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2.1 Quanta

INTRODUCTION T@QUANTUM THEORY

Challenges to classical theory

At the beginningof the twentieth century many experimental observations and
theoretical problems associated with matter on theoatic scale could not be explained
by classical physicsDuring the next three decades, a new theory was developed to
explain the behaviour of tiny particles in a range of phenomena such as blackbody
radiation, the photoelectric effect, atomic spectra atite nature of light. This theory

is called quantum mechanics and is based on the notion that many physical quantities
can only exist in discrete amounts or quanta. Many of the ideas of the quanturdwor
conflict with our reallife experience, therefor they are often difficult to comprehend.
Therefore, it is important to keep an open mind and to accept that you will not always
understand everything at the first attempt.This led to the following comments from
two famous quantum physicists:

GLFYy ljd¥ YSOKIYAOad KFayQid LINRPF2dzyRf e akK201SHR
Niels Bohr

al think it safe to say that no one understands quantum mechanics
Richard Feynman

The following sections summarise the experiments and observationsglagted a key
role in the development of quantum theory. The limitations of classical physics are
contrasted with the success of a quantum mechanical approach to explaining the
observed phenomena.

« .
e z



Blackbody radiation

When an object is hdad it can radiate large amounts of energy as infrared radiation.
We can feel this if we place a hand near, but tmuching, a hot object. Whean object
is heatedit starts to glow a dull red, followed by bright red, then orange, gwlland
finally white. At extremely high temperatures it becomes a bright blukite colour.

In order to understand the observed distribution of wavelengths in the radiation
emitted by a black body, easurements were made of the intensity of the light emitted
at different frequencies (or wavelengthgnd at different temperatures.

Ablack bodyis an ideal system that absorbs all radiation that falls on At.surface that
absorbs all wavelengths of electromagnetic radiation is also the best emitter of
electromagnetic radiabn at any wavelength The continuous spectrum of radiation
emitted by a black body is call&®lackbody radiation

A useful approximation of a black body is a
smallhole leading to the inside of a hollow
object. Any radiation entering the hole is
trapped inside the cavity; hence the hole acts
asa perfect absorber. The radiation leaving
the cavity through the smahole depends

only on the temperature of the walls and ho
on the material of which the walls are made.

The distribution of wavelengths in the radiation from a cavity such as the one shown
above was studied experimentally. Fig@eshows how the intensity of radiation varies
with wavelength frequencyand temperature.
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As the temperature increaseshe amount of emitted radiation increases and the ksa
of the wavelength distributionshift towards higher frequencietshorter wavelength).

Thegraph of specific intensity againatavelength issimilar to the frequency graph but
the shape is reversed. For the wavelength distribution, $pecific inensity, |, of the
radiation emitted is defined as thpower per unit area forradiaiy 06 SG6SSy <
with units W m®3. For the frequency distributiorthe specificintensity | is defined as

the power per unit area for radiation betweehl y K ang has units W ff HZ™.

Although the definition of specific intensity used is a usefppr@ximation, it does not
take into account the solid angle.

Classical physics assuntdgat as an object is heatedts atoms (charged nuclei and
electrons) act like small harmonic oscillators, which behave as tiny dipole aerials and
emit electromagneic radiation. The @ NR WKI N2y A 0Q KSNX A YL
are also considered. The energies of the oscillators are then treated according to the
principle of equipartition of energy whicks notconsidered here.

Attempts to obtain theoreticallyhe correct blackbody graph using classical mechanics
failed.2 A Sy Qa RA & LJwasO@dhaisSeyitiwith thre gpeak shift at increasing
temperature observedt higher frequencies (lowr wavelengths). Later Lord Rayleigh
200FAY SR Iy Sl dzit lovifeguentiésbit tedtEdo infinByRabhigh
frequencies (see line on the above frequency graph). Thisrgance,called the
ultraviolet catastrophe which suggests that the energy emitted would become infinite
as the wavelength approaches zero, isaily wrong.

Ly wmdeonn tflyO]l LINRRdIAzOSR | szvoAyé Q NX5f
with the experimental curva ® tfFyoOlQa az2ftdziAzy ¢l a of
assumptiors:

1 The radiation from the cavity came from atomic oscillators in theityawalls

1 The energy of the oscillators can have only certain discrete values or is quantise

1 The oscillators emit or absorb energy only when making a transition from one
state to another

The oscillator energy is given by the expression:
E=nhf (1)
where Eis energyf is frequencyh A & t f donst@rit(863 x 10°* Js)andn=0, 1, 2....

It must be emphasised that Plak derivedthis relationshipin a mathematical way with

no justification as to why the energy shoul@ lguantised. To Planck the oscillators
$SNE LJzNSfeé GKS2NSGAOFET YR NIXIRAFOGAZY 641
WOI f Odzt I G AQYQ2lYyIPSHIAS ya2YS &SI NE thérSdfagoNS t
was reallyabsorbed or emittedn energy packets.This development marked the birth

of quantum theay.
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Photoelectric effect

In 1887 Hertz observed that a spark passed between two platese often if the plates
were illuminated with ultraviolet light. Later experiments by Hallwachs and Lenard gave
the unexpected results we are familiar withom the Higher namely:

(a) No electrons are emitted from a metal surface when illuminated waw
frequency radiation independent of light intensity e.g very bright red light

(b) Electrons are only emitted when the incident radiation is greater than a threshold
frequency

(d) The speed of the emitted electrons increases with increasing light frequelnut
not with the intensity of the light.

(c) Increasing the intensity of the light only produced more emitted electrons.

These results were surprising because it was thought that energy should be able to be
absorbed continuously from a wave irrespea of the frequency of the light. As the
intensity of the light increased, energy should be transferred to the metal at a higher
rate and the electrons should be ejected with higher kinetic energy.

In 1905 Einstein, successfully explained the photoeieatffect. Einstein proposed
that electromagnetic radiation is emitted and absorbed in small packets or photons. Th
energy of each photon is given by:

11%

E= hf (2)

where Eis the energy of a photon of radiation of frequenty Y R K A& tf I y{lQa

This proposal also explained why the number of electrons emitted depended on the
irradiance of the electromagnetic radiatmoand why the velocity of the emitted

St SOOUNRYaAa RSLSYRSR 2y GKS FTNBIljdzSyoeao LG RAR
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Bohr model of the atom

wdzi KSNF 2 NRQa &0+ (i SiNhay tHe pdifivie)Bhisdyewtghg atomwak A O |
concentrated in a space that was small in comparison to the size of the atom, which he
called the nucleus. The negatively charged electrons were considered to be in a
relatively large volume outside the nucleus. Rutherfprdposed that the electrons

move in orbits around the nucleus similar to the way in which planets orbit the sun.
This is sometimes referred to as the planetary model of the atom.

In classical mechanicshe central force ofan electronin uniform ciralar motion is
balancedby the electrostatic attractionof the nucleus However,an accelerating

negative charge should radiate electromagnetic waves. As the electron loses energy, i
should move in an ever decreasing orbit until it eventualyrak into the nucleus.
However, this does not happen. Therefore, a classical model of the atom cannot
explain whythe electronsNS Y Ay Ay 2NBAGQK 52 (GKS@& Ay 7

In the late nineteenth century attempts were made &malyse the line spectra observed
when a low pressure gas undergoes an electric discharge. Balmer found an empirical
equation that predicted the wavelengths ofgaoup of lines in theemissionspectraof
hydrogen,in 1885.

=R(z- = (3)

where<is the wavelengthRthe Rydberg constant) is an integer 3, 4, X

Otherlines in the spectrum of hydrogen were then discovered. Inlitimanseries,
the firstterm in the bracket is replaced by tHeaction 1/12, while in thePascherseries,
the fraction 1/3 is substituted for the first term in the brackeHowever there is no
theoretical basis for these equations and thegly work for hydrogen and atoms with
one electron, eg. ionised helium
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In 1913 Bohr introduced new model of a hydragn atom in which:

1 The electron moves in circular orbits around the nucleus due to electrostatic
attraction

1 Only certain orbits are allowed, in which the accelerating electron does not
radiate energy in the form of electromagnetic waves.

1 The atom emits ration when the electron moves from a permitted orbit with
higher energy to a permitted level of lower energy. The transition from a higher
to a lower level is accompanied by the release of a photon of energy. Similarly,
absorption of a photon can proate an electron from a lower level to a higher
level but only if the energy of the photon is exactly equal to the energy
difference between the two levels.Transitions between energy levels give the
characteristic lie spectra for elements studied in theigher.

Bohr postulatedhat in theallowed orbits theangular momentum othe electron is
guantised and equal tan integral multiple ohk H = Y

mvr= nh (4)

wherem is the mass of the electroryis the speed of the electron in its orbit, r is the
orbital radiushA @ t f I y Ol Qanis@8 iyitadgérl1y2iX | y R

Thus for any specific orbit we can calculate theadius of that orbit given the
tangential speed or vice versa.

Theoretical aside

For the hydrogen atom with a single electron, massrevolvingaround a proton (or
more correctly around the centre of mass of the system), we can assume the proton is
stationary since it is 2000 times bigger.

Hence, equating the electrostatic force and centripetal fonsg//r:

1 &€ _my?’

- = 5
4o er? 1, )

where s, is the permittivity of free spaefor the nth orbit.




Equations (4) and (5) can be solved simultaneously to give:

21,2 2
n’h 5 and Vv, :ie_ (6)
pme &, 2/

Forthe nth orbit.

Calculating; for the radius of the first Bohr orbitises data given in assessmemasnely
h, me, €% o, &nd gives; = 5.3 x 16 m.

These equations give the values of the radii for tten-radiating orbits for hydrogen
and the value ofn was called theguantum numberof that orbit.

Equaions (6) and the derivationar2d dzi 6 A K G KS | NN y3aSYSyda |[odz

and the centripetal force are included.

(TheHartree atomic unitsised in atomic physics hawe=me =hk H ~1 with c = 137
and the radius of the first Bohr orbit = 1 Bohr.)

Worked Example

For the hydrogen atom, calculate the velocity of an electron in the first Bohr orbit of
radius 5.3 x 18' m. (The electronic mas®.and h are given data for learners.)

Using mvr:% with n = 1 we obtainv=2.2 x 16 m s,

NoteY . 2KNXa (GKS2NB 2y f{ éneelddidh,edthe hydogdn fitom af 2 Y
ionised helium atom. Equation (4) is on the data sheet for Advance Higher Physics.

However, as mentined above, the idea of energy levels can be extended to all atoms,
not just hydrogen.

So this theory is not complete since it did not allow grgdiction of energy levels for

any specific element nor did it explain why angular momentum should be gsadtor

why electrons in these orbits did not radiate electromagnetic energy! Another question
gl asys WogKFG KFELIWISya RdZNAYy3I || N yaAGA2YyKQ
Quantum mechanics shows that we cannot describe the motion of an electron in an
atom in this way.
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Wave particle diality

The Higher course introduced the idea that light has both particle and wave like
properties. When light (in the form of electromagnetic radiation) interacts with
matter, as in the photoelectric effect and Compton scattering, it behaves as acparti
In contrast, when light (and other electromagnetic waves) exhibits interference and
diffraction effects, it is behaving as a wave.

In 1923, de Broglie postulated that since light has a dual parixadee nature, then
perhaps all forms of matter eaexhibit particle and wave behaviour.

From relativity theory,

The energy of a particle with zero rest mass, eg a photon, is givea=yyc
We alsoknow thatE = hf

By combining these two equationsp =h/<.

Thus awave andits particle are reléed through its momentum.

For a particlep = mv and for a wavep = h/<

By combining these two equations:mv = H<

Therefore, thede Broglie wavelengthof the particle is: < ELL' (7)
p

wherepis the manentum andhist f  yO1 Qa O2vyaidl yi

In 1927,Davisson and Germer directed a beam of electrons onto the surface of a nickel
crystal and observed theeflected beam. Expectintp see diffuse réection from the
surface, they were surprised tarfd thatthe scattered electrons exhibited a series of
intensity maxima and minimaimilarto the pattern observed forx-ray diffraction.

Shortly afterwards, G.P. Thomson from Aberdeen, passeélectron beanthrough a

thin gold foil and obtained a difiction pattern consisting of a series of concentric

rings. Thomson and Davisson were awarded the Nobel Prize in 193@rbmiding the

first demonstration that electrons haveave-like properties as proposed by de Broglie

It is interesting tanote thatJ J Thomson, the father of G P Thomsas awarded the Nobel

Prize in1907 for demonstrating the particle nature of electrons.




Worked Examples

1. A neutron and an electron have the same speed.
Which has the longer de Broglie wavelength?

The eletron, since the neutron has the larger mass.
(The mass is in the denominator.)

2. An electron microscope uses electrons of wavelength of 0.01 nm.

What is the required speed of the electrons?

Using<= h for electrons ando = mv gives:

0.04 x 16° = (6.63 x 16%/9.11 x 163! x v)
and

v=1.8x 160 m &t

Notice that this wavelength of 0.04 nm is very much smaller than that of blue light.
Hence the use of electrons in microscopes can improve the resolution.

¢t KSasS WYRdzahnat bé expldsnediby classical theories. Why should a particle
KFgS | ¢+ @S | alJSOGK 126 R2Sa I LI NIAOES Y
a wave?
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Quantum Mechanics

al GGSNJ) g1 a GK2dzZaKG G2 o0& basi interactoasiaid G@opartiedi K JJr
of these particles continually changing smoothly from place to place. Wawesd continuously
from place to place.

Classical mechanics could not explain the various quantisation rules, thoseattgitipted to

give some limited agreement between observation and theory. dygarent dual wavearticle
nature of matter could not be explained. With tirgroduction of quantum theory classical ideas
would need to be revised.

There are various forms of quantum mechani¥ | S
{ OKNI RAY3ISNRa ¢ S YSOKI
or amplitude mechanics.
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realise that in essence quantum mechanics provides us with the mearadctalate probabilities
for physical quantities. Exact physical quantities, e.g. positiaelacity, do not have unique
values at each and every instant.

G.Fftfta Ay |jOhyRANYYYSOKSEKAODS f A1S dectiof & Ay (¢f
between release and detection does not have a definite value for its positltie.does not

mean that the electron has a definite position and we don't know indans the electron just
doed y 20 KIFI@S | LRaAdAz2y 2 dSirangeWorldiofQ@eBtunR2 Sa y]2
Mechanics, D Styer

Quantum theories incorporate the following concepts:

(i) Transitions between stationary states aliscrete There is no meaning to aspmment on a
system in an intermediate state.

(ilDepending on the experiment, particles may behave as waves or a wayedscke.
However, in a certain respect they act like both together. It is just regtresible question in
guantum mechanics to ask if matterasvave or a particle.

(iii) Every physical situation can be characterised by a wave function (orratteematical
formalism). This wave function is not directly related to any aghoaperty of the system but is

a description of the potentialities orgssibilitieswithin that situation. The wave function

provides a statistical ensemble of simitdyservations carried out under the specified conditions.
It does not give the detadf what will happen in any particular individual observation. The
probabiity of aspecific observation is obtained from the square of the wave function. This is an
important and nonintuitive idea.

The quantum probability aspect is very different from classical physics, whecensaler there

Aa Iy Oldzat ddfddeQyR2KVBE WMbaER Brdedtistiday | RS ) fzk
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In the quantum domain we can only calculate probabilities. For example, we catat@twhen a
particular nucleus will decay (although we can measure alif@/fbasedon group properies as
opposed to individual nuclei) but we could calculate gnebability of a particular nucleus
decaying within a given time period. This is typafahe rules of quantum mechanicghe
ability to calculate probabilities but not malspecific, defirte, predictions.

Quantum mechanics has enjoyed unprecedented practical success. Thearaliocgtions
agree with experimental observations to very high precis@aantum mechanics also reminds
us that there is discreteness in nature and there andy probabilities.

Doubleslit experiment

The doubleslit experiment with light shows an interference pattern. This is a standard
experiment to demonstrate that light demonstrates wakee properties.

There is a central maximum on the central axis ofpdsie two slits as shown below.

Interference Pattern

Stream of photons |
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In more recent years this experiment has been performed with single phdsuggesting a
particle-like behaviour) and a detector screen. Each photon reachesdireen and the usual
interference pattern is graduallydilt up.

¢CKS ljdzSadAzy AAY aGaK2g¢g R2Sa || aAy3i ENRIKIKRS

Let us place a detector near each slit as shown below. In this diagram the detectsrgitaiesd
off and not making any measurements. The pattern sesnains the same.

Observed Pattern

Stream of photons

w1



Let us now switch on detector A.

Observed Pattern

Stream of photons

We lose the interference effect and simply obtain a pattern for particles passing thtauagh
slits. We would get the same pattern if we switched on detector B instedétetctor A or if we
switched on both detectors.

LG asSSvya GKFG AF ¢S
OKNRdzZAKKQ |yR aSid dzJ
determine which slit the photon passed throughSw R 2
lose the interference effect, we lose the walike behaviour.

Fal GKS
by S ELISNX Y §uesiionjety. Y 1 S
26

Ld FLIISENBR GKFG GKS aAy3tS LIK2G2Yy A Wthe2YS
norrintuitive aspects of quantum mechanics, whidwnbegins to suggest thatsingle particle
must pass through both slits.

A very similar doublslit experiment can be performed with electrons. Again we aaange for
2yteée 2yS StSOGNRYy (G2 WLI ada
0KS WAONBSYQ | ANBSa ¢ A G Kdedhasthtifgwivelike\behsvioary G S
However, as soon as we attempt to find out whsti the electron passes through we lose the
interference effect. For electron interferenteed LJF OAy 3 2F GKS WwWatAdaqQ
atoms in a crystal can be used to fothe slits since electrons have a very small associated
wavelength, the de Broglwavelength.

These observations are in agreement with quantum mechanics. We cannotireg¢hs wave
and particle properties at the same time!

Conclusions

What we find is that we cannot predict the exact path that either an electron or phaitin
follow, and therefore predict where it lands on the screen, in this experiment.

We also findhat we cannot make a direct measurement of the particles locationthiasvill act
in itself will interfere with the outcome of the experiment!

What we can do is say what probability the electron or photon has of landingatiaular

point on the sceen. The maxima are areas where there is a high probabfligyriving, hence

many electrons/photons arrive here and we see a bright patch.iiinana represent areas of

low probability, fewer electrons/photons arrive and itdsnmer/dark. The sum of bbf these
probabilities is 1. Thies in with the ideaoC S&y Yl y Q& &dzy 2@OSNJ KA &d2
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Uncertainty principle

Using the wave theory of quantum mechanics we can produce a wave fumiesmnibing the
WaldladSQ 2F GKS &aeailselfindéha #i®nobossibe fo Seieinite with |
accuracy all the observables for the system. For exammasan compute the likelihood of

finding an electron at a certain position, e.g. in a bixe position wave function may then be
effectively zero esrywhere else and thancertainty in its position may be very small inside the
box. If we then consider itomentum wave function we discover that this is very spread out,
andthereisnothingg S OF'y R2 | o02dzi Al® ¢CKAAGARYLXKS SHRZ &
the momentum has a very large uncertainty. If we reverse the situation we find thadgpesite

is also true, if we are more certain about the momentum of the particle wdesm® certain about

its position!

Consider a wave with a sieglrequency. Its position can be
thought of as anywhere along the wave but its frequency is
uniquely specified.

Now consider a wave composed of a mixture of slightly different

FNBIjdzSyOASas:r gKAOK gKSYy | RRSR 0 KSNJ LINE
LJ- O1 S i Gitipn of tKiSwaltdzxan be quite specific but its

frequency is conversely namique.

| SAaSyoSNBHQa ! yOSNIFAyide t NAYOALX S &aKz2dzZ R
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cannot measure both. If one is certain, the other is indeterminate.
Theoretical considerations also shows that the energy E and time t have thisdei@rminacy.

| (K2dAKG SELINAYSYyiG (2 AffdzadiNIGS | SAasSyo

In clasgal physics it is assumed that all the attributes, such as position, momentum,
energy etc, could be measured with a precision limited only by the experiment.

In the atomic domain is this still true?

Let us consider an accurate method to determine thsipon of an electron in a

particular direction, for example in the x direction. The simplest method is to use a

Wi AIKG 3FFLGSQ: ylryYySte G2 Frtt2¢  o60StY 2F Sf
be interrupted in its path to a detector. To increabe accuracy we can use radiation of

a small wavelength, e.g. gamma rays. However, we note that by hitting the electron

with the gamma rays the velocity of the electron will alter (a phesbectron collision).

Now the velocity or momentum of the electran the x direction will have changed.

Whatever experiment we use to subsequently measure the velocity or momentum
OFlyy2id RSUGSN¥YAYyS (KS @gSt20A0G8& o0ST2NB GKS S
WKAGQ 6S OFy RSONBI a8s,andkdse sbrivddfjtiizprgoBidnie ¥ G K S
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wherenx is the uncertalnty in the positioppx is the uncertainty in the component tife
momeni dzY Ay G(G(KS E RANBOGAZ2Y YR K A& tflyOlQp
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Quantum mechanics also shows that there are other pairs of quantities that have this
indeterminacy, for example energy and time:

[E[le

4p
wherenE is the uncertainty in energy andlis the uncertainty in time.

2S y2GA0S (KIFG GKS LI ANEBR 27 | dzl y GONGNAS 530 EAS/A 95K SK
units that are the same as those of h, namely J s. For energy anthisris obvious. For position
and momentum we have:

m kg m 8 My(multiply by sandy kg nfsd)a M W &

¢CKS ljdzSaiAz2y w52S3a (GKS St SOUNRY KI @ScatbelJ2aqdAa
debated. Physicists do not have a definitive answer and it depends antdéreretation of
guantum mechanics thaine adopts. However, this is not a usedulestion since it is the wave
functions that give us our information and there is a liomtwhat we can predict about the
guantum state. We just have to accept this. It is wartterating that quantum mechanicdoes
givesuperb agreement with experimentabservations.

Using quantum mechanics the spectral lines for helium and other elements czaldugated
and give excellent agreement with experimental observations.

More importantly, quantum mechanics provisl@ justification for the previously duc
jdzk yGA &l 0A2Y WNHzZ S&Q AYy(iNRRdAzOSR Sbséifed SNJ | yR 3
phenomena through theory and make quantitative and accurate predictinagit the outcomes
of experiments.




Potential Wells and Quantum Tunnelling
LYF3IAYS | okttt Ay the upRanddowms ig fotdarBidryOdievantk | LIS 2
The ball cannot escape the well and geptusition Y unless it receives energy E = mgh.
Theballcanbesail2 6S Ay | WLRISYGAlrf ¢Sftf Qneedf WKSKIK
SySNHe 9 Sljdz-f G2 2N ANBFGSNI §KFIy Y3IaK Ay 2HRS
Ly (GKS ljdzt yidzy 62NI R GKAy3a INB I 886t 89 RANFT
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Now let us consider an electron with some energy E on the left E
handside of a potential energy barrier of magnitude greater than E.
The electron is thus confined to side A. It does not retveugh El A
SYSNHEH& (2 oMaNA 2 MISINOR GKSE OF LIS Qe
Quantum theory disagrees with this classical prediction.
The wave function for the electron ontinuous across a barrier. The amplitudgrieater in
region A but it is still finitealthough much smaller, outside region A {te right of the barrier).
The probability ofinding the electron in region A is very hidfut there is in fact a finite
probability offinding the electron beyond the barrier.
The probability depends on the square of the amplitude. Hence it appeatstbelectron can
WidzyySt 2dziQd ¢KA& A& OFff SR Ipameguéndesand dzy'y Sqf A
possible applications.




Examples of Quantum Tunnelling

Alpha Decay

For some radioactive elements, e.g. polonium 212, the alpha particldsetden thenucleus by

the residual strong force and do not have enough energy to escape. Howeeeyantum

tunnelling effect means that they can escape and quantum mechanidsecased to calculate

the halflife. In 1928 George Gamow used quantum heedcso Y I YSt & {sQvéwed RA y 3
equation) and the idea of quantum tunnelling to obtainedationship between the hallife of

the alpha decay and the energy of emissiGlassically the alpha particle should not be able to
escape.

Scanning Tunnelling Mroscope

A patrticular type of electron microscope, the scanning tunnelling microscope, draalbstylus
that scans the surface of the specimen. The distance of the stylus frosutfeece is only about
0KS RAFYSGSNI 2F |y | (tgeample. in8sQuayNie yrafile wiithdzy y St O
sample can be determined. Heinrich Rohrer and Gerd Bimeig awarded the Nobel Prize for
their work in this field in 1986.

Virtual Particles
' Yy20KSNI AYGSNBadGAy3a STFSOUG & virtual padicles ivh QSN A Y
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We cannot observe them in the short time of their existence. However, @éheymportant as
WAYBRBANNGSQ LI NIAOEf Sa Ay vy dzOtofidioNsamisf beyard | y R
omitted theoretical agreement with practical observations nmay be obtained. Virtual particles

are important when using Feynman diagrams to s@ikablems.
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PARTICLES FROM SPACE

Cosmic Rays

In the early 1900s, radiation was detected using an electroscope. However, radiasostill
detected in the absence of known sources. This was described as backgadiatebn, which
exists due to the sourcesdhsurround us in everyday life.

Austrian physicist Victor Hess made measurements of radiation at high altitudes foatfoon,
to try and get away from possible sourcestarth. He was surprised to fikde measurements
actually increased with altitudeAt an altitude of 5000 m the intensiof radiation was found to
be five times that at ground level.

Hess named this phenomenon cosmic radiation (later to be known as cosmic rays).

It was thought this radiation was coming from the Sun, but Hess olddime sameesults after
repeating his experiments during a nearly complete solar eclipse (1218@8&), thus ruling out
the Sun as the (main) source of this cosmic radiation. In H#3& was awarded the Noble Prize
for Physics for the discovery of cosmays.

Tracks produced by cosmic rays can be observed using a cloud chamber. Chavigsoh R the
only Scot ever to be awarded the Nobel Prize for Physics. He was avitird&827 for the
invention of the cloud chamber.

Robert Millikan coinedt§ LIKNJ aS WO02aYA O NI 2aQs oifhatu DAYy
By measuring the intensity of cosmic rays at different latitudes (they were found taobe

intense in Panama than in California), Compton showed that they were Heflegted by tle
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protons rather than photons in the form of gamma radiation.

Origin and composition

The term cosmic ray is not precisely defined, but a generally acceptaiipgon iSWK A 3K Sy
LI NGHAOE Sa FNNAGAYy3I |G GKS 9 NIK ¢gKAOK KIF @S

Composition
Cosmic rays come in a whole variety of types, but the most common are préodosjed by

helium nuclei. There is also a range of other nuclei abagahdividuaélectrons and gamma
radiation

=Y
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Nature Approximate % of all cosmic rays
Protons 89
Alpha particles 9
Carbon, nitrogen and oxygen nuc 1
Electrons <1
Gamma radiation <0.1

The energies of cosmic rays cover an enormous range the most energetic havingnergies
much greater than those capable of being produced in current padictelerators.

The highest energies produced in modern particle accelerators, including the Hadgen
Collider, are of the order of 1 teraegitronvolt (1012 eV). Cosmic rays héee=n observed with
energies ranging from 109 to 1020 eV. Those with energies dl@i@ eV are referred to as
Ultra High Energy Cosmic Rays (UHECRS).

CKS-MyPERQ o0haDU0O LI NOAOtS gA 0 KledSn/UkNEDBIL2F o §
Converting to joules (J), 3 x 1020 eV = 3 x 1020 x 1.619 10= 48 J, i.e. ~ 50 J.

That is enough energy to throw a throw a 2.5 kg mass (e.g. a bag of potatoesgréiaally
upwards. It is also approximately equal to the kinethergy of a tennis bakrved at about 90
mph (40 m sl1).

Order of magnitude opeended question opportunity here:

mass = 60 g = 0.06 kg
speed = 40 m,
kinetic energy = 0.5 x 0.06 x 40 x 40 =48 J

The OMG particle was probably a proton and as swszhabout 40 million times thenergy of
the most energetic protons ever produced in an Eds#fsed particleaccelerator.

Such UHECRSs are thought to originate from fairly local (in cosmological thstasices, i.e.
within a few hundred million light yas. Were they to originate frofurther away it would be
hard to understand how they get all the way here at all, stheechances are they would have
interacted with Cosmic Microwave Backgrourddiation (CMBR) photons along the way,
producing pions.




QOrigin

The lowest energy cosmic rays come from the Sun and the intermediate energgrenes
presumed to be created elsewhere within the Milky Way, often in connection sufernovae.
The main astrophysics (rather than particle physics) to come fhenstudyof cosmic rays
concerns supernovae since they are believed to be the main sousofic rays.

However, the origin of the highest energy cosmic rayslisiacertain. Active galactieuclei
(AGN) are thought to be the most likely origin BIHECRsS. The compaetlactic centres are
associated with a much greater than expected luminosity ovarge proportion of the
electromagnetic spectrum. This is thought to be due todlkeretion of matter by a
supermassive black hole at the centre ofttigalaxy. A groupf cosmologists (including Martin
Hendry from the University of Glasgow) averking on the statistical analysis of apparent
associations between the incomiulirection of the highetsenergy cosmic rays and active
galaxies.

InteractionwA 1 K G KS 9F NI KQa ! GY23aLIKSNS

When cosmic rays reach the Earth, they intéracg A G K LJ- NIi A @rhoSpherey y (1 K S
producing a chain of reactions resulting in the production of a large numibearticles known

as a cosmic air shower shown below. Aiowhrs were firsdiscovered by the Frendtientist

Pierre Auger in 193&nalysing these showesgdlows the initial composition and energies of the
original (primary) cosmic rays to kbleduced.

When cosmic rays from space (the primary cosmic rays) stakeles in theatmosphere they
produce secondary particles, which go on to produce more collisind9articles, resulting in a
shower of particles that is detected at ground leaslshown in Figure 3 belowheprimary
cosmic rays can usually only thetected directly in space, for example tigtectors on satellites,
although very high energy cosmic rays, which occur ongecasions, can penetrate directly to
ground level without making interactions.

Detection

Consequently there are two forms oétkctor: thosethat detect the air showers ajround level
and those located above the atmosphere that detect primary cosmic rays.

Cherenkov radiation

Air shower particles can travel at relativistic speeds. Although relativity requiresiditiaing can
travel faster than the speed of light in a vacuum, particles may exceespted of light in a
particular medium, for example water. Such particles then enmeam of Cherenkov radiation
the radiation that causes the characteristic blue colmunuclea reactors. (This is a bit like the
optical equivalent of a sonic boom.)
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Extension task
It may be worthwhile and even fun to investigate the interactions takilage here byeferring
to the Particle Physics section of the Higher Physics course. Can yougugtityrself that each

interaction is possible, and even why the muon argutrino makesan appearance in one
instance but not in another? The primaryenaction involves amitial proton leading to 3 pions

and a neutron, in termsf quarks can you justify this?

Atmospheric fluorescence

When charged particles pass close to atoms in the atmosphere, they may tempexartly
electrons to higher energigvels. The photons emitted when the electrons rettortheir

previous energy levels can then be detected.

The Pierre Auger observatory in Argentina was set up to studydmghgy cosmicays. It began
operating in 2003 and at that time was the largpht/sics experiment ithe world. It is spread
over several thousand square miles and uses two basic typstettors:

w1600 water tanks to detect the Cherenkov effect
wfour detectors of atmospheric fluorescence.




The Solar Wind and Magnetosphe

Structure of the Sun

The interior of the Sun consists of three main regions:

1. the core, within which nuclear fusion takes place
2. the radiative zone, through which energy is transported by photons
3. the convective zone, where energy is transpdrby convection.

The extended and complex solar atmosphere begins at the top of the convectivewatindhe
photosphere.

The photosphere is the visible surface of the Sun and appears smooth and featuredessg
by occasional relatively dark spotgjled sunspots.

Moving outwards, next is the chromosphere. Sharp spicules and prominences efmoengehe
top of the chromosphere.

The corona (from the Greek for crown) extends from the top of the chromospherecdrbea is
not visible from Earth durinthe day because of the glare of scattered lifoim the brilliant
photosphere, but its outermost parts are visible during a total setdipse.

The depth of each layer relative to the radius of the Sun (RS) is shown. The photasiaret
330 km dee (0.0005Rs) and the chromosphere is about 2000 km (0.002Rep)

solar wind

7

chromosphere (0.003 Rg)

solar wind

¢ core

(0.2Ry)

radiation zone
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convection zone
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photosphere
(0.0005 Rq)

\solar wind

Figure 4:The structure of the sun




Coronagraphs are special telescopes that block ogfitiht from the photosphere tallow the
corona to be studied. These are generally usedifmountain tops (where thair is thin) and
from satellites. They have been able to detect the corona out beyiRIS, which is more than
10% of the way to Earth.

The corona is permeated by magnetic fields. In particthlare are visible loops alonghich
glowing ionised gaseous material can be seen to travel. They have the shapgrudtic field
lines and begin and end on the photosphere.

Information about magnetic fields in the corona has comoarf the study of emitted Xays,
obtained from satellite and space stations. The corona is the source of mastfolS  {-rdgs Q a
because of its high temperature, which means it radiates strongiray wavelengths. The

O 2 NP yray@naission is not even, however, with briglattches and dark patches. Tharl

areas hardly emit any-bays at all and are callembronal holes.

The Solar and Heliospheric Observatory (SOsi® project of internationalollaboration
between the European Space Agency (ESA) and the National AeroaautiSpace
Administration NASA) to study the Sun from its deep core to the oatgpna and the solar
wind.

In 2006 a rocket was launched from Cape Canaveraying two nearly identicapacecraft.
Each satellite was one half of a mission called Solar TErrestrial Re@lisegatory (STEREO)
and they were destined to do something never done befpabserve the whole of the Sun
simultaneously. With this new pair of viewpoinsgientists are able to see the structure and
evolution of solar storms as they blast fraghe Sun ananove out through space.

The Solar Wind

There is a continual flow of charged particles emargfrom the Sun because of tingh
temperature of the corona. This gives particles sufficient kinetic energy to eSchiB ¥ (G K S
gravitational influence. fis flow is called the solar wind and is a plasromposed of
approximately equal numbers of protons and electrons {@eizedhydrogen). It can be thought
of as an extension of the corona itself and as such reflesctomposition. The solar wind also
contains about 8% alpha particles (i.e. helioutlei) and trace amounts of heavy ions and nuclei
(C, N, O, Ne, Mg, Si, S and Fhg solar wind travels at speeds of between 300 and 80@ kms
with gusts recorded alsigh as 1,000 kmcg (2.2 million mileper hour).

Comet Tails

Although it was known that solar eruptions ejected maéthat could reach the Eartinp-one
suspected that the Sun was continually losing material regardless of its appetenty. It had

been known for a long time that corht&ils always pointed away frothe Sun, although the

reason was unknown. Ludwig Biermann (of the Max Plamstkute for Physics in Gottingen)

made a close study of the comet Whipgtetke ,which appeared in 1942. It had been noted that
comet tails didhot point directly awayrom the Sun. Biermann realised this could be explained if
the cometwas movinginaf 2¢ 2F 3l & AGNBI YAy 3 |adwasacinhP Y
like a windsock.
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In the early 1950s Biermann concluded that ewdren theSun was quiet, with neruptions or
sunspots, there was still a continuous flow of gas frormitl959, the Russian space probe Luna
1 made the first direct observation amdeasurement of the solar wind. The probe carried
different sets of scientific deses forstudying interplanetary space, including a magnetometer,
Geiger counter, scintillationounter and micrometeorite detector. It was the first marade
object to reach escapeelocity from Earth, meaning it achieved a heliocentric orbit (orbit of the
Sun rathetthan the Earth!).

Coronal Holes

Unlike most magnetic field lines in the corona, thegnetic field lines from coron& 2 f Sa R ?2
loop back onto the surface of the corona. Instead they project out into slikeedroken rubber
bands, allowingharged patrticles to spiral along them and escape the Sun. There is a

marked increase in the solar wind when a coronal hole fvegarth.

Solar Flares

Solar flares are explosive releases of energy that radiate over virtually the elsittomagnetic
spectrum, from gamma rays to long wavelength radio waves. Thegalgdighenergy
particles called solar cosmic rays. These are composed of praiecs,ons and atomic nuclei
that have been accelerated to high energies in the flares.

Protons fiydrogen nuclei) are the most abundant particles followed by alpha parfjictdgim
nuclei). The electrons lose much of their energy in exciting radio bursts totea. Solar flares
generally occur near sunspots, which leads to the suggestionaifeayagnetic phenomena. It is
thought that magnetic field lines become so distorted awisted that they suddenly snap like
rubber bands. This releases a huge amourdrargy, which can heat nearby plasma to 100
million kelvin in a few minutes or hour§his generates Xays and can accelerate some charged
particles to very high, everelativistic, velocities.

The energies of solar cosmic ray particles range from milli electronvolt8 €\)) totens of giga
electronvolts (1010 eV).

The highest energy pactes arrive at the Earth within half an hour of the flaneximum,
followed by the peak number of particles, approximately 1 hour later.

Particles streaming from the Sun due to solar flares or other major solar eventistapt
communications and powetelivery on Earth.

A major solar flare in 1989:
w caused the US Air Force to temporarily lose communication with over 2000 satellites
w induced currents in underground circuits of the Quebec hydroelectric systausing it
to be shut down for more tha 8 hours.
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The Solar Cycle

All solar activities show a cyclic variation with a period of about 11 yeting three main
features of the solar cycle are:

1. the number of sunspots
2. the mean latitude of sunspots
3. the magnetic polarity pattern gfunspot groups.

The number of sunspots increases and decreases with gredricycle, the mean sol&titude
at which the sunspots appear progresses towards the solar equator as theadyelaces and
the magnetic polarity pattern of sunspot groups reses around the endf each 13year cycle
(making the full cycle in effect 22 years).

Sunspots

When an image of the sun is focussed on a screen dark spots are often visible, theskedre
sunspots. Over a number of days they will be seen to move sithessurfacgdue to the
rotation of the Sun) and also change in size, growing or shrinkingsurispots look dark
because they are cooler than the surrounding photosphere. A lgirgep of sunspots is called
an active region and may contain up to 10Gspots.

Individual sunspots may appear and disappeahortlived ones only lasting a felours
whereas others may last for several months. The general pattern of the movesheahspots
shows that the Sun is rotating with an average period of abowd&% withits axis of rotation

GAfGSR atAakKafte G2 GKS LIXIyYyS 2F 9FNIKQa 2NRPAI

Unlike the Earth, the Sun does not have a single rotation period, since it is not apwdie. The
LISNA2R A& Hp RFE&a | d G§KS { dzy Qapol&ljSedtian®aN) | y R
different latitudes rotate at different rates, this is called differentiatation.

The Magnetosphere

¢CKS YI3IySi2aLKSNBE Aa GKS LI NI 27F ( ké&nedid NI K&

field. This region also contains a diffudagma of protons and electrons. Thegnetic field
NEaSyofSa GKIFG 2F | o6 NJ YI 3yotational akist Howisér, the G ||
magnetic field is believed to be generated by the motdrconducting material, namely iron, in
the Earthsouter core, like a giant dynamo.

DS2f23A0lf SOARSYOS aK2¢ga GKIFIG GKS RRNBOGA
several occasions, the most recent being about 30,000 years ago. This lends efodéinee
WRBY I Y2Q Y2RS{t | éplainkdOn tdNBs@Shahdged in th@ flgfiicondScting

fluids inside the Earth.
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The solar wind interacts with the magnetosphere and distorts its pattern from the siogple

magnetmodeR dziit AYSR [ 02@0S® ¢KS 9 NIKQa sodrd@iniSi A O] TA

deflecting it a bit like a rock deflecting the flow of water in a river. Bbendary where the solar

wind is first deflected is called the bow shock. The caldtyinated byd KS 9 NI KQa Y| 3y

is the magnetosphere.
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Highenergy particles from the solar wind that leakarthe magnetosphere and becontepped
form the Van Allen belts ofdiation. These are toroidal in shape and concerrik (i K K S
magnetic axis. There are two such belts: the inner and the outer.

(O

The inner Van Allen belt lies between one and two Earth radii from its axis, (REkeiine2RE)
then there is a dignct gap followed by the outer belt lying between thraad four Earth radii
(3RE < outer belt < 4RE). The inner belt traps protons with enafgetween 10 and 50 MeV
and electrons with energies greater than 30 MeV. The obé&dr contains fewer enewgic
protons and electrons.

The charged particles trapped in the belts spiral along magnetic field lines and osalt&tand
forth between the northern and southern mirror points with periods betweéeh and 3 seconds
as shown.

Particles in the innebelt may interact with the thirupper atmosphere to produce thaurorae.
These result from the excitation of different atoms in the atmosphere, eaethath produces
light with a characteristic colour due to the different energies associai#ithese transitions.
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Charged particles in a magnetic field

The force acting on a charge g, moving with velocity v through a magnetic fiegivBnsoy:
F=qvB 8)
where F, v and B are all mutually at right angles to each other.

Circular motion

As F is always at right angles to v, the particle will move with uniform motionimla, where F
isthe central force (assuming any other forces are negligible), so:

F= ©)

Equating he magnetic force to the central force we get:

mr—‘f = qvB (10)
SO
=V (11)




Helical motion

If a charged particle crosses the magnetic field lines at an angle, then itstyelanbe resolved
into two orthogonal components: one perpendicular to the field and ¢kieer parallel to it.

The perpendicular component provides the central force, which produces undwomar
motion as described above. The component parallegheomagnetic field doesot cause the
charge to experience a magnetic force so it continues to moveauitistant velocity in that
direction, resulting in a helical path.

Aurorae

The aurora (aurora borealis in the Northern hemisphetke northern lighs; auroraaustralis in
the Southern hemisphere southern lights) are caused by solar wipalticles which penetrate
GKS 91 NIKQ& dzLILISNI I Y2 a LK $NsBubh paes. @atvieénB0 ahd 1 K
onn 1Y 02@S GKS 9 laNdioKna1® knd alitidie) th@se particlds NtikBI T
nitrogen molecules and oxygen atoms, caushejr electrons to be excited into higher energy
levels and subsequently emit light whére electrons drop back to their previous energy levels.
The most commomolours, redand green, come from atomic oxygen, and violets come from
molecular nitrogen.




2.2 Waves

SIMPLE HARMONIC MOTION

Dynamics of simple harmonic motion

If an object is subject to a linear restoring force, it performs aillasory motioni SNY SR W
aeaidsSy Ol means)s sidrigghdfentla
energy and (2) some mass which allows it to possess ketigy. In the oscillating process,
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energy is continuously transfimed between potentiaand kinetic energy.

Example and Diagram

E-stored as:

Ecpossessed by moving:

Mass on a coil spring

Z

spring

oscillation mass

Elastic energy of spring

Mass on spring

Simple pendulum

string

mass

Y~

oscillation

Gravitational potential
energy of bob

Mass of bob

Trolley tethered between two springs

spring  trolley

—
oscillation

Elastic energy of the springs

Mass of trolley

Weighted tube floating in a liquid

Gravitational potential
energy of the tube

Mass of the tube
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