglement takes Place
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machine was built. There was no simple rule an interceptor could follow -
you had to have a matching machine to unravel the cod.e.

British mathematicians working at Bletchley park, the I KNEW THAT THE DAygovernment's secret code-breaking estabtishment, including 0N WHIGH f 5iOUfOAlan Turing, famously managed to beat Enigma by working out 
BE AB1E T0 SEND FUttthe probabilities of certain combinations of letters occurring. For

the'HE[to'message above Turing mrght have spotted that the MESSAGES WITH0UT

double'NN'is likeg to be'Lf or maybe 'EE'or'oo'. With enough WIRES 0R CABLES

words,thecodecouldbecracked.TheGermannoteshedeciphered ACR0SS THE ATIANTIC
atBletchleyturnedthecourseofthewarinfavouroftheAllies. WAS N(lT FAR DISTANT.

{, lr gi ir:i ritct l\f iI ii tii-r i
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As communications technologies have advanced, more and more complicated
codes have been needed. Even machine-based ones are not immune. For a
shatterproof code you ideally need a one-off and random mapping from one
letter to the coded one. If the reader has the same key to the code then they
can translate the message.

Keys are often used in one of trvo ways, known as public- and secret-key
cryptology. In the first case, the sender picks two linked keys. one she keeps
to herself, the other she makes public. Just like passing mail through a metal
mailbox with two doors, anyone can send mail to her using the partial code
for the public key. But only she has the second key with which to completely
decode it. The second method uses one key, which must be shared between
two people wishing to have an exchange. In this case the code is only secure
as long as the key is kept secret.

Neither method is fail-safe. But some quantum tricks can shore them up.
Publicly shared keys must be enormously long to thwart systematic attempts
to crack them. But this slows down the encryption and deciphering processes.

tgg8
Entangled photons carried
to km across Ceneva

2007
Entangled photons carried
t44km across Canary lslands
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The faster computers get, the longer the keys must become. When quantum
computers become feasible, most public-key codes could be cracked quickly.

The problem with the secret key approach is that you must meet the person
whom you are communicating with to exchange a key. Youd have to send

a message containing information about the key, and that message could
be compromised or eavesdropped upon. O_uantum physics offers a solution.

ffi{$&ffiT$.Jffi Hfrld$

You could sendyourkeyusing photons.Amessage inbinaryformat - a string
of os and 1s - can be passed along using photons with two polarizations,
vertical and horizontal. And quantum uncertainty can be roped in to encrypt
this information.

Imagine two people wishing to pass a message. Anne fi.rst carves her binary
message onto a set of photons by setting their polarizations. To send the
message privately she then scrambles the message. This can be done by
sending the photons through a randomly chosen set of orthogonal filters,
each able to measure two orthogonal polarization directions but oriented
at 45 degrees to one another (+ or x). Each photon now has four possible
polarization states - vertically, horizontally, angled left or angled right.

Anne's correspondent Bert now receives these scrambled photons. He too
picks one fiIter for each and records what he measures. Thus far Bert just
has a seemingly random set of observations. But the quantum magic comes

when Anne and Bert compare notes. Bert tells Anne which fiIter he's used for
each photon; Anne tells him if it is correct or incorrect. This information is

enough for Bert to translate the binary message.

As only Bert knows the results, any third party can't fi.gure out what the
pair are talking about. Even better, if the eavesdropper tries to intercept the
photons, quantum mechanics tells us that they will change the particles'
properties. So Anne and Bert's comparison would throw up discrepancies -
then they'd know that someone had been listening in. .

i

I
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Quantum cryptography holds a lot of promise.
But it is still a method firmly on the drawing
board. Messages have been transmitted but over
relatively short distances. The main problem is
that any photon will interact with many other
particles along the way and can lose its signal.

A way around this information degradation is to
employ quantum entanglement. An individual
photon needn't run the gauntlet and travel
kilometres to its destination - it is enough that
the receiver has a coupled photon whose
properties are entangled with the sender's
partner particle. When the sender changes

Rotated filters ca n be used to encrypt
information in photons.

the state of her photon, the entangled partner simultaneously flips into a
complementary state. so Bert could derive the message by adding a step that
took into account quantum rules.

rnzooT Anton Zeilinger and his team in Austria managed to send messages
over r44 km between two canary Islands using entangled photon pairs
- a feat known as quantum teleportation. The photons have opposite
polarizations, set by coupling the particles at some point. Zeilinger's group
managed to transmit information via an optical cable by manipulating one
photon, and watching its entangled partner at the other end.

Hffi"cm ffiffiH#ffiffiffigffiffiffi# $#mm

Scrambled messages
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rom si.licon chips to germanium diodes, much modern electronics is

built around the semiconductor industry. Semiconducting materials
normally don't conduct electricity - their electrons are locked within

the crystal lattice. But if given an energy boost, electrons can be set free to
roam within the crystal and carry a current.

The energy that the electrons need to gain to reach that mobility threshold
is known as the 'band gap'. If the electrons exceed the gap energy then they
become free to move, and the material's electrical resistance drops quite
quickly. It is this flexibility - lying between insulators and conductors -
that makes semiconductors so valuable for making controllable electronic
devices.

Most conventional electronic components use relatively large chunks of
semiconducting material. You can place a silicon chip on your palm, or solder
a new resistor into a radio. But in the r9Sos physicists found that tiny pieces

of these elements behave in unusual ways. Quantum effects kick in.

N9[5 ,'
Pauli's exclusion
p rincip le

1 g8r

Alexei Ekimov publishes on
quantum size effect

r983
Louis Brus publishes quantum
size effect of semiconductors
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I;. THE WHOLE VISIBLE
WtlRLD IS BUT AN

IMPERCEPTIBLE

SPECK IN T1IE AMPLE
B(lS(lM tlF NATURE.
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Tiny fragments of semiconducting elements like silicon,
comprising just a few tens or hundreds of atoms, are known as
'quantum dots'. They are around a nanometre (a billionth of a
metre) across, about the size of a large molecule.

Because they are so small, the electrons within a quantum dot
become correlated due to quantum connections. In essence,

the whole ensemble starts to behave like one entity. They are
sometimes known as'artifi.cial atoms'.

Because they are fermions, owing to the Pauli exclusion principle, each
electron must occupy a different quantum state. A hierarchy of electrons
results, giving the quantum dot a set of new energy levels, a bit like the many
orbitals in a single atom.

When an electron jumps up in energy, it leaves behind a'hole'in the lattice,
which relatively speaking is positively charged. The electron-hole pair
is analogous to a hydrogen atom (a proton and an electron). And, like a

Many biologisLs use chemical dyes, some fluonescent, to tr-ack
changes in onganisms dur-ing laborator-y experiments or in the wild.
Some rave downs oes For- example Lrey nay oeueriorate ou c(ly
and disappean on fade. Quantum dots offer- some advantages.
Because they ane not chemically neaclive, they per^sist for- longen.
And as the light they emit spans a narnow nange of fr-equency il
can be prcked up mor-e neadily against the backgr-ound through
appnopriate frlter-s. Quantum dots can be tens of times br-tghler-
and a hundned times mor e stable than tnadilional dyes

r.s88
Mark Reed names'quantum
dots'in a paper

199il''' -' "'' ''
Researchers make
silicon glow red
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When a semiconductor- shar-d's

size is close to the width of the
wavefunction ol an electron,
quantum effects stant to dominaLe

Quantum dots then act like a sinqle
molecule and thein enengy bands
shrft in response. This rs known as
quanLum confrnemenl.

Electrons can jump up into higher

energy levels when they are free to
move.This is how quantum dots glow

hydrogen atom, the quantum dot can absorb

and emit photons as electrons jump in
energy. The quantum dot starts to glow.

The average energy spacing on the ladder of
quantum states depends on the size of the
dot. So the frequency of the light given off
does likewise. Larger dots have more closely
spaced energy gaps and glow red. Small dots

glow blue. This opens up a range of uses

for quantum dots as light sources, markers
and sensors.

#iltTs i1[ d,f#ffifli

Physicists have long sought to make silicon
emit light. Silicon is used in solar panels, for
instance, because capturing ultraviolet light
makes it start to conduct and causes electricity
to flow. But the reverse seemed impossible,
until in r99o European researchers made

a small piece of silicon glow red due to its
quantum behaviour.

@
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Since then, researchers have pushed silicon to
glow green and blue. Blue light is especially

valuable, as it is normally difficult to achieve without extreme laboratory
conditions. O_uantum dots may form the basis for new sorts of blue lasers.

Silicon- and germanium-based dots now span the spectrum from infrared to
ultraviolet wavelengths. Their luminosity can be tuned precisely and easily,

simply by varying their size. Quantum dot technology can be used to make
light-emitting diodes (LEDs), which are being pursued as a low-energy source

of lighting as well as in television and computing screens. Dots may one day
be used as qubits for quantum computing and cryptography. Because they
act like individual atoms, they can even be entangled.



OUANTUM D{]TS

:ll'

,,'.* THE HIST(IRY tlF SEMICI|NDUCTIIR PHYSICS IS
NtlT (lNE (lF GRAND HER(IIC THEIIRIES, BUT tlNF tlF

PAINSTAKING INTETLIGENT LABtlR. ;
tilrr.t Br,'.r:t t?91

O_uantum dots can be used as biosensors - detecting harmful chemicals or
agents in the environment. They are longerJived than fluorescent chemical
dyes and emit light of a more exact frequency, making them easier to detect.
Dots can also be used for optical technologies, such as very fast switches and
logic gates for optical computing and for signalling down optical fibres.

How are quantum dots made? Most semiconductor devices are made by
etching away a large sheet of material such as silicon. Quantum dots are
instead assembled atom by atom. Because they are built from the bottom
up, their size and structure can be precisely controlled. Quantum dots may be
grown as crystals in solutions. They can be produced in bulk, ending up as a

powder or particles in a solution. As well as silicon and germanium, dots are
often made from alloys of cadmium and indium.

Some researchers are connecting up several quantum dots to make
microscopic structures and circuits. The networks are linked by minuscule
quantum wires. But the wires must be carefully made and attached to
preserve the quantum state of the dot. They may be formed from long, thin
organic molecules bonded chemically to the dot's surface. In this way lattices,
sheets or other arrays of dots can be constructed.
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! n r9rr, the Dutch physicist Heike Kamerlingh Onnes was examining the

I properties of supercooled metals. He had worked. out a way to cool helium
! to tf," point at which it becomes a liquid, a chilly 4.2 kelvins (above

absolute zero,-z73oC, the lowest temperature possible). By bathing metals
in liquid helium, he could investigate how their electrical behaviour altered.

To his astonishment, when he placed a test tube of mercury into the liquid
helium, the metal's electrical resistance plummeted. Mercury is normally a

liquid at room temperature (around 3oo kelvins); at +K it becomes solid. In
this supercold state, mercury is perfectly conducting - its resistance is zero.

Solid mercury is a'superconductor'.

Other metals such as lead, niobium and rhodium were soon found to
also be superconducting, although common materials used for wires at
room temperature, namely copper, silver and gold, are not. Lead becomes

superconducting at 7.zK,and the other elements that do so each have a
characteristic 'critical temperature'below which their resistance vanishes.
The electrical currents that flow through superconductors never slow
down. Currents can run through a supercooled lead ring for years without
losing any energy. At room temperature, by contrast, they quickly decay. In
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superconductors the resistance is so low that currents could run for billions
of years without weakening. euantum rules prevent them from losing
energy - there are no viable states by which they can do so.

il'q Fl.fq$ Fi i Fd ffi # gi Fil ffi i: ff ru ffi *i ilTfl tr H

The development of a full explanation for superconductivity
took many decades. In r957 three US physicists, John Bardeen,
Leon Cooper and John Schrieffer, published their,BCS theory,
of superconductivity. It described how electron motions within
a superconducting material become coordinated, so that they
act as one system whose behaviour can be described using the
equations of waves.

Metals are made up of a lattice of positivery charged ions surrounded by a
sea of electrons. The electrons are free to move around the lattice, prod.ucing
electric current as they do so. But they must overcome forces that resist their
movement. At room temperature, atoms are not still. They jiggle around. so
moving electrons must dodge the jostling ions and may be scattered when
they crash into them. These collisions produce electrical resistance, stalling
the current and shedding energy. At supercold temperatures, the ions do not
jiggle around as much. so the electrons can travel further without bouncing
off. But this alone doesn't explain why the resistance drops suddenly to zero
at the critical temperature, rather than declining slowly.

A clue as to what is going on is that the criticar temperature scales with the
atomic mass of the superconducting material. If it was simpry due to erectron
properties that would not be the case, as all electrons are effectively the same.
so heavier isotopes of mercury for instance, have a slightly rower criticar
temperature. This hints that the entire metal lattice must be involved _ the
heavy ions are moving as well as the electrons.

THUS THE MERCURY AT
4.2 K HAS ENTERED A NEW
STATE, WHICH, tlWING
T(l ITS PARTICULAR

ELECTRI GAL PRtl PERTI ES,

GAN BE CAttED THE STATE

tlF SUPERCtlNDUCTIVITY.
' : r. ' .1. ,.C . ,..

,re,
198S

3o K critical temperature
reached

ls8? ,

Liquid nitrogen
limit broken



{lUANTUM APPLICATI{lNS

lf a small magnet is bnought up t,o a
superconductor', it wiil be repelled due to
the Meissner- effect. The superconductor
essert atlV acrs like a rragnetic m:rr^or-

cr eatrng opposing frelds on it,s sur-face that
pusl- tre 'nagneL away. This can lead ro tl-e
magnet floating above the supenconductor's
srrface - magneLic lev L,atior. Such pl-ysics
could be the basis for magnetic levitation, or
'maglevl systems fon Lransport. Trarns built
on rragret ic bases could hoven and f y above
supe'coroLCLing rails wrLhouL fr- ctior.

The BCS theory supposes that the electrons
hold hands and begin a sort of dance. The

lattice's own vibrations give the electron
waltz its timing. The electrons form loose
pairs - known as Cooper pairs - whose
motions are tied.

Electrons are fermions, which would
normally be prevented from lying in
the same quantum state by the Pauli
exclusion principle. But when paired, the
superconducting electrons behave more
like bosons and can inhabit similar states.

The ensemble's energy lowers as a result.
An energy'band gap'above them acts as

a buffer. At very cold temperatures, the
electrons don't have enough energy to break free and push through the
Iattice. So they avoid the collisions that cause resistance.

The BCS theory predicts that superconductivity breaks down if the electrons
acquire enough energy to jump the band gap. In agreement, the size of the
band gap has been shown to scale with the critical temperature.

As well as having zero resistance, superconductors have another weird
property - they cannot hold a magnetic field within them. This was
discovered in 1933 by Walther Meissner and Robert Ochsenfeld, and is
known as the Meissner effect. The superconductor expels magnetic fields by
creating currents on its surface that exactly cancel what would be present
inside it if it were a normal conductor.

ffitrTT$ffiilq W&ffiri#ffitt

In the r96os the race began to try to find new types of superconductors.
Physicists wanted to find superconductors with high critical temperatures,
which could be used more widely. tiquid helium is difficult to make and
maintain. Liquid nitrogen, which sits at 77 K, is much easier to handle



and produce. physicists sought materials that could work at
temperatures which can be reached with liquid nitrogen.
Superconducting materials that work at room temperature are the
ultimate goal, although we,re still a long way from that.

Superconducting alloys, such as those of niobium and titanium
and niobium and tin, were found to be superconducting at slightly
higher temperatures (ro and rg K respectively) than theiiraw
elements. These were used to make superconducting wires, which
were used to build strong magnets, which courd be used for particle
accelerators.

A further prediction by the British physicist Brian Josephson red to a string
of new devices. Josephson worked out that current courd be made to flow
through a sandwich of two superconductors separated by a thin layer of
insulator. The electric energy could quantum-tunnel through the sandwich
filling - forming a Josephson junction. These are sensitive enough to measure
tiny magnetic fields a billion times smaller than our Earth,s.

In 1986, Georg Bednorz and Alex Mriller discovered types of ceramics that
could superconduct at 3o K, a big step forward. These were made from brends
of barium, lanthanum, copper and oxygen (cuprates). This was unexpected
because ceramics are usually used for insulators at normal temperature - as
protectors on electrical pylons and substations, for instance.

A ceramic containing yttrium instead. of lanthanum was found a year rater
that became superconducting at around 9o K. This broke the liquiinitrogen
limit, making it economicany feasible to use and ushering in a new scramble
to find other high-criticar-temperature superconductors. Today they have
exceeded r3o K, but none is useful at room temperature.
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Particles come in two types - bosons and fermions - according to whether
they have integer or half-integer values of quantum spin. Bosons include
photons, other force carriers and symmetric atoms such as helium (whose

nucleus comprises two protons and two neutrons). Electrons, protons and
neutrons are fermions.

According to Pauli's exclusion principle, no two fermions can exist in the
same quantum state. Bosons, on the other hand, are free to do what they like.
In t924, Albert Einstein wondered what would happen if many bosons got
together into a single ground state, as if they were crushed into a quantum
black hole. How would this community of clones behave?

Satyendra Nath Bose, an Indian physicist, had sent Einstein a paper on the
quantum statistics of photons. Einstein thought the work so important
that he translated and republished Bose's paper in German, and set to work
extending the ideas to other particles. The result was a statistical description
of the quantum properties of bosons, which are now named after Bose.
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B(ISE-EINSTEIN S(}NOENSATES ...

Bose and Einstein imagined a gas made of bosons. Just as atoms in a
vapour take on a range of energies around an average speed that depends
on the temperature of the gas, so the bosons would adopi a range of
quantum states. The physicists derived a mathemati.ar e*p."iior,
for this distribution of states, now known as Bose-Einstein statisticS, , FR(lM A CERTAIN
which applies to anygroup of bosons. TEMPERATURE 0N,

THE MI}TECUTES
Einstein then asked what would happen if the temperature was "C[|NDENSH'WltHOUt
dropped. The bosons woutd all sink in energy. Eventually, he reasoned, ATTfiACTIVE F0RCES,most of them could 'condense'into the towest possible energy state. fHAf i$, fiftV-'In theory, an indefinite number coutd sit at this minimurn*energy, ACCUMULATE AT ZERIforming a new type of matter that we now calr a Bose-Einstei
condensate. If made of many atoms, condensates could exhibn 

vEt0clTY' THE THE0RY

quantumbehaviouronagrandscale. 
oensates could exhibit 

!|.$!TIYalqT ls
THENE ALS(I StlMEsEitrtr*{f$_ff$#s TRUTH T0 lT?

creating aBose-Einsteincondensate gas inthelaboratoryhadtowait /rlbt t l F'r.lc'
until the r99os. Meanwhile, insights came from studies of helium. 

i()14

Liquid helium condenses at a temperature of around 4 kelvins. As pyotr
Kapitsa, lohn A]len and Don Misener discovered in r93g, if herium is cooled
even further to around z kelvins, it starts to behave very strangely. Just as
supercooled mercury suddenly becomes superconducting, hquiJ hehum
starts to lose its resistance to flow.

The liquid helium becomes a 'superfluid'with zero viscosity. Fritz London
proposed Bose-Einstein condensation as a possible mechanism for this
strange behaviour - some of the helium atoms have dropped down
collectively into the rowest energy state, where they are not susceptible to
collisions. But, being a liquid rather than a gas, superfluid helium doesn,t
quite fit Einstein's equations well enough to test London,s proposal.

rg95
First gaseous BECs
made in lab
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Satyendr'a Nath Bose was bonn in Kolkata,
Lhen Calcutta, in West Bengal, India. He

studred mathematrcs, gnaduating with a

masten's degnee in 1913 with the highest
manks even attained at the Universily of
Calculta in 1924, Bose wnoLe an inflr-ienlial
papen pnesenling a novel way of deniving Max
Planck's law of quantum radialion. lt stanted
the field of quantum statrstics and got the
eye of Alberl Einstern, who tnanslated it into
Genman and republished it. Bose iryonked

in Europe fon sevenal yeans with Louis de

Br-oglie, Manie Cur-ie and Einstein, befone
r-etur-ning in 1926 to the Unrvensity of Dacca
in Bengal, whene he set up labonator-ies to
do X-r-ay cryslallogr-aphy. After- lndia was
partilioned, Bose returned to Calcutta. He

devoled much time Lo pnomoting the Bengali
language. Bose neven won Lhe Nobel Pnize

When asked about thal, Bose said,'l have got
all Lhe necoqricion deser-vp.'

It took a long time for physicists to
develop the technologies needed to make

a gaseous condensate in the laboratory.

Getting so many particles into one

quantum state isn't easy. The particles

involved must be quantum-mechanically
identical, which is hard to achieve for
entire atoms. The best way forward is to

make a dilute gas of atoms, cool them to
extremely low temperatures, and bring
them close enough together so that their
wavefunctions overlap.

Atoms cannowbe cooled,byholdingthem
within magnetic traps and firing lasers at

them, to temperatures of just billionths of

a kelvin (nanokelvins).In 1995 Eric Cornell

and Carl Wieman at the University of
Colorado at Boulder managed to create

the first Bose-Einstein condensate using

around z,ooo rubidium atoms at just

17o nanokelvins.

A few months later, Wolfgang Ketterle at MII who later shared the Nobel

Prize with Cornell and Wieman, followed suit with sodium atoms. By using a

hundred times more atoms, Ketterle was able to reveal new behaviour such

as quantum interference between two condensates.
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There is now a great deal of research being done on Bose-Einstein

condensates and superfluids, which is revealing their strange properties.

When condensates and superfluids are stirred or set in rotation, vortices or

whirlpools can emerge. The angular momentum of these eddies is quantized,

coming in multiples of a basic unit.
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When condensates grow too large they become unstable and explode.
Bose-Einstein condensates are thus very fragile. The slightest interaction
with the outside world, or any warming, can d.estroy them. Experimenters
are exploring ways to stabilize atoms so that larger condensates can
be assembled.

one factor is the natural attraction or repursion of atoms. lithium atoms,
for instance, tend to attract one another. so condensates built from them
suddenly implode when they reach some threshold size, simultaneously
blasting out most of the material, just like a supernova explosion. Isotopes of
atoms that naturaly reper one another, such as rubidium-g7, can be used to
build more stable condensates.

Condensates and superfluids can be used to slow light to a hart. In 1999 the
Harvard university physicist Lene Hau brought 

" L""* of laser light to a
crawl, and rater to a complete stop, by shining it through a glass cen fiiledwith ultracold sodium vapour. The condensate effectively tries to pun the
incoming photons into its state, dragging on them until they stop.

Hau turned down the laser's brightness, until there were no photons left
in the condensate. yet the spins of the photons remained imprinted in the
sodium atoms. This quantum information can then be freea Uy shining
another laser beam through the cell. Information can thus be transmitted
by light but stored on and retrieved from ultracold atoms. so Bose-Einstein
condensates might be used for quantum communication one day.
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Quantum mechanics governs the cold and probabilistic world of the atom.

But how important is it in the natural world? On the one hand, quantum
mechanics must operate to some extent at the level of individual molecules

in plants or the animal or human body. But it's difficult to imagine how
quantum wavefunctions remain coherent among the messy goings-on of a

cell or in a bacterium.

,. CHR[|M(|S[|ME
STRUGTURES . . .
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AND BUILBER'S
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The Austrian physicist Erwin Schrodinger was one of the first to
discuss quantum biology in his tg44book What Is Life?. Scientists

today are making discoveries that suggest that quantum
mechanics does play a part in important natural phenomena.

Birds may apply their quantum skill to sense the Earth's magnetic
field and use it for navigation. Photosynthesis, the vital process by
which organisms convert water, carbon dioxide and sunlight into
fuel, may also hinge on subatomic processes.

When sunlight hits a leaf, photons crash into chlorophyll
molecules. The chlorophyll absorbs the photon's energy, but must
then channel that energy towards the chemical factory part

of the cell that is busy making sugars. How does the cell know how to
do this efficiently?
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Schrodinger publishes
What ls Life?

2004
Free radical model proposed
for avian compass
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Quantum waves seen in
photosynthesizing bacteria
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The photon's energy spreads as waves across the plant cell. Just as the theory
of quantum electrodynamics describes interactions between photons and
matter in terms of combinations of all possible paths, the most probable
route being the outcome, so the transmission of energy through the leaf cell
can be described as a superposition of waves. In the end, the optimal pathway
draws the photon's energy to the chemical reaction centre of the cell.

Teams of chemists at the University of California, Berkeley, and elsewhere
have found experimental evidence to back up this idea in recent years. By
firing laser pulses at photosynthesizing cells within bacteria, they identified
waves of energy flowing across the cell. These waves behave in concert, and
even exhibit interference effects, proving that they are coherent. AII this
takes place at normal ambient temperatures.

It is an open question as to why these coordinated quantum effects are not
quickly disrupted by all the chemical goings-on within cells. The chemist
seth Lloyd has suggested that random noise within the cell environment

w

ln 1944 Erwin Schr-odrnger- published a

popular- science book called What ls Life?.
ln rt he summanized the lessons physics
and chemistry held for- biology, based on a
senies of public lectur-es he gave in Dublin
Schr-odinger believed that her-editar-y
infor-mation was held in a molecule, stor-ed
in its chemical bonds. [Genes and the r-ole
of DNA in repr-oduction were unknown at
the time ] The book begins by explaining

20t0
Quantum coherence measured at
room lemperature in bacter,a

how onder comes out of disor-der'. Because
life nequir-es onder, the maslen code of a

Iiving onganism needs to be lengthy, made
ol lots of atoms, able to be anr-anged.
Mutations come fnom quantum leaps.
The book concludes wrth his musings on
consciousness and fnee will Schrodinger
believed thal consciousness is a state
that, rs separaLe fnom lhe body, although
dependenl on it,
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Entanglement proposed
in avian compass
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can actually help the photosynthesis process along. All the jostling stops the
wave energy from becoming locked at particular sites, gently rocking it free.

ffi8"$erdT#nw s#fl*s{ruffi

O_uantum effects are also important in other reactions within cells. Quantum
tunnelling by protons from one molecule to another is a feature of some

reactions catalysed by enzymes. Without the addition of a helping hand
from quantum-mechanical probability, the proton should not be able to
jump the energy barrier required. Electron tunnelling might also lie behind
our sense of smell, explaining how receptors in our nose pick up biochemical
vibrations.

Migrating birds take their cues from the Earth's magnetic field. Photons
striking a bird's retina activate a magnetic sensor. The mechanism by which
this happens isn't precisely known, but one possibility is that the incoming
photon creates a pair of free radicals - molecules with a single electron
outstanding, which makes it react easily with other molecules. The quantum
spin of these extra lone electrons may align with the magnetic field.

The molecules react with others in different ways depending onthe electron's
spin, so conveying the direction of the geomagnetic field. Some chemical is
made if the system is in one state, but not when it is in the other. So the
concentration of the chemical can communicate to the bird the direction of
the Earth's magnetism.

Simon Benjamin, a physicist at the University of Oxford, has proposed that
the two single electrons attached to the free radicals could also be entangled.
So if the molecules become separated, their quantum spin states remain
linked. Researchers have suggested that entanglement could be maintained
for tens of microseconds in a bird's inner compass, much longer than in
many'warm and wet' chemical systems.

Quantum mechanics could assist other animals and plants with directional
sensing. Some insects and plants are sensitive to magnetic fields. For
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example, the growth of the flowering plart Arabidopsis thaliana is inhibited
by blue light, but magnetic fi.elds can modify that effect, perhaps also
involving the radical-pair mechanism.

Quantum skill confers many advantages to organisms. It seems to overcome
nature's tendency for disorder and operates at ambient temperatures, unlike
many situations in physics that require extreme supercooled environments.

The question of how or whether such skills evolved is unanswered. Scientists
don't know if quantum effects are favoured by natural selection, or ifthey are
an accidental by-product of the close-packed systems from which organisms
are formed. One day it might be possible to compare molecules from species
of algae, for instance, that evolved at different times to look for evolutionary
changes over time.

Should scientists learn more about quantum effects in organisms, they
could generate exciting new technologies. Artificial photosynthesis could
be a radical new power source, perhaps leading to very efficient new forms
of solar cells. Quantum computing might also benefit from understanding
how biological systems avoid decoherence.
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ith its tangled networks of neurons and synapses, the brain is one
of the most complex systems known. No computer can match its
processing power. Could quantum theory explain some of the

brain's unique qualities?

There are two main differences between the brain and a computer - memory
and processing speed. A computer has a far bigger memory than the brain
- a hard disk can be almost infinitely large. But the brain wins hands down
at speed learning. Humans can spot a person in a crowd a lot quicker than
any automaton.

The brain's processing power is hundreds of thousands of times greater than
the most advanced computer chips. Yet signals in the brain are transmitted
at a relative snail's pace - up to six orders of magnitude slower than digital
signals. As a result of these different speeds, the brain has a hierarchical
structure, built up from many layers that talk to one another. Computers

fr
Turing publishes paper on publishes quantum
com puta bility gravity idea of consciousness
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have essentially one layer, churning through milions of calcurations to beat
human grandmasters at chess, for instance.

ritl li S i:' [i i j :; ii titili
How might computations in the brain give rise to consciousness? It,s hard
to define what consciousness is exactry. But it is how we experience life.
we have a sense of the present - living in the now. And we have a sense of
the passage of time - the past. our brain stores memories, and we assign
patterns to them to give meaning. we can make simple predictions about
the future, through which we make decisions.

Many physicists, including the quantum pioneers Niers Bohr and Erwin
schrodinger, have thought that biological systems, incruding brains, might
behave in ways that are indescribable using crassicar physia. As quantum
theory developed, a number of ways of creating consciousness have been

One of t.he frnst people to tr-y to quant.ify
how the br-arn handles infor.mation
was the Br-itish maLhematician Alan
Trring. Now r--.cognized as the father- of
computtng, in 1936 be published a famous
paper pnoving that it was possible to
build a machine to handle any caiculation
that could be expressed as a series of
rules, an algor-ithm. He tried to imagine
the br-ain as a sont of computer-, and
wondered by what nules it worked.
Tuning proposed a test of artifrctal
intellrgence, now known as the Turincr

test, as follows A computer could only be
considered inlelligent if it could answer anv
question in such a way that it colld not be
distinguished fnom a human.

ln 2011, a computer called Walson came
close 0n the US television quiz show
Jeopardy! the machrne beat Lwo human
corl-o-tat1 s mo.itg setse o. a f osL of
Fng ish-language colloquialisms, metaphons,
puns and jokes to bag the prize. Walson
was pnoof of a concept for ar-tiftcial
intelligence researchens But its logrcal
system is qutte unljke the human brain

& 1999
Tegma rk suggests decoherence ma kes
quantum states impossible in the brain
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. I REGARD C(INSCIIIUSNESS AS FUNDAMENTAL. I REGARD MATTER
AS DERIVATIVE FRtlM CIINSCIIIUSNESS. WE CANN(lT GET BEHIND

C(INSCI(IUSNESS. EVERYTHING THAT WE TAIK ABOUT, EVERYTHING THAT WE
REGARD AS EXISTING, POSTULATES C(lNSCI(lUSNESS.

Idtx Pi;ril, k,,gj:

proposed, from collapsing wavefunctions to entanglement. But we are still
far from learning exactly how this works.

David Bohm asked what happens when we listen to music. As the tune rolls
along,we retain a memory of its evolving shape and combine that recollection
with our sensory experience of the present, the sounds, chords and feelings
of the music we are hearing now. It is this blend of the historical pattern with
our canvas of the present that is our experience of consciousness.

Bohm argued that this coherent narrative stems from the underlying order
of the universe.lust as photons are both waves and particles and we observe
one form under different circumstances, so mind and matter are projections
onto our world of a deeper order. They are separate aspects of life: being
complementary, looking at matter tells us nothing about consciousness,
and vice versa.

ffi$J.&fldT'#F*$ ffiffi,$fi*d $',iA f;S

In r989, the Oxford mathematician and cosmologist Roger Penrose published
one of the most controversial ideas for how consciousness arises in The

Emperor's New Mind. Penrose revisited Turing's ideas and argued that the
human brain is not a computer. Moreover, the way it operates is fundamentally
different and no computer could ever replicate it using logic alone.

Penrose went several big steps further, by proposing that consciousness is
Iinked to fluctuations in space-time due to quantum gravity. Most physicists
didn't like it - why should quantum gravity apply to a soft, wet, gelatinous
brain? The artificial intelligence community didn't like it, as they believed
they would one day build a powerful brain simulator.
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Penrose didn't know exactly how or where the brain handled these quantum
gravity effects. He teamed up with the anaesthesiologist Stuart Hameroff to
extend the model, elaborated in Penrose's 1994 book Shadows of the Mind.
The conscious mind, they suggested, was made up of many superposed
quantum states, each with its own space-time geometry. The states decay
as events unfold, but they don't all do so instantaneously. This momentary
awareness is our feeling of consciousness.

O_uantum gravity acts at very tiny scales, smaller than a neuron. Hameroff
suggested that this could take place in long tubular polymer structures
that lie within neurons and other cells, called microtubules. Microtubules
provide scaffolding, and they also shepherd neurotransmitting chemicals.

Bose-Einstein condensates, wavefunction collapse and the interface
between the observer and the observed have been explored as consciousness
triggers. And quantum field theory has also been explored as a means of
describing brain states. Memory states may be described as many-particle
systems, a bit like the virtual sea of particles that are associated with
quantum fi.elds and empty space. O_uantum tunnelling may help along the
chemical reactions involved in neuronal signalling.

others physicists have suggested that quantum randomness underlies
consciousness, jolting us sequentially from one mindful state to another.
Many physicists remain sceptical, though, and have queried whether
quantum states could exist in the brain for any length of time. ln a tggg
paper, the physicist Max Tegmark suggested that decoherence effects
would dissemble quantum states on a timescale much shorter than that
characteristic of brain signalling. The brain is too big and hot to be a quantum
device. So the jury is definitely out on the degree to which quantum theory
explains consciousness.

T-Fmw* $*fl$ ffi li$$flq$-Hffiffi #H e 
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Glossary

Antimatter: a complementary state to
normal matter with quantum parameters
reversed.

Atom: the smallest piece of matter that
can exist independently Atoms comprise
a nucleus (ofprotons and neutrons)
surrounded by electrons.

Baryon: elementary particle (such as a

proton) made of three quarks.

Black body radiation: Characteristic glow
of a perfectly dark substance.

Boson: particle with integer spin, such as

a photon.

Complementarity: argument that
the nature of a quantum phenomenon
depends on the way in which it is
measured.

Cosmic microwave background: weak
microwave glow coming from across the
sky, originating in the early universe.

Cosmology: the study of the history of
the unlverse.

Electromagnetism: theory that unifles
electricity and magnetism.

Electron shells: regions of space where
electrons can be found surrounding the
atomic nucleus.

Energy: the potential something has for
change; it is conserved overall.

Entanglement: correlated signals
between particles.

Fermion: particle with a half-integer
spin; no two fermions can have the same
quantum state.

Field: how force is transmitted
over distance.

Fission: the splitting of a large nucleus.

Force: a push, pull or other impulse that
causes something to change position.

Frequency: the rate at which wave peaks
pass a point.

Fusion: the joining together of
small nuclei.

Gravity: a force by which masses attract

Hadron: elementary particle made
of quarks (baryons and mesons
are subclasses).

Interference: the reinforcement or
cancellation of waves when comblned.

Isotope: versions of a chemical element
with differing numbers of neutrons.

Locality: principle that an object
is influenced only by its immediate
surroundings.

Many worlds hypothesis: the idea that
quantum events cause parallel universes to
branch off.
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Mass: a property of bulk that depends on
how many atoms or how much energy an
object contains.

Matrix: a mathematical construct similar
to a table of numbers.

Momentum: product of mass and velocity.

Molecule: two or more atoms joined
together by bonds.

Nucleus: the compact core of the atom,
comprising protons and neutrons.

Observer: in quantum mechanics, the
witness to a measurement.

Phase: the relative difference between
two waves, measured as a fraction of
wavelength.

Photon: a particle of light.

Quanta: packets of energy.

Quark: the smallest constituent of a
hadron, such as a proton or neutron.

Qubits: 'quantum bits', elements of
quantum information.

Radioactivity: the emission of particles
by unstable nuclei.

Randomness: an outcome that is purely
based on chance, such as throwing dice.

Semiconductor: a material that conducts
electricity more than an insulator but less

than a conductor.

Space-time: combination of three
dimensions of space and one of time in
relativity theory.

Spectrum: the brightness of light at a
range of frequencies.

Superconductivity: conduction of
electricity without any resistance.

Superfluid: motion of a liquid with
no viscosity.

Symmetry: similarity under reflection or
rotation or re-scaling.

Uncertainty: in quantum mechanlcs,
the idea that some quantities cannot be

known simultaneously.

Universe: all space and time; physicists'
descriptions may go beyond this when
talking about parallel universes and
string theory.

Vacuum: completely empty space.

Wave function: in quantum theory
a wave-like probability function that
describes a particle's properties.

Wavelength: The distance between wave
crests or troughs.

Wave-particle duality: idea that
quantum entities such as light can
appear as either particles or waves (see

'complementarity').
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