PHYSICS COURSE 2005

9.8 FROM QUANTA TO QUARKS

INTRODUCTION:

In the early part of the twentieth century, many experimental and theoretical problems remained unresolved. Attempts to explain the behaviour of matter on the atomic level with the laws of classical physics were not successful. Phenomena, such as black-body radiation, the photoelectric effect, the emission of sharp spectral lines by atoms in a gas discharge tube, could not be understood within the framework of classical physics.

Between 1900 and 1930, a revolution took place and a new more generalised formulation called quantum mechanics was developed. This new approach was highly successful in explaining the behaviour of atoms, molecules and nuclei. As with relativity, quantum theory requires a modification of ideas about the physical world.

THE DEVELOPMENT OF ATOMIC MODELS

The first atomic theory of matter was introduced by the Greek philosopher Leucippus, born around 500 BC and his pupil Democritus, who lived from about 460 to 370 BC.  However, the great success of the opposing “continuous matter” theory proposed by Aristotle (389-321 BC) ensured that the atomic model of matter took a back seat until about the 17th Century AD.  At this time the work and success of people like Copernicus, Galileo and Newton undermined the authority of Aristotle and allowed the atomistic view to be revived.

In the 19th Century, John Dalton proposed an atomic model that allowed the first really quantitative study of the atom to be attempted.  Later work by Sir J J Thomson and P Lenard led to further advances in our knowledge of the atom.

RUTHERFORD’S MODEL

In 1910 the New Zealand born physicist Ernest Rutherford, working in England, instructed two of his students, Hans Geiger and Ernest Marsden, to investigate alpha particle scattering from thin metal foils.  What they discovered greatly enhanced our understanding of the atom.

Alpha particles are doubly charged helium nuclei and have a mass about 7500 times that of the electron and a velocity in this scattering experiment of about 1.6 x 107 m/s.  The existing model of the atom at that time (Thomson’s “Plum Pudding Model”) predicted that almost all of the alpha particles fired at a metal target would simply pass straight through the metal undeflected.  To their great surprise, Geiger & Marsden found that a significant number of alpha particles were deflected by angles greater than 90o.  That is, the alpha particles were being reflected by the metal foil.  Some even came back almost retracing their original path.

In 1911, Rutherford proposed his model of the atom, based on the results of many such scattering experiments.  He proposed that the atom consisted mainly of empty space with a tiny, positively charged nucleus, containing most of the mass of the atom, surrounded by negative electrons in orbit around the nucleus like planets orbiting the sun.  The electrons could not be stationary because if this were the case they would be attracted towards the positive nucleus and be neutralized.  The Coulomb force of attraction between the positive nucleus and the negative electrons provided the necessary centripetal force to keep the electrons in orbit.

The Rutherford model was a great step forward in our understanding of atomic structure but it still had its limitations.  Since the electrons were in circular motion, they would be experiencing centripetal acceleration and according to Maxwell’s Theory of Electromagnetism should be emitting electromagnetic radiation.  This loss of energy would cause the electrons to gradually spiral closer and closer to the nucleus and to eventually crash into the nucleus.  Thus, matter would be very unstable.  This was clearly not the case.  Also, Rutherford’s model could not explain the observed line spectra of elements.  As electrons spiraled towards the nucleus with increasing speed, they should emit all frequencies of radiation not just one.  Thus, the observed spectrum of the element should be a continuous spectrum not a line spectrum.

BOHR’S MODEL

Niels Bohr went to work with Rutherford in 1912.  During the next two years he studied the Rutherford model of the atom.  Bohr was inspired by the work of Max Planck on quantized energy and attempted to incorporate this idea into the atomic model to explain the discrepancies between the observed spectra of the elements and the spectra predicted on the basis of Rutherford’s atomic model.

As we saw in the “From Ideas To Implementation” topic, in 1900 Max Planck investigated the relationship between the intensity and frequency of the radiation emitted by very hot objects.  Planck showed that the radiation from a hot body was emitted only in discrete quantities or “packets” called quanta.  The energy, E, of each quantum was shown to be proportional to the frequency, f, of the radiation emitted.






E = h f

where h = Planck’s constant = 6.63 X 10-34 Js.  This idea led directly to the belief that atoms could only absorb or emit energy in discrete quanta.  Albert Einstein’s use of Planck’s quantisation idea to successfully explain the photoelectric effect added great support to this belief.  So, Bohr was convinced that a successful atomic model had to incorporate this energy quantisation phenomenon.
Bohr’s thinking on a new atomic model was also guided by the work that had been done on the spectrum of hydrogen.  Let us briefly examine firstly what is meant by the term spectrum and secondly the understanding of elemental spectra that existed at the time of Bohr’s work on the atom.

SPECTRA:

When an element such as hydrogen is heated to incandescence, or when it is ionized in a gas discharge tube, it emits visible light and other radiation that can be broken into its component parts using a spectroscope and a glass prism or a diffraction grating.  The particular radiation emitted is known as the emission spectrum of that element and is unique to that element.  When the emission spectrum of hydrogen is examined using a spectroscope, it is found to consist of four lines of visible light – a red line, a green line, a blue line and a violet line on a dark background.  It can be shown that all elements produce emission line spectra rather than the continuous spectra predicted by the Rutherford model of the atom.

Another type of elemental spectrum is produced by passing white light through the cool gas of an element.  The cool gas will absorb the same frequencies that it would otherwise emit if heated to incandescence.  This spectrum is called the absorption spectrum of an element and consists of a continuous band of colours (different frequencies) with black lines present where particular frequencies have been absorbed by the cool gas.  This spectrum is also unique to each element and is used to provide information on the elemental composition of stars.

The study of emission and absorption spectra of different elements provided much information towards the understanding of atomic structure.  From 1884 to 1886 Johann Balmer, a Swiss school teacher, suggested a mathematical formula to fit the known wavelengths of the hydrogen emission spectrum:
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where m is an integer with a different value for each line (m = 3, 4, 5, 6) & b is a constant with a value of 364.56 nm.  This formula produces wavelength values for the hydrogen emission spectral lines in excellent agreement with measured values.  This series of lines has become known as the Balmer series.  Balmer predicted that there should be other series of hydrogen spectral lines and that their wavelengths could be found by substituting values higher than the 2 shown on the right hand side of the denominator in his formula.
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Spectrogram of visible lines in the Balmer series of hydrogen

as obtained with a constant-deviation spectrograph.


In 1890, Johannes Rydberg produced a generalized form of Balmer’s formula for all wavelengths emitted from excited hydrogen gas:
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where R = Rydberg’s constant = 1.097 x 107 m-1, nf = an integer specific to a spectral series (eg for the Balmer series nf = 2) and ni = 2, 3, 4, ……

Gradually, other series of hydrogen emission lines besides the Balmer were found.  The following table gives the details.

	Name of Series
	Date of Discovery
	Region of EM Spectrum
	Value of nf
	Value of ni

	Lyman
	1906-1914
	UV
	1
	2, 3, 4, …..

	Balmer
	1885
	UV/Visible
	2
	3, 4, 5, …..

	Paschen
	1908
	IR
	3
	4, 5, 6, …..

	Brackett
	1922
	IR
	4
	5, 6, 7, …..

	Pfund
	1924
	IR
	5
	6, 7, 8, …..


Although Rydberg’s equation was very accurate in its predictions of the wavelengths of hydrogen emission lines, for a long time no-one could explain why it worked – that is, the physical significance behind the equation.  Bohr was the first to do so.

In 1913, Niels Bohr proposed his model of the atom.  He postulated that:

· An electron executes circular motion around the nucleus under the influence of the Coulomb attraction between the electron and nucleus and in accordance with the laws of classical physics. 


· The electron can occupy only certain allowed orbits or stationary states for which the orbital angular momentum, L, of the electron is an integral multiple of Planck’s constant divided by 2.


· An electron in such a stationary state does not radiate electromagnetic energy.

· Energy is emitted or absorbed by an atom when an electron moves from one stationary state to another.  The difference in energy between the initial and final states is equal to the energy of the emitted or absorbed photon and is quantised according to the Planck relationship:

E = Ef – Ei = hf
The first postulate retains the basic structure that successfully explains the results of the Rutherford alpha particle scattering experiments.

The second postulate was necessary to explain the observed atomic emission spectra of hydrogen.  Only the separation of allowed orbits according to the second postulate gave the experimentally observed spectra.  Clearly, Bohr’s study of the hydrogen spectrum was instrumental in the development of his model of the atom.

Clearly, the third postulate accounts for the observed stability of atoms.  Bohr did not know why the stationary states existed; he simply assumed that they must because of the observed stability of matter.

The fourth postulate explains how atoms emit and absorb specific frequencies of electromagnetic radiation.  An electron in its lowest energy state (called the ground state) can only jump to a higher energy state within the atom when it is given exactly the right amount of energy to do so by absorbing that energy from a photon of EM radiation of the right energy.  Once the electron has jumped to the higher level, it will remain there only briefly.  As it returns to its original lower energy level, it emits the energy that it originally absorbed in the form of a photon of EM radiation.  The frequency of the energy emitted will have a particular value and will therefore be measured as a single emission line of particular frequency and therefore of particular colour if in the visible region of the EM spectrum.

Starting with these four postulates and using a mixture of classical and quantum physics, Bohr derived equations for: (i) the velocity of an electron in a particular stationary state; (ii) the energy of an electron in a particular stationary state; (iii) the energy difference between any two stationary states; (iv) the ionisation energy of hydrogen; (v) the radii of the various stationary states; (vi) the Rydberg constant; and (vii) the Rydberg equation for the wavelengths of hydrogen emission spectral lines.

In successfully deriving the Rydberg equation from his basic postulates, Bohr had developed a mathematical model of the atom that successfully explained the observed emission spectrum of hydrogen and provided a physical basis for the accuracy of the Rydberg equation.  The physical meaning of the Rydberg equation was at last revealed.  The nf  and ni in the equation represented the final and initial stationary states respectively of the electron within the atom.  The hydrogen emission spectrum consists only of particular wavelengths of radiation because the stationary states or energy levels within every hydrogen atom are separated by particular set distances, as described by the second postulate.  The value of the Rydberg constant calculated by Bohr was in excellent agreement with the experimentally measured value.

Bohr’s atomic model led to a couple of useful ways of representing the quantum jumps of electrons involved in each of the different series of the hydrogen emission spectrum.  These are shown below:

Diagrams coming soon!!!

LIMITATIONS OF THE BOHR MODEL:

In reality Bohr’s model was a huge breakthrough in our understanding of the atom.  For his great contribution to atomic theory Bohr was awarded the 1922 Nobel Prize in Physics.  As with any scientific model, however, there were limitations.  The problems with the Bohr model can be summarised as follows:

· Bohr used a mixture of classical and quantum physics, mainly the former.  He assumed that some laws of classical physics worked while others did not.

· The model could not explain the relative intensities of spectral lines.  Some lines were more intense than others.

· It could not explain the hyperfine structure of spectral lines.  Some spectral lines actually consist of a series of very fine, closely spaced lines.

· It could not satisfactorily be extended to atoms with more than one electron in their valence shell.

· It could not explain the “Zeeman splitting” of spectral lines under the influence of a magnetic field.

WORKSHEET ON BOHR’S MODEL

1. State the four postulates used by Bohr to explain the nature of the atom.


2. Draw a sketch of the Bohr model of the atom, clearly labelling the electronic transitions responsible for the four visible lines in the hydrogen emission spectrum (H, H, H, & H ).


3. The red line within the Balmer series has a wavelength of 6560Å.  Identify the initial and final stationary states corresponding to this transition within the hydrogen atom?


4. Calculate the wavelengths of each of the visible lines in the Balmer series for hydrogen.


5. Determine the frequency of the radiation emitted when an electron in a hydrogen atom undergoes a transition from the ni = 2 energy level to the nf = 1 level.  Calculate the energy emitted by the electron in making this transition.


6. An electron in a hydrogen atom drops from stationary state n = 2 of binding energy 5.43 x 10-19J to stationary state n = 1 of binding energy 21.56 x 10-19J.  Determine the energy emitted by the electron in making this transition.


7. Starting with the Rydberg equation, derive equations for the frequency and energy of the radiation emitted when an electron in a hydrogen atom undergoes a transition from stationary state ni to stationary state nf.  Hence write an equation for the energy of an electron in the n-th stationary state of the hydrogen atom.

THE DE BROGLIE MODEL

In 1924, Louis de Broglie, a French physicist, suggested that the wave-particle dualism that applies to EM radiation also applies to particles of matter.  He proposed that every kind of particle has both wave and particle properties.  Hence, electrons can be thought of as either particles or waves.

De Broglie reasoned that just as photons of EM energy have a momentum associated with their wavelength (p = h / ), particles of matter should have a wavelength associated with their momentum:
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where p = momentum of particle, m = mass of particle, v = velocity of particle and h = Planck’s constant.

The impact of de Broglie’s proposal was far reaching.  Its immediate impact was to provide a physical interpretation of the Bohr quantisation of stationary states within an atom.  Its ongoing impact was to provide a new way of describing the nature of matter, which assisted greatly in the development of quantum mechanics.  Erwin Schrodinger in 1926 used de Broglie’s ideas on matter waves as the basis of his wave mechanics, one of several equivalent formulations of quantum mechanics.

Let us examine how de Broglie’s matter wave proposal explains the Bohr quantisation of stationary states.  Bohr’s second postulate states that:

An electron can occupy only certain allowed orbits or stationary states for which the orbital angular momentum, L, of the electron is an integral multiple of Planck’s constant divided by 2.  Mathematically, this can be written as:





L = n h / 2

De Broglie proposed that Bohr’s allowed orbits corresponded to radii where electrons formed standing waves around the nucleus.  The condition for a standing wave to form would be that a whole number, n, of de Broglie wavelengths must fit around the circumference of an orbit of radius r.





n   = 2  r

Substituting for  from the de Broglie relationship above, we have:





n (h / mv) = 2  r





m v r = n h / 2

Since (mvr) is the correct expression for the orbital angular momentum, L, of the electron in orbit around the nucleus, de Broglie had succeeded in showing that Bohr’s allowed orbits (or stationary states) are those for which the circumference of the orbit can contain exactly an integral number of de Broglie wavelengths.  Thus, as shown in the figure below, the first stationary energy state (n = 1) corresponds to an allowed orbit containing one complete electron wavelength; the second stationary state corresponds to an allowed orbit containing two complete electron wavelengths; and so on.
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De Broglie was then able to explain the stability of electron orbits in the Bohr atom.  When an electron is in one of the allowed orbits or stationary states, it behaves as if it is a standing wave, not a particle experiencing centripetal acceleration.  Thus, the electron does not emit EM radiation when it is in a stationary state within the atom.
Experimental confirmation of de Broglie’s proposal on matter waves was achieved in 1927 by Clinton Davisson and Lester Germer in the USA and by George Thomson in Scotland.  Davisson and Germer conducted an experiment in which electrons in an electron beam produced the same diffraction pattern as X-rays when they were scattered by a small crystal of nickel.
As you will recall, diffraction is the name given to the phenomenon in which a wave spreads out as it passes through a small aperture or around an obstacle.  Diffraction patterns are formed when the diffracted waves interfere with one another to produce light and dark bands on a screen or piece of film.  Diffraction patterns are most intense when the size of the aperture or obstacle is comparable to the size of the wavelength of the wave.  The electrons in the Davisson & Germer experiment were scattered in specific directions, which could only be explained by treating the electrons as waves with a wavelength related to their momentum by the de Broglie relation.  Particles would have bounced off the nickel in all directions randomly.

The following is a diagram of the apparatus used by Davisson & Germer.  Electrons from filament F are accelerated by a variable potential difference V.  After scattering from the nickel crystal, they are collected by the detector D.  D can be moved to measure the scatter yield at any angle.
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WORKSHEET ON DE BROGLIE

1. Determine the de Broglie wavelength of the matter wave associated with a cricket ball of mass 0.175 kg and velocity 23.6 m/s.  Use the answer to this question to explain why we do not observe the matter waves associated with macroscopic objects.  ( = 1.6 x 10-34 m)


2. Calculate the de Broglie wavelength of an electron travelling at 106 m/s.  (Mass of electron is 9.11 x 10-31 kg.)  Use the answer to this question to explain why we would expect to observe the effects of the matter waves associated with electrons.  Give one example of these effects.  ( = 7.3 x 10-10 m)


3. A proton is travelling at a speed of 1.5 x 107 m/s.  Determine the de Broglie wavelength of the proton, given its mass is 1.67 x 10-27 kg.  (2.6 x 10-14 m)


4. Calculate the momentum of a neutron if it has a de Broglie wavelength of 1.59 x 10-13 m.  (4.17 x 10-21 Ns)


5. Determine the speed of the neutron in Q.4, given that the mass of a neutron is 1.67 x 10-27 kg.  (2.50 x 106 m/s)


6. An electron volt (eV) is an energy unit equivalent to the work done when an electron is moved through a potential difference of 1 volt.  If an electron has a kinetic energy of 100 eV, what is its associated de Broglie wavelength?  (Charge on an electron is 1.6 x 10-19 C)  (1.2 x 10-10 m)


7. Assess the contributions made by Heisenberg and Pauli to the development of atomic theory.

MAJOR COMPONENTS OF THE NUCLEUS

The quest to discover the nature of the nucleus has occupied generations of physicists since Rutherford discovered its existence in 1911.  Rutherford determined from his scattering experiments that the nucleus was of the order of 10-14 m in diameter.  This turned out to be about 1/10 000 of the diameter of the atom, determined by Max von Laue in 1912 using X-ray diffraction to be 10-10 m.  Rutherford showed that the nucleus contained all of the positive charge of the atom and most of the atom’s mass.  Henry Moseley, a graduate student working with Rutherford, found a direct correlation between an element’s position in the Periodic Table and its nuclear charge and also discovered that the total charge on a nucleus was equal to the total charge of the orbiting electrons in a neutral atom.  By 1914 scientists accepted that a hydrogen ion (a hydrogen atom which has lost its electron) consisted of a singly charged particle.  Rutherford named this the proton.

The Proton-Electron Model

A possible structure for the nucleus was then suggested by Rutherford.  It was known in 1914 that an atom such as fluorine (atomic number 9) for example, had a mass equivalent to 19 protons but a charge of only 9 protons.  So Rutherford suggested that the nucleus contained protons and electrons to balance the charge discrepancy.  A fluorine nucleus would therefore contain 19 protons and 10 electrons – a total charge of 9 protons and total mass of 19 protons (electron mass being negligible compared to the proton mass).

This model was called the Proton-Electron Model.  In general, a nucleus contained A protons and (A – Z) electrons, where A is called the mass number and Z the atomic number of the nucleus.  This model could explain how  particles &  particles (electrons) could be emitted from some radioactive nuclei but problems arose:

· Energies of emitted -particles could not be accurately predicted.

· Quantum number anomalies arose with the spin of electrons and protons within the nucleus.

· Heisenberg’s Uncertainty Principle suggested that electrons could not be confined within the nucleus.

Hence, the model was abandoned.

The Neutron

In a lecture in 1920, Rutherford suggested that a proton and an electron within the nucleus might combine together to produce a neutral particle.  He named this particle the neutron.  Experimental difficulties associated with the detection of a neutral particle greatly hindered the research.  In 12 years of searching, no such particle was found.

In 1930, two German physicists, Bothe & Becker, bombarded the elements boron (B) and beryllium (Be) with particles.  These elements, especially the Be, emitted a very penetrating form of radiation that was much more energetic than gamma-rays.

Frederic & Irene Joliot (Irene was the daughter of Marie Curie) found in 1932 that although this radiation could pass through thick sheets of lead, it was stopped by water or paraffin wax.  They found that large numbers of very energetic protons were emitted from the paraffin when it absorbed the radiation.  The Joliots assumed that the radiation must be an extremely energetic form of gamma radiation.  In the same year, the English physicist, James Chadwick showed theoretically that gamma rays produced by bombardment of Be would not have sufficient energy to knock protons out of paraffin, and that momentum could not be conserved in such a collision between a gamma ray and a proton.
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Schematic of the Joliots' Experiment


Chadwick repeated the Joliot’s experiments many times.  He measured the energy of the radiation emitted by the Be and the energies (and therefore the velocities) of the protons coming from the paraffin.  On the basis of its great penetrating power, Chadwick proposed that the radiation emitted from the Be was a new type of neutral particle – the neutron, as originally proposed by Rutherford.  He then applied the conservation of energy and momentum laws to his experimental results and showed that the particles emitted from the Be had to be neutral particles with about the same mass as the proton.  Chadwick had indeed discovered the neutron.
Chadwick explained the process occurring in the experiment as:
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Chadwick explained that when the neutrons emitted from the Be collided with the light hydrogen nuclei in the paraffin, the neutron came to a sudden stop and the hydrogen nucleus (proton) moved off with the same momentum as the neutron had before the collision.

The Proton-Neutron Model

Following Chadwick’s discovery of the neutron, a new model of the nucleus was proposed.  This model suggests that the nucleus consists of protons and neutrons.  Together these particles are called the nucleons – particles that make up the nucleus.  Protons and neutrons have approximately the same mass, which is about 1800 times that of the electron.  Protons are positively charged and neutrons are neutral.
The number of protons in the nucleus is called the atomic number of the nucleus and corresponds to the position of the nucleus in the Periodic Table of Elements.  The total number of protons and neutrons in the nucleus is called the mass number of the nucleus.  Each nucleus can be represented by using nuclide notation.  A nuclide is a nucleus written in the form:






[image: image9.wmf]X

A

Z


where X = element symbol (eg Na, Co, U), Z = atomic number and A = mass number.  Clearly, A = N + Z, where N = number of neutrons in nucleus.  An alternate notation is to write the nucleus with its mass number after it – eg U-235 for uranium with a mass number of 235.

Isotopes of an element are atoms of that element varying in the number of neutrons present in their nuclei.  Clearly, isotopes of the same element have the same atomic number but different mass numbers (and therefore slightly different masses).  So, U-234, U-235 and U-238 are all isotopes of uranium – they all have 92 protons but differ in mass number.

The proton-neutron model of the nucleus is still the basic model used today.  Many more nuclear particles have been found, however, and we will examine some of these a little later.  For now, we turn our attention to the physical description of natural radioactivity.

Natural Radioactivity and Transmutation

Experimental work around the turn of the 20th Century by Henri Becquerel (1896), Ernest Rutherford, Marie & Pierre Curie, Paul Villard and many other physicists led to the discovery of the three kinds of natural radiations – alpha particles, beta particles and gamma rays.  These radiations were emitted naturally from certain elements (uranium, polonium, radium, actinium).  Further, it was found that the emission of natural radiations by one element usually led to the production of a different element.  For instance, radium was produced as a result of the radioactive decay of uranium.

This change of a parent nucleus into a different daughter nucleus is called nuclear transmutation.  One element effectively changes into another element.

When transmutation occurs, the sum of the atomic numbers on the left hand side of the nuclear equation equals the sum of the atomic numbers on the right hand side.  Likewise, the sum of the mass numbers on the left hand side of the nuclear equation equals the sum of the mass numbers on the right hand side.

Alpha Decay

A nucleus of an element X changes into a nucleus of an element Y according to:
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where the helium-4 nucleus is the emitted alpha particle.  Alpha decay occurs primarily among nuclei with atomic numbers greater than 83.

Beta Decay (The Weak Interaction)

Early attempts to explain beta decay assumed that an electron in the nucleus (Proton-Electron Model) was emitted in a process similar to that by which an alpha particle was emitted from a nucleus.  One problem with this explanation, however, was that although all alpha particles emitted from a given species of nucleus had the same energy, beta particles emitted from a given species of nucleus seemed to have a continuous spectrum of energies.

James Chadwick, in some experiments conducted prior to World War I, used a Geiger Counter to study beta particles emitted from a source and then deflected by a uniform magnetic field.  He found that the beta particles had a wide range of radii of curvature in the field, indicating that the beta particles had different velocities and therefore different energies.  Similar experiments by many Physicists during the 1920’s and early 1930’s clearly indicated that during the beta decay of a particular nuclear species (eg Bi-210) electrons were emitted with a distribution of energies rather than with a distinct single value of energy.

The following graph shows the energy spectrum for electrons emitted during the decay of Bi-210.  The intensity (vertical axis) shows the number of electrons emitted with each particular kinetic energy (horizontal axis).
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This graph was taken from the web link:

http://hyperphysics.phy-astr.gsu.edu/hbase/nuclear/beta2.html#c1
Graphs such as this could not be explained.  Why did the beta decay of a particular nuclear species produce many different beta particle emission energies?  How was this possible when the decay process produced exactly the same daughter nucleus in each case?

Other experiments also suggested that the Law of Conservation of Energy was being violated.  The total energy lost by the nucleus during decay was not equal to the total energy of the emitted particle.

The need to account for the energy distribution of electrons emitted in beta decay and to satisfy the Law of Conservation of Energy prompted Austrian physicist Wolfgang Pauli in 1930 to suggest that a neutral particle was emitted along with the particle.  This particle would have no charge and no rest mass but would possess spin, energy and momentum.

Pauli believed that the emission of such a particle would successfully explain the spectrum of energies for emitted beta particles.  For each beta emission, the total energy carried away from the decaying nucleus would be shared between the beta particle and the neutral particle emitted with it.  So, when studying the beta decay of a sample, it would be expected that the beta particles emitted would have a range of energies depending on the energies of the neutral particles emitted with them.  Clearly, Pauli’s idea also allows for the energy of reaction to be conserved, with both the beta particle and the neutral particle sharing the energy carried away from the decaying nucleus.

In 1934, Italian physicist Enrico Fermi named Pauli’s particle the neutrino (), meaning “little neutral one” in Italian, and formulated a theory of decay using this particle.  Fermi’s theory successfully explained all experimental observations.  For instance, the shape of the energy curve shown above for Bi-210 can be predicted from the Fermi Theory of beta decay.  Despite several ingenious attempts, the neutrino was not experimentally observed until 1956.  In that year, two American Physicists, Cowan and Reines successfully identified the neutrino by detecting the products of a reaction that could only have been initiated by the neutrino.  Basic details of this experiment are provided in “Nuclear Physics” by J Joyce & R Vogt (Brooks Waterloo, 1990).

decay is often referred to as the weak interaction because it is 1012 times weaker than the strong nuclear force that holds the nucleus together.

There are two types of decay:

decay in which a neutron decays to produce a proton, an electron and an anti-neutrino 
[image: image12.wmf])
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.  The electron and the anti-neutrino are emitted but the proton stays behind, thus increasing the atomic number by one.
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In general,
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The following equation for example, describes the spontaneous decay of C-14 in the upper atmosphere, as it is produced by bombardment of nitrogen by neutrons in cosmic rays:
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decay in which a positron (positive electron) is emitted after a proton decays to produce a neutron, a positron and a neutrino.
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In general,
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The following equation for example, describes the decay of the artificially produced N-13 nucleus:
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(As an aside, it is worth noting that the distinguishing feature between the neutrino & anti-neutrino is their helicity.  The anti-neutrino has its spin angular momentum parallel to its linear momentum – it has a right hand screw helicity.  The neutrino has its spin angular momentum anti-parallel to its linear momentum – it has a left hand screw helicity.)

Gamma Emission

This usually accompanies  or  decay.  A nucleus de-excites by emitting a high-energy gamma ray photon.  This is not a transmutation.
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where the * represents an excited nucleus.

THE STRONG NUCLEAR FORCE

It is known that there is an electrostatic Coulomb repulsion force between any two like charges.  So, in the case of protons in the nucleus, there must be some sort of force that holds the protons together.  At first we might be tempted to suggest that the gravitational attraction that exists between all bodies possessing mass is responsible for holding the protons together.  However, if we evaluate the relative contributions of the electrostatic and gravitational forces between protons, we find that the gravitational force is millions of times smaller than the electrostatic force.  Thus, there must be another force at work.

The force responsible for holding all nucleons together is the strong nuclear force.  The graph below shows the strong nuclear force between nucleons as a function of the separation of the nucleons.
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The main properties of the strong nuclear force are:

· At typical nucleon separation (1.3 x 10-15m) it is a very strong attractive force (104 N).

· At much smaller separations between nucleons the force is very powerfully repulsive.

· Beyond about 1.3 x 10-15m separation, the force quickly dies off to zero.

· Thus, the strong nuclear force is a very short-range force.

· The much smaller Coulomb force between protons has a much larger range and becomes the only significant force between protons when their separation exceeds about 2.5 x 10-15m.

· The strong nuclear force is not connected with charge.  Proton-proton, proton-neutron and neutron-neutron forces are the same.  (The force between protons, however, must always be modified by the Coulomb repulsion between them.)

COMMON UNITS USED IN NUCLEAR PHYSICS

For convenience, nuclear physicists usually use the atomic mass unit (u) as the unit of mass and the electron volt (eV) or Mega electron volt (MeV) as the unit of energy.  These are defined as follows.

ATOMIC MASS & ATOMIC MASS UNIT


The present standard atom is the atom of the commonest isotope of carbon, C-12.  By definition this isotope of carbon has a mass of 12.0000 atomic mass units (u) exactly.  Thus, since the mass of one C-12 atom is 1.9924 x 10-26 kg (by mass spectrograph measurements), we have:




1.0000 u = 1.9924 x 10-26/12.0000





   = 1.6603 x 10-27 kg
THE ELECTRON VOLT


The electron volt is the amount of energy gained by an electron as it is accelerated through a potential difference of one volt.





1 eV = 1.602 x 10-19 J  (from W = qV)





1 MeV = 1.602 x 10-13 J

Clearly, using Einstein’s equation for the equivalence of mass and energy we have:





1 u = 931.5 MeV

MASS DEFECT AND BINDING ENERGY

The experimentally measured mass of any nucleus is less than the sum of the masses of its constituent protons and neutrons.

The mass of a proton is 1.00728 u.

The mass of a neutron is 1.00867 u.

The mass of an electron is 0.00055 u.

For example, let us consider an atom of the commonest isotope of chlorine, Cl-35.

The actual mass of this atom, determined by experiment, is 34.980175 u.

The combined mass of the constituent particles may be determined as follows:

Mass of 17 protons
=
17 x 1.00728
=
17.12376 u

Mass of 18 neutrons
=
18 x 1.00867
=
18.15606 u

Mass of 17 electrons
=
17 x 0.00055
=
  0.00935 u




Combined Mass
=
35.28917 u
The difference in mass is called the mass defect of the atom (or nucleus, if we are dealing with the nucleus only).  In this case, the mass defect is about 0.309 u or 5.13 x 10-28 kg.  

This small mass has been converted into the binding energy of the nucleus (the energy holding the nucleus together).  The mass defect of a nucleus can therefore be defined as the mass equivalent of the binding energy of the nucleus.  The amount of binding energy involved in this example is:

E = mc2



or

E = 931.5 x 0.309


E = 5.13 x 10-28 x (3 x 108)2


    = 287.8 MeV


   = 4.617 x 10-11 J


   = 288.2 MeV

By definition, the binding energy of the nucleus is the energy needed to separate the nucleus into its constituent parts.  When the nucleons come together to form the nucleus, they release the binding energy.
If we take the total binding energy of a nucleus and divide it by the total number of nucleons in the nucleus, we get a very good measure of how tightly each individual nucleon is held in the nucleus.  This binding energy per nucleon figure is a very good measure of the stability of the particular nucleus.  The higher the binding energy per nucleon, the more stable the nucleus.  The diagram below shows the basic shape of the binding energy per nucleon versus mass number graph.  This will be a useful tool for explaining nuclear fission and fusion a little later.  (Note that the vertical axis has been drawn on the right for clarity.)

Note that the binding energy per nucleon is low for low mass number nuclei.  This is because in such nuclei each nucleon is not uniformly surrounded and thus does not experience the full effects of the strong nuclear force.  Most nuclei have binding energy per nucleon values between 7 and 9 MeV, with the highest value being that for Fe-56.  For very high mass number nuclei the electrostatic repulsive forces between the protons result in a gradual decrease in binding energy per nucleon values.
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NUCLEAR FISSION

Nuclear fission is the name given to the process in which a heavy nucleus splits to form two lighter nuclei, each of which is more stable than the original nucleus.  The first artificially induced nuclear fission reaction was achieved by Enrico Fermi in 1934, although at the time he did not realise that fission had occurred.  Fermi bombarded uranium with neutrons and produced radioactive products that emitted -particles.  Fermi assumed that he had produced a new isotope of uranium, U-239, and that this had undergone beta decay to form an isotope of the first transuranic element, atomic number 93, known today as neptunium-239.  Further transuranic elements could then be formed by further beta decays.

Two German chemists, Otto Hahn and Fritz Strassman, repeated Fermi’s experiments in 1938 and used careful isotopic half-life analysis to identify the products of the reaction.  To their surprise they found that not only was U-239 produced but also various lighter elements, such as Ba-141, Kr-92, Ba-144, Kr-89, La-148, Br-85, Xe-143 & Sr-90.  Hahn and Strassman suspected that these lighter elements were the products of the splitting of the uranium nucleus.  This suspicion was confirmed in 1939 by two Austrian physicists, Lise Meitner and Otto Frisch, who showed that when a U-235 nucleus absorbs a neutron, the nucleus splits into two smaller nuclei and emits one, two or three neutrons in the process.  Meitner & Frisch called the process nuclear fission.

In 1940, when the Manhattan Project (to build an atomic bomb) was initiated in the USA, Fermi was placed in charge of the development of the first ever nuclear reactor (or pile).  Fermi determined theoretically that a fission chain reaction, that is a reaction where one reaction would lead to another and so on, could be achieved using naturally occurring uranium.  Fermi designed his reactor so that the uranium fuel was spread evenly throughout a pile of very high purity carbon blocks.  The carbon blocks were designed to slow (or moderate) the speed of neutrons ejected from uranium nuclei, so that they could then produce another fission reaction.  Cadmium rods were also inserted throughout the pile to capture neutrons and thereby control the reaction.  (Cadmium is a good neutron absorber.)

Fermi’s reactor was built on the squash courts under the football stadium at the University of Chicago.  On December 2nd 1942, the cadmium control rods were slowly, partially withdrawn from the pile.  The amount of radiation produced and the rate and magnitude of temperature increase were in agreement with Fermi’s predictions.  The reactor ran at a steady rate, indicating that the control rods were absorbing sufficient neutrons to maintain a chain reaction.  Fermi had demonstrated the first artificially created, controlled, nuclear fission chain reaction.
ENERGY FROM FISSION

The binding energy curve shows that a heavy nucleus has a binding energy of about 7 MeV per nucleon, whereas nuclei of elements with roughly half the mass number have average binding energies of about 8 MeV per nucleon.  Thus, when the heavy nucleus splits to form two lighter nuclei, there is a release of about 1 MeV of energy per nucleon.  So, for a heavy nucleus of 200 nucleons, there would be a release of about 200 MeV of energy from each fission.  Clearly, tremendous amounts of energy can be produced from sustained fission reactions.  For example, the fission of 1 kg of uranium releases about 9 x 1010 kJ of energy.  Taking a typical energy value for coal of about 30 kJ/g means that the fission of 1 kg of uranium produces as much energy as the burning of about 3 million kg of coal. 

An example of a typical fission reaction is:
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We can calculate the energy released in this reaction in a couple of different ways.  We can either determine the difference between the binding energies of the products and reactants or we can find the difference between the masses of the products and reactants and then convert this mass difference into its energy equivalent using Einstein’s E = mc2 equation.
Note that as a general rule, energy is released from a nuclear reaction when the binding energy of the products is greater than that of the reactants.  Energy is released because some mass is converted to energy.  Cleary then, we can also say that energy is released from a nuclear reaction when the mass of the products is less than that of the reactants.

CHAIN REACTIONS & CRITICALITY

On average, 2.4 neutrons are produced by every fission of U-235.  A fission chain reaction is one where the neutrons produced in one fission go on to produce another fission and so on.  In order for a fission chain reaction to occur, the sample of fissionable material must have a certain minimum size referred to as its critical mass.  Otherwise neutrons escape from the sample before they have an opportunity to strike a nucleus and cause fission.  The chain stops if enough neutrons are lost.  The reaction is then said to be subcritical.  As an example, critical mass for weapons grade plutonium-239 is about 4 to 6 kg depending on shape.  For weapons grade (highly enriched) U-235 it is even less.

If the mass is large enough to maintain the chain reaction with a constant rate of fission, the reaction is said to be critical.  This situation results if only one neutron from each fission is subsequently successful in producing another fission.  Such a reaction is controllable.  See diagram below.
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If the mass is larger still, few of the neutrons produced are able to escape.  If one fission produces two neutrons, these two neutrons can cause two fissions.  The four neutrons thereby released produce four fissions and so on.  The number of fissions and their associated energies quickly increase and if unchecked the result is a violent explosion.  Such branching chain reactions are said to be supercritical and the reaction is uncontrollable.  See diagram on next page.



[image: image24.wmf]n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

Uncontrolled chain reaction


An excellent example of a controlled nuclear fission reaction occurs in a fission reactor.  We will examine the basic workings of fission reactors in the next section of this topic.  An excellent example of an uncontrolled nuclear fission reaction occurs in an atomic bomb.

THE FISSION BOMB (ATOMIC BOMB)


In the U-235 atomic bomb, two subcritical masses of U-235 are held well apart at opposite ends of a tube (referred to as the gun barrel).  On detonation these two masses are imploded together by a conventional explosive charge (TNT), so that criticality is attained suddenly.  In this way the chain reaction spreads throughout the combined mass before it breaks up into subcritical fragments.  The result is an uncontrollable fission reaction.

As shown in the diagram below, the two subcritical masses of U-235 each have a hollow cut into their centres.  The hollows are lined with beryllium, a good source of neutrons.  When the two hemispheres come together, the hollows close around a ball of polonium, a good source of particles.  The particles hit the Be and produce a huge flux of neutrons, which then cause the supercritical fission reaction that leads to the explosion of the device.
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The first such atomic bomb consisted of only a few kilograms of U-235, but had an explosive force of 20 000 tons of TNT.  U-235 was used in the bomb dropped on Hiroshima (August 6 1945).  Pu-239 was used in that dropped on Nagasaki.  Together, these relatively small devices killed well in excess of 100 000 people and caused massive devastation to both cities.

WORKSHEET 1 ON NUCLEAR PHYSICS

1. In the deuterium nucleus, protons have a mass of 1.67 x 10-27 kg, a charge of 1.6 x 10-19 C and are separated by a distance of about 2.5 x 10-15 m.  Calculate the sizes of the electrostatic and gravitational forces between these protons.  Comment on the relative sizes of these forces.


2. Use Einstein’s E = mc2 equation to calculate the energy equivalent of 1 atomic mass unit.  Give your answer in mega electron volts.  Take the speed of light as 2.997 925 x 108 m/s.  (1 u = 931.5 MeV)


3. Determine the mass defect, the binding energy and the binding energy per nucleon of the 
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 (particle) nucleus.  The experimentally obtained mass of the alpha particle is 4.002604 u.  Ignore the masses of any electrons around the nucleus.


4. In 1919 Rutherford bombarded N-14 with alpha particles and achieved the first artificial transmutation.  One of the two products of the reaction was a proton ejected from the nucleus.  Write a balanced nuclear equation to determine the other product.


5. When a deuterium nucleus (deuteron) collides with a N-14 nucleus, the products are N-15 and a proton.  Write a balanced nuclear equation for this reaction and then calculate the mass difference* between the reactants and products and the total energy in MeV liberated in this reaction.  (Masses of nuclei: N-14 = 14.003074 u, H-2 = 2.014102 u, N-15 = 15.000108 u & proton = 1.007825 u.)


6. For the following fission reaction, determine the mass difference* between the reactants and products and hence calculate the energy released in MeV.
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(Masses: U-235 = 235.044 u, La-148 = 147.915 u, Br-85 = 84.911 u & neutron = 1.009 u.)


7. Consider a fission reaction where U-235 fissions to produce Ba-141 & Kr-92.  Write a balanced equation to represent this reaction.  Calculate the energy released in this reaction.  (Masses: U-235 = 235.0439 u, Ba-141 = 140.9139 u, Kr-92 = 91.8973 u & neutron = 1.008665 u.)

*NOTE: The Syllabus uses the term “mass defect” to refer to the difference in mass between reactants & products in a nuclear reaction.  So be prepared to read questions asking you to “calculate the mass defect” in a particular reaction.  Strictly speaking the term “mass defect” refers ONLY to the mass equivalent of the binding energy of the nucleus – that is the difference between the measured mass of the nucleus and the theoretical mass determined by adding up the masses of all protons & neutrons in the nucleus.  It does not refer traditionally to the difference in mass between the reactants & products of a nuclear reaction.

NUCLEAR FISSION REACTORS

The purpose of a nuclear fission reactor is to release nuclear energy at a controlled rate.  Fission reactors can be classified as either Thermal Reactors where the neutrons producing the fission have energies comparable to gas molecules at room temperatures (thermal neutrons) or Fast Reactors where the neutrons producing the fission have high energies (fast neutrons).  Most commercial reactors are Thermal Reactors.

In a Thermal Reactor, fuel (fissionable material) is bombarded by neutrons, which have been slowed down to thermal velocities by moderator material, and undergoes fission, which releases heat energy.  Control rods containing neutron-absorbing material are used to control the rate of reaction.  The heat produced is absorbed by a coolant material and can be transferred via a series of heat exchangers to boil water, to produce steam to drive turbines and produce electricity.  Let us now have a closer look at the basic components of a thermal fission reactor.

FUEL: Thermal reactors are fuelled with natural uranium or more commonly with enriched fuel.  Enriched fuel is natural uranium, which has been processed by gaseous diffusion or centrifuge techniques to raise the percentage of fissile U-235 in it to between 3 and 7 percent, instead of the 0.7% in nature.  U-235 is fissionable with thermal neutrons, whereas U-238 and U-234, the other isotopic components of natural uranium, are not.  Pure U-235 is never used in a reactor.

The fuel is converted to UO2 pellets and packed into zirconium or stainless steel tubes called fuel rods.

MODERATORS: The reactor core is not just a mass of fuel.  The fuel rods are spaced out and surrounded by another material called the moderator.  Its purpose is to slow down the neutrons released by fission from high speeds to thermal speeds.  This is done for two reasons: (a) thermal neutrons are more efficient at fissioning U-235; and (b) fast neutrons are more likely to be captured by U-238 than to fission U-235.

The moderator must contain light atoms so that when the fast neutrons collide with the moderator atoms, they move them and thus give away some of their kinetic energy.  If they collided with heavy atoms such as lead, they would simply bounce off with their original energies.  Commonly used moderator materials include ordinary water (in reactors using enriched fuel), heavy water (deuterium oxide D2O), and graphite.  Beyond carbon, the atoms are too heavy to do the job efficiently.

CONTROL RODS: These are used to ensure the chain reaction does not accelerate into an uncontrollable state.  They are made of neutron absorbing material such as boron or cadmium encased in steel.  As soon as the temperature within the core rises above the acceptable value, the control rods are lowered into the spaces between the fuel rods.  There they absorb neutrons and slow down the chain reaction.

COOLANT: Most of the energy released in a fission reaction is carried away as the kinetic energy of the fission products.  These products collide with other atoms in the vicinity and produce heat.  The heat from the reactor core is collected by the coolant.  The coolant may be ordinary water, heavy water, liquid sodium, gas (eg CO2 or air) or certain liquid organic compounds.  The coolant is in a closed system to lessen the risk of radiation leaks.

RADIATION SHIELDS: There are usually two shields: (a) A shield to protect the walls of the reactor from radiation damage and at the same time reflect neutrons back into the core; and (b) A Biological Shield used to protect people and the environment.  It consists of many centimetres of very high density concrete.

The following diagram shows the basic structure of a thermal reactor.
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NEUTRON SCATTERING

One of the advantages of fission reactors is that they can be used to produce large numbers of neutrons for all sorts of research applications.  Neutrons are ideal for probing the inner structure of matter because of the following properties:

· They are neutral and can therefore penetrate deeply into matter.

· The de Broglie wavelength of thermal neutrons is comparable to the spacing of the atoms in an atomic lattice.

· The energy of thermal neutrons is similar to the energies of the lattice vibrations in solids.
· They scatter well from protons, making them useful in determining the structure of solids containing hydrogen bonds (eg organic molecules).
Neutrons are directed from a reactor core onto a sample of material.  The neutrons collide with atomic nuclei and scatter in directions determined by the neutron’s wavelength and the structure of the material under study.  From the diffraction patterns obtained, physicists can deduce the internal structure of the material.

APPLICATIONS OF RADIO-ISOTOPES

Another advantage of fission reactors is that they can be used to produce radioactive isotopes for a number of special applications.  The radioisotopes are produced by bombarding appropriate elements with neutrons in the reactor.  Alternatively, radioisotopes can be produced by bombarding appropriate elements with various sub-atomic particles in a particle accelerator (which we will discuss soon).

MEDICAL APPLICATIONS

Radioisotopes are used in medicine in both diagnosis and therapy.  In diagnosis, the principle use is to locate abnormal tissue such as tumours.  In therapy, radioisotopes are used to destroy abnormal cells within the body.

In diagnosis, a drug containing the radioisotope to be used is taken orally or intravenously.  The drug carries the radioisotope to the organ(s) under study.  Radiation detectors are then used to measure the concentration and distribution of the radioisotope and this can in turn result in the detection of abnormalities.  The radioisotopes used must be short lived to minimise harm to the body.  Most diagnostic radioisotopes are gamma emitters, since gamma radiation is the only natural radiation with sufficient penetrating power to escape from the body in detectable quantities.

A typical example of a diagnostic radioisotope is technetium-99m, 99mTc.  This metastable (or excited) form of the Tc-99 isotope has a half-life of only a few hours and decays to stable Tc-99 via gamma ray emission.  Hospitals are sent Tc-99m generators, consisting of the molybdenum-99 isotope, which decays with a half-life of 67 hours to Tc-99m.
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The Tc-99m so obtained is then injected into the body and used to scan for brain, bone, liver, spleen, kidney or lung cancer as well as for blood flow anomalies.  As the Tc-99m de-excites to Tc-99, the emitted gamma radiation is recorded and measured using a gamma ray camera.
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In radiotherapy, high-energy radiation is used to cause localised radiation damage to cancerous cells and kill them.  A typical example is the use of cobalt-60, which kills cancer cells by the release of gamma radiation.  The cobalt-60 can be implanted in the tumour in the form of a thin wire so that it can release the gamma radiation over a period of time.  Alternatively, the gamma radiation from the Co-60 source can be directed onto the tumour from outside the body.

INDUSTRIAL APPLICATIONS

There are many industrial applications of radioisotopes.  Three examples follow.

Various sources of radiation (eg Co-60) are used to measure the thickness of metal, plastic, glass, paper and so on, during manufacture.  This is done by measuring the amount of radiation passing through the material, which is related to the thickness of the material.  If the material becomes too thick or thin, the detector senses the change in radiation and the machine’s control circuits can then adjust the machine’s settings to ensure the correct thickness.

Smoke detectors use americium-241, an alpha emitter.  The Am-241 ionises the air between two parallel plates and the flow of ions (current) between the plates is constantly monitored.  If there is smoke in the air, smoke particles are attracted to ions in the air, making them heavier.  This changes the flow of ions between the plates, which in turn sets off the alarm.

All radioisotopes generate heat as they decay.  Radionuclide thermoelectric generators (RTG’s) use the heat from the radioisotope plutonium-238 to generate the electricity that runs many pieces of equipment from certain types of cardiac pacemakers to spacecraft.

PARTICLE ACCELERATORS

Particle accelerators are used to accelerate sub-atomic particles to very high energies.  The two main uses of particle accelerators are: (a) to produce radioisotopes by bombarding elements with various sub-atomic particles; and (b) to produce beams of very high-energy particles that can be used to probe the structure of matter.  It is this second use that we will now study.

Beams of very high-energy particles are useful matter probes for two main reasons.  Firstly, the higher the energy (and therefore velocity) of a particle, the smaller the de Broglie wavelength.  The smaller the de Broglie wavelength, the smaller the detail the particle can “see” – ie the better the resolving power of a beam of such particles.  Secondly, the higher the energy of a probe particle colliding with a target particle, the more massive are the possible product particles, since in every reaction, some of the energy of the probe particle is converted into mass according to E = mc2.  This means effectively that physicists can re-create and study in the laboratory, conditions that may have existed in the early stages of the creation of the universe.

There are many different types of particle accelerator: the Van de Graaff Accelerator used to accelerate protons, deuterons & particles; the Cyclotron, Synchro-Cyclotron, Synchrotron and Linear Accelerator used to accelerate a variety of charged particles; and the Betatron used to accelerate electrons.  Two examples will be described here.

The Synchrotron: This consists of a single, circular, evacuated tube.  High-energy particles from another accelerator are injected into the synchrotron and are controlled by a large magnetic field as they move around the circular path.  The particles are accelerated by a high frequency electric field applied across gaps in metallic cavities inside the synchrotron tube.  The frequency is synchronised with the constant angular frequency of the particles in the accelerator.  The particles are accelerated while in the cavities.  As the particles gain velocity, the strength of the magnetic field is increased to counteract the relativistic increase in mass of the particles.  Both protons and electrons are commonly accelerated using the synchrotron.  Fermilab in Illinois, USA, has a synchrotron with a radius of 1 km, which can accelerate protons up to energies as high as 1000 GeV (1TeV).

Diagram follows on next page.
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The Linear Accelerator (Linac): This is a particle accelerator in which electrons or protons are accelerated along a straight evacuated chamber by an electric field of constant radio frequency.  In older machines cylindrical electrodes called drift tubes are aligned coaxially with the chamber.  Keeping in phase with the radio frequency supply, the charged particles are accelerated in the gaps between the electrodes.  In other words, initially, the tube in front of the particles has an opposite charge to that of the particles, and hence attracts the particles.  Once in the tube, the polarity of the tube changes.  The particles are repelled from the tube and attracted to the next tube, and so on.  Since the frequency of the electric field is constant and the particles increase in speed, the tubes get progressively longer to ensure that the particles spend the same amount of time in each tube and therefore keep in phase with the electric field.
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Modern high-energy linacs are usually travelling wave accelerators in which particles are accelerated by the electric component of a travelling wave set up in a waveguide.  No drift tubes are used, the radio frequency being boosted at regular intervals along the chamber by means of klystrons (electron tubes used for the amplification or generation of high frequency waves).  Only a small magnetic field, supplied by magnetic lenses between the radio frequency cavities is required to focus the particles and keep them in a straight line.  Typical rates of energy gain in a linac are 7 MeV per metre for electrons and 1.5 MeV per metre for protons.  The linac at Stanford University in USA is over 3 km long and can accelerate electrons up to 99.99% of the speed of light.

THE STANDARD MODEL OF MATTER

For more than two thousand years philosophers have asked the question: “What are things made of?”  As we have seen in this topic much progress has been made, especially in the 20th Century, towards answering this question.  Up until the 1960’s it was thought that the constituents of the nucleus were fundamental (indivisible) particles but experiments in which protons were collided with other protons or electrons at high speeds indicated that they were composed of smaller particles.  These particles were named quarks by the Caltech physicist Murray Gell-Mann, who won the 1969 Nobel Prize for his work on them.

The currently accepted model of the structure of matter that has emerged over the last thirty years is called the Standard Model of Matter.  The standard model attempts to describe all interactions of subatomic particles, excluding those due to gravity.  The standard model uses a small number of fundamental particles and interactions to explain the existence of hundreds of particles and interactions.  The predictions of the standard model agree very closely with experimental evidence.

The standard model asserts that matter can be grouped into three families: bosons, quarks and leptons.

Bosons: These are force-carrying particles.  Each of the fundamental forces in nature is carried between particles by a gauge boson, as described below.  Recall that there are believed to be four fundamental forces in nature:

· The gravitational force – a long-range force acting on all masses in the universe.  It is the weakest of all the forces.  It is believed to be carried by the graviton, which has not yet been observed experimentally.

· The electromagnetic force – a long-range force that acts on all charges in the universe.  It holds atoms and molecules together.  It is carried by the photon.

· The strong nuclear force – holds protons and neutrons together in the nucleus.  It is a short-range force operating at nuclear distances (10-15 m).  In the standard model, it also binds quarks together and is carried by the gluon.

· The weak nuclear force – interacts with particles such as electrons to change them into other forms of particle.  It is short-ranged (10-17 m).  In the standard model it also transforms one quark type into another and is carried by the W and Z bosons.

Quarks: These are matter particles with charges that are sub-multiples of the electronic charge.  They are considered fundamental particles, since they have no known components.  The following table shows the flavours (types), symbols and charges associated with the quarks.

	QUARK FLAVOUR
	SYMBOL
	CHARGE

	Up
	u
	(+2/3) e

	Down
	d
	(-1/3) e

	Strange
	s
	(-1/3) e

	Charm
	c
	(+2/3) e

	Bottom
	b
	(-1/3) e

	Top
	t
	(+2/3) e


For every quark, there is a corresponding anti-quark, represented in the usual way with a bar above the symbol.  Quarks are never found in isolation, because the strong force that binds them together is such that it increases in strength with increasing distance.  So quarks act as the constituents of other particles.

A particle composed of quarks is called a hadron.  Hadrons can be divided into two groups:

· Baryons – 3 quark combinations.  The most well known, lightest and most stable baryons are the proton and neutron.  The proton is composed of two up quarks and one down quark (uud) and has a net charge of +1 e.  The neutron is composed of one up quark and two down quarks (udd) and is therefore neutral.  Many other baryons exist (lambda, sigma, xi, omega).  All baryons interact through the strong force.


· Mesons – 2 quark combinations.  Mesons consist of a quark and an anti-quark.  They are unstable and decay in millionths of a second to produce other particles such as photons, electrons and neutrinos.  Examples of mesons are pions, kaons and eta-mesons.  For example a + meson is composed of an up quark and a down anti-quark 
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, giving a total charge of +1e.  All mesons interact through the strong force.
The existence of quarks has been well established by experimentation.  When high-energy electron beams are used to probe the proton or neutron for instance, three distinct scattering centres are found inside each particle.

Leptons: These are matter particles with little or no mass.  They do not experience the strong force and interact through the weak force (and the electromagnetic force if they are charged).  Leptons are considered fundamental particles, since they have no known components.  The flavours (types), symbols and charges of the leptons are shown in the following table.

	LEPTON FLAVOUR
	SYMBOL
	CHARGE

	Electron
	e-
	-1 e

	Electron-neutrino
	e
	0

	Muon
	-
	-1 e

	Muon-neutrino
	
	0

	Tau
	-
	-1 e

	Tau-neutrino
	
	0


As is the case with quarks, for every lepton there is a corresponding anti-lepton.  However, unlike quarks, individual leptons can be found in isolation.

Success of the Standard Model:
It is a testament to the power of the Standard Model that all of the hundreds of subatomic particles so far discovered can be explained as combinations of these twelve fundamental particles (6 quarks & 6 leptons) and their anti-particles.  Everyday matter is composed of up and down quarks, the electron and the electron neutrino.  For this reason, these particles are called first generation particles.

Second generation particles consist of charm and strange quarks, the muon and the muon-neutrino.  Third generation particles consist of top and bottom quarks, the tau meson and the tau-neutrino.  Second and third generation particles are unstable and decay into first generation particles.

The standard model asserts that the forces governing the interaction of quarks and leptons can be understood by using the quantum mechanics of fields.

Quantum field theory suggests that forces are carried between particles by special force-carrying particles.  These are the gauge (or field) bosons mentioned earlier.  Two successful quantum field theories exist.  The first is called Electroweak Theory.  This successfully explains the source and operation of the Electromagnetic and Weak forces in terms of the photon and the W and Z bosons and shows that at high energies these two forces combine into a single electroweak force mediated by the W and Z bosons.

The second theory is called Quantum Chromodynamics (QCD) and successfully explains the source and operation of the strong force in terms of gluons.  QCD theory suggests that quarks do not only carry electrical charge but also possess another form of charge called colour.  This is the source of the powerful forces that bind quarks together and build up the baryons and mesons.  Whereas electrical charges are either positive or negative, there are three varieties of colour: positive or negative of either red, green or blue colour.  These have nothing to do with real colour, of course; colour is just a name used to distinguish them.  It is the quantum interactions between the various possible colours that determine which particles are formed.  It is the gluons that carry the colour force between quarks, just as it is the photon that carries the electromagnetic force between electrostatic charges.

FURTHER THEORETICAL DEVELOPMENTS – Not Examinable

Although it is not included in the syllabus, it is worth mentioning that the Standard Model of Matter is not the end of the story.  Grand Unified Theories (GUTs) have been developed to explain the unification of the electroweak force and the strong nuclear force at very high energies.  The most successful of these theories, SU(5), predicts that at very high energies and very small distances, leptons and quarks become manifestations of the same fundamental particle.

Another exciting development is Superstring Theory in which the structureless point particles of conventional quantum field theory are replaced by one-dimensional “string-like” entities that can interact with each other and scatter according to a precise set of laws.  A single quantised string can be shown to be equivalent to an infinite set of “normal” elementary particles whose masses and spins are related in a special way.  For internal consistency Superstring Theory requires ten-dimensional space-time (the usual four dimensions of space and time, plus six extra spatial dimensions curled up in the string).  Superstring Theory automatically includes the gravitational force in the unification scheme and may eventually provide the first fully consistent quantum theory of gravity.

Ultimately, physicists would like to develop a Theory of Everything (TOE).  Such a theory would have to successfully explain the unification of all four fundamental forces and all observed phenomena at both high and low energies.  Some physicists argue that Superstring Theory (specifically M-Theory - the unified framework incorporating all five of the existing Superstring Theories) may indeed become a TOE.  Many others, however, for reasons far too complicated to explain here, believe that we are still a long way off developing a TOE.  In any case, it is important to realise that a TOE, as powerful and useful as it would be, would still not be able to provide answers to all the questions that we might ask.  A TOE, by its very nature, must incorporate the fundamental indeterminism of the quantum mechanical world.  Likewise a TOE could not provide answers to questions such as “What existed before the big bang?” or “What caused the big bang?” – such things are fundamentally unknowable.  The phrase “before the big bang” has no meaning, since time did not exist until the big bang occurred.  Nor could a TOE provide an answer to a question such as “Why does the universe exist?” – this is a religious rather than a scientific question.  Indeed some physicists use the name Supergrand Unified Theory instead of TOE to remove the implication that a TOE would provide answers to all questions.

WORKSHEET 2 ON NUCLEAR PHYSICS

1. Perform a first-hand investigation or gather secondary information to observe radiation emitted from a nucleus using a Wilson Cloud Chamber or similar detection device.  (In Class)


2. Gather, process and analyse information to assess the significance of the Manhatten Project to society.  (Homework)


3. Identify data sources, and gather, process and analyse information to describe the use of a named isotope in: medicine, agriculture and engineering.  (Homework)
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