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Get the most from this book

Welcome to the AQA A-level Physics Student’s Book. This book covers all content for the AQA A-level Physics specification.

The following features have been included to help you get the most from this book.


[image: ]

Prior knowledge

This is a short list of topics that you should be familiar with before starting a chapter. The questions will help to test your understanding.
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Activities and Required practicals

These practical-based activities will help consolidate your learning and test your practical skills. AQA’s required practicals are clearly highlighted.
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Test yourself questions

These short questions, found throughout each chapter, are useful for checking your understanding as you progress through a topic.
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Tips

These highlight important facts, common misconceptions and signpost you towards other relevant topics.
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Practice questions

You will find Practice questions at the end of every chapter. These follow the style of the different types of questions you might see in your examination, including multiple-choice questions, and are colour coded to highlight the level of difficulty. Test your understanding even further with Stretch and challenge questions.
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Questions are colour-coded, to help target your practice:


•  Green – Basic questions that everyone should be able to answer without difficulty.

•  Orange – Questions that are a regular feature of exams and that all competent candidates should be able to handle.

•  Purple – More demanding questions which the best candidates should be able to do.

•  Stretch and challenge – Questions for the most able candidates to test their full understanding and sometimes their ability to use ideas in a novel situation.
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Key terms and formulae

These are highlighted in the text and definitions are given in the margin to help you pick out and learn these important concepts.
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Maths boxes

These provide additional material for the more mathematical physicists.
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Examples

Examples of questions and calculations feature full workings and sample answers.
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AQA has provided five optional topics as part of the full A-level course so students can focus on their areas of interest: Astrophysics, Medical physics, Engineering physics, Turning points in physics, and Electronics. A chapter covering the first optional topic, Astrophysics, has been included in this book (Chapter 27).

Dedicated chapters for developing your Maths and Practical skills and Preparing for your exam can be found at the back of this book.


1 Particles and nuclides
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PRIOR KNOWLEDGE


•  Matter is made of atoms. Atoms are made up of a very small central nucleus containing particles called protons and neutrons, surrounded by orbiting electrons. The number of protons contained in the nucleus of an atom is called the proton or atomic number and the total number of protons and neutrons is called the nucleon or mass number.

•  Protons are positively charged particles with a relative charge of +1; electrons are negatively charged particles with a relative charge of −1; neutrons are electrically neutral with a relative charge of zero.

•  Atoms are electrically neutral overall, which means that they have the same number of protons and electrons. When atoms lose or gain electrons they become ions. An excess of electrons produces a negatively charged ion whereas a shortage of electrons produces a positively charged ion.

•  The diameter of an atomic nucleus is of the order of 10 000 times smaller than the diameter of an atom, but contains the vast majority of the atomic mass. Protons and neutrons have a relative mass of 1, with electrons about 1800 times less massive.

•  Elements are made up of atoms with the same proton number. Atoms can have the same number of protons but different numbers of neutrons: these are called isotopes.

•  The relative atomic mass of an element compares the mass of atoms of the element with the carbon-12 isotope.
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TEST YOURSELF ON PRIOR KNOWLEDGE


1  Naturally occurring hydrogen has three isotopes: (‘normal’) hydrogen, deuterium and tritium. What three properties do atoms of each of these isotopes have in common? How do the isotopes differ?

2  What is the relative charge of a copper atom that has lost two electrons?

3  Chlorine has two naturally occurring isotopes that exist in an almost 75 : 25 abundance ratio. The average relative atomic mass of chlorine is 35.5. What are the relative atomic masses of these two isotopes? Find out their proton and nucleon numbers.

4  As at spring 2019, the element with the highest atomic number so far discovered is ognasson (Og, atomic number 118), first synthesised in 2002, of which only five or six atoms have been observed, each with a relative atomic mass of 294. Determine its:




    a)  proton number

    b)  neutron number

    c)  electron number

    d)  proton : electron mass ratio.
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On 8th October 2013 the Nobel Prize in Physics was awarded jointly to François Englert and Peter Higgs for the theoretical discovery of the particle known as the Higgs Boson. (This followed its experimental discovery by the Large Hadron Collider team at CERN on 4th July 2012). This discovery completes our current best model of what the Universe is built from, called the Standard Model, a model that started development nearly two and a half thousand years ago by a Greek philosopher called Democritus.


[image: ]
Figure 1.1 Peter Higgs and the Higgs Boson Theory.



It is said that Democritus observed that the sand on a beach was once part of the rocks of the cliffs and he questioned whether the sand could be cut into ever smaller pieces by a succession of sharper and smaller knives. It was Democritus who first coined the word ‘atom’, meaning the smallest indivisible piece that the sand could be cut up into. Nearly 2500 years later, JJ Thomson was able to extend Democritus’ thought experiment when he discovered the electron, splitting up atoms and discovering the first sub-atomic particle.

In the early 1980s, researchers at IBM in Zurich produced a machine called an atomic force microscope that was able to image individual atoms. Figure 1.2 shows a more recent image taken by a transmission electron microscope showing individual gold atoms. Each individual gold atom is separated from its neighbour by a distance of 2.3 nm (2.3 × 10−9 m).


[image: ]
Figure 1.2 A more recent image taken by a transmission electron microscope showing individual gold atoms each separated from its neighbour by a distance of 2.3+nm (2.3 × 10+9+m).



What are the building blocks of the Universe?

What is the material of the Universe made of? Like so many things in physics, it depends on which model you are using to explain things. Physics is a series of evermore complex, layered models designed to explain how the Universe behaves as we see it now. Over the years, as our observations of the Universe – particularly on the sub-atomic and cosmological scales – have become more and more detailed, so the physical models have had to adapt to the new observations and measurements. It is rare now for a theory to be developed as the result of a ‘thought’ experiment such as Democritus’.

Models in physics

In science, and in physics in particular, we rely on models to explain how the Universe around us works. Models make complex, often invisible things or processes easier to visualise. Models take many forms. Some, like the models of atoms and nuclei used in this chapter, are visual models used as analogies of the real thing. The Rutherford-Bohr model used in the next section is a good example of this type of model, where the nucleus is modelled as a small ball containing neutrons and protons, with electrons whizzing round the outside. Atoms don’t actually ‘look’ like this, but it is a convenient, easy first model to use because it uses the analogy of everyday objects that we are very familiar with.

Other types of model in physics are more mathematically based. A good example of this is the kinetic theory of gases, where simple physical rules expressed mathematically are applied to a model of gas molecules behaving as hard, bouncy elastic balls. These rules allow the model to predict the behaviour of real gases.

Some models are very good analogies and others not so. Models and analogies have their limits. The best physical models are those that are adaptable to take in new experimental discoveries. Good physicists always state and explain the limitations of the models that they are using.


[image: ]
Figure 1.3 The Rutherford-Bohr model of the atom.



JJ Thomson was the first person to create a model of the structure of the atom, which he called the plum pudding model. Thomson produced this model just after he had discovered the electron in 1897, and it was named after a popular steamed dessert. His model consisted of a sphere of positive charge with the electrons embedded throughout the positive charge, rather like the small pieces of plum (or currants) inside the steamed pudding. The electrons were allowed to move through the structure in ringed orbits. Thomson’s model, however, was short-lived. The nucleus of the atom was discovered by Rutherford, Geiger and Marsden in 1909.

The Rutherford-Bohr atom

The Rutherford-Bohr model of the atom consists of a tiny, central, positively charged nucleus, containing protons and neutrons, surrounded by orbiting negatively charged electrons (analogous to the Solar System). This model is particularly useful for chemists as it can be used to explain much of the chemical behaviour of atoms. The Rutherford-Bohr model is a useful model for visualising the atom, and is used a great deal by the popular media to describe atoms.


[image: ]
Figure 1.4 If the atom was the size of the Wembley Stadium complex, then the nucleus would be the size of a pea on the centre spot.



Rutherford scattering

Experiments carried out by Ernest Rutherford and his research assistants Hans Geiger and Ernest Marsden in 1911 proved that the nuclear radius is about 5000 times smaller than the atomic radius. Geiger and Marsden performed alpha-particle scattering experiments on thin films of gold, which has an atomic radius of 134 pm (picometres) – where 1 pm = 1 × 10−12 m. They found that the radius of the nucleus of gold is about 27 fm (femtometres or fermi) – where 1 fm = 1 × 10−15 m. However, modern measurements of the radius of a gold nucleus produce a value of about 5 fm. So a more accurate ratio of the radius of a gold atom to the radius of a gold nucleus is about 25 000.

As a way of visualising the scale of the atom and the nucleus, if the atom had a radius equal to that of the Wembley Stadium complex, then the nucleus would be about the size of a small pea on the centre spot.

Charges, masses and specific charges

The charges and masses of the proton, neutron and electron are shown in Table 1.1 below:



	Table 1.1




	Sub-atomic particle
	Charge/C

	Relative charge

	Mass/kg




	Proton
	+1.60 × 10−19

	+1

	1.673 × 10−27




	Neutron
	0

	  0

	1.675 × 10−27




	Electron
	−1.60 × 10−19

	−1

	   9.11 × 10−31





The specific charge of a particle is defined as the charge per unit mass, and its units are C kg−1. Specific charge is calculated using the formula:

[image: ]

So the specific charge of the proton is calculated by:

[image: ]

The specific charges of the neutron and the electron are 0 and −1.76 × 1011 C kg−1 respectively.
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TIP

Next year you will meet the concept of binding energy, where some of the mass of the particles involved with forming nuclei is transferred into nuclear energy holding the nuclei together. So the calculations in the examples are approximations based on the separate masses of the protons and neutrons.
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EXAMPLE


    a)  Calculate the specific charge of a beryllium-9 nucleus, containing 5 neutrons and 4 protons.

    b)  Calculate the specific charge of a lithium-7 (+1) ion, containing 4 neutrons, 3 protons and 2 electrons.



Answer


    a)  The total charge, Q, of the nucleus is
[image: ]

The total mass, m, of the nucleus is (mass of protons) + (mass of neutrons)

[image: ]

The specific charge of the nucleus is:

[image: ]




    b)  The relative total charge, Q, of the ion is +1 (3 protons and 2 electrons) so the charge is

[image: ]

The total mass, m, of the ion is (mass of protons) + (mass of neutrons) + (mass of electrons)

[image: ]

The specific charge of the ion is:

[image: ]
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Describing nuclei and isotopes

The number of protons in any given nucleus is called the proton number, Z. The total number of protons and neutrons in the nucleus is called the nucleon number, A. (Protons and neutrons are both found in the nucleus and are therefore called nucleons). These two numbers completely describe any nucleus, as the number of neutrons in a nucleus can be calculated by subtracting the proton number from the nucleon number. The two nuclear numbers and the chemical symbol are used together as a shorthand way of describing any nucleus. This is called the [image: ] notation.


[image: ]
Figure 1.5 The [image: ] notation.




[image: ]

Nucleon is the word used to describe protons or neutrons. These are particles that exist in the nucleus.

The proton number of a nucleus is the number of protons in the nucleus.

The nucleon number of a nucleus is the number of protons plus the number of neutrons.

[image: ]



The nucleon number, A, is always written as a superscripted prefix to the chemical symbol, and the proton number, Z, is always a subscripted prefix.

This notation allows all nuclei to be described uniquely, including isotopes, which are nuclei (and atoms) of the same element having the same proton number, Z, and therefore chemical symbol, X, but different numbers of neutrons and hence different nucleon numbers, A.


[image: ]

Isotopes are nuclei with the same number of protons, but different numbers of neutrons.

[image: ]
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TIP

Note: chemists use different names for A and Z. They call A the mass number and Z the atomic number; this is because chemists generally use this notation for describing atoms on the Periodic Table whereas, as physicists, we are using the notation to very specifically describe nuclei.

[image: ]



A good example of how the [image: ] notation is used is when describing the two main isotopes of uranium used in nuclear fission reactors. About 99.3% of all naturally occurring uranium atoms (and therefore nuclei) are uranium-238, meaning 238 nucleons (the nucleon number, A), comprising of 92 protons (the proton number, Z) and 146 neutrons (238 − 92 = 146). Only about 0.7% of naturally occurring uranium is the more useful uranium-235, which can be used in nuclear reactors as nuclear fuel. Uranium-235 has the same proton number, 92, but only 143 neutrons (235 − 92 = 143). Using the [image: ] notation, the two nuclei are written as:


[image: ]
Figure 1.6 The two most abundant isotopes of uranium.




[image: ]
Figure 1.7 The isotopes of hydrogen.



Naturally occurring hydrogen has three isotopes – ‘normal’ hydrogen, deuterium and tritium – 99.98% of all hydrogen is normal hydrogen-1; less than 0.02% is deuterium, hydrogen-2; and there are only trace amounts of tritium, hydrogen-3.


[image: ]

TEST YOURSELF

Data for test yourself questions is generally given in the questions, but you can find extra information on specific nuclides using an online database such as Kaye and Laby from the National Physical laboratory (NPL), kayelaby.npl.co.uk.


1  Explain what is meant by the specific charge of an electron.

2  What are isotopes?

3  Using the data on p. 3 obtained by Rutherford, Geiger and Marsden, calculate the (atomic radius : nuclear radius) ratio for gold.

4  Rutherford realised that the nuclear radius that he had calculated from Geiger and Marsden’s data from positively charged alpha particle scattering would be a maximum value. (This value is now called the charge radius.) More modern methods of determining the nuclear radius of gold, using electron scattering, put the radius at about 5 fm (~ 5 × 10−15 m). Why is there such a difference between the two values?

5  This question is about the element silicon-28, [image: ], which is commonly used as a substrate for the manufacture of integrated circuits.




    a)  How many protons, neutrons and electrons are there in an atom of [image: ]?

    b)  The [image: ] atom loses two electrons and forms an ion.




        i   Calculate the charge of the ion.

        ii)  State the number of nucleons in the ion.

        iii) Calculate the specific charge of the silicon ion.




6  a)  Germanium atoms are frequently laid onto the top of silicon substrates. About 37% of naturally occurring germanium is germanium-74. Determine the charge of a germanium-74 nucleus.

    b)  A positive ion with a germanium-74 nucleus has a charge of 4.80 × 10−19 C. Calculate the number of electrons in this ion.




7  Calculate the specific charges of the following:




    a)  a deuterium nucleus (heavy hydrogen – one proton + one neutron)

    b)  a carbon-12 nucleus

    c)  an (oxygen-16)2− ion.




8  Radon-222 is a colourless, naturally occurring radioactive gas.




    a)  How many protons are there in a nucleus of radon-222?

    b)  How many neutrons are there in a nucleus of radon-222?

    c)  Write the [image: ] notation for radon-222.




9  There are two naturally occurring isotopes of copper: 69% is copper-63, 31% is copper-65.




    a)  Write the [image: ] notations for each of the two isotopes.

    b)  Calculate the number of neutrons in each of the two isotopes.

    c)  Calculate the average atomic mass of these two isotopes.



[image: ]



Stable and unstable nuclei

Why are most nuclei stable? Protons are positively charged, so when they are confined close together in a nucleus they should all repel each other and break up the nucleus, so why don’t they? If nuclei are stable then there must be another attractive, short-range force that is stronger than the force of electromagnetic repulsion between the protons. In addition, this stronger force must also act between neutrons as well as protons, otherwise it would be extremely easy to remove neutrons from nuclei; at extremely short-ranges the force must be repulsive, otherwise the nucleons inside the nucleus would implode.

The strong nuclear force is one of the four fundamental forces (the other three are electromagnetic, gravitational and weak nuclear) and it acts between nucleons. It is the force that holds nuclei together and keeps them stable. The strong force is attractive up to distances of about 3 fm (3 × 10−15 m) and repulsive below very short-range distances of about 0.4 fm. The graph of force against nucleon separation is shown in Figure 1.8.


[image: ]

The strong nuclear force is one of the four fundamental forces of nature (including electromagnetic, weak and gravitational forces). It is a very short-range force and acts between nucleons (protons and neutrons) holding nuclei together.

[image: ]




[image: ]
Figure 1.8 The strong nuclear force.



You can see from Figure 1.8, that at separations of about 0.4 fm, the magnitude of the strong nuclear force is zero. The force is neither attractive nor repulsive. This is the equilibrium position for the nucleons (protons or neutrons), where the resultant force on each nucleon is zero. In a stable nucleus, this is the separation of each nucleon. The graph also shows how short range the force is: at a separation of just 3 fm, the strong force has dropped to zero.

Alpha and beta radioactive decay

Not all nuclei are stable. In fact the vast majority of known isotopes are unstable. Unstable nuclei can become more stable by the process of radioactive nuclear decay. Although there are many different decay mechanisms, three types are far more common than all the others. These are alpha, beta and gamma decay. Alpha decay involves the emission of two protons and two neutrons joined together (identical to a helium nucleus). Beta decay involves the decay of a neutron into a proton, and an electron and an antineutrino, which are subsequently emitted from the nucleus. Gamma emission involves the protons and neutrons inside the nucleus losing energy (in a similar way to electrons changing energy level) and emitting a gamma ray photon as part of the process.


[image: ]

The neutrino, ν, is a neutral, almost mass-less fundamental sub-atomic particle that rarely interacts with matter. Antineutrinos are the antiparticles of the neutrino. There are three forms of neutrino: the electron-neutrino, νe; the muon-neutrino, νμ; and the tau-neutrino, ντ.

[image: ]
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TIP

The antineutrino emitted during beta decay was first suggested to be emitted by the Austrian physicist Wolfgang Pauli in 1930. Beta particles are emitted from a parent nucleus with a range of different energies, up to a maximum value. Pauli suggested that when beta particles are emitted, another particle is emitted at the same time, taking up the balance of the energy. Pauli called these particles ‘neutrinos’, symbol υ, meaning ‘little neutral ones’. He proposed that neutrinos were electrically neutral and almost mass-less (their mass is so small that it has never been determined accurately); they also only feel the weak nuclear and gravitational forces. The anti-neutrino is the antiparticle of the neutrino. It has nuclear properties opposite to that of its particle ‘sister’. Antiparticles have the same nuclear symbol as their particle equivalents, but they have a bar over them, hence the symbol for the antineutrino is [image: ].

[image: ]



The observed beta particle spectrum graph (Figure 1.9) shows that beta particles are emitted with a range of energies, Eβ, from just over zero up to a maximum value ETOT. ETOT is the expected energy determined by analysing the energies of the parent and daughter nuclides. ETOT is constant for any one radioactive beta-emitting nuclide, so another particle, the antineutrino, must be emitted with an energy [image: ], which can be any value from just above zero up to a maximum value ETOT. The combined energy of the beta particle and the antineutrino must equal ETOT, so:

[image: ]


[image: ]
Figure 1.9 A typical beta particle emission spectrum. The total emission energy ETOT is made up of the kinetic energy of the beta particle plus the kinetic energy of the antineutrino.



Detecting nuclear radiation

The cloud chamber

One of the earliest ways of detecting ionising nuclear radiation was invented by Charles Wilson in 1911. He came up with the idea of creating clouds artificially in the laboratory, by rapidly expanding air saturated with water vapour inside a sealed chamber. Wilson suspected that clouds form on charged particles in the atmosphere, and he experimented by passing X-rays through his chamber. He discovered that the X-rays left wide cloudy tracks inside the chamber. Wilson then passed alpha, beta and gamma radiation through the chamber and found that the highly ionising alpha particles left broad, straight, definite length tracks; the ionising beta particles left thin, straight or curved tracks (depending on how high their energy was); but the weakly ionising gamma rays left no tracks at all.


[image: ]
Figure 1.10 The Wilson cloud chamber. (If you are conducting this experiment yourself, follow the CLEAPSS L93 risk assessment.)



The spark counter

Spark counters only detect highly ionising alpha particles. Beta and gamma radiation do not ionise enough of the air between the metal gauze and the thin wire underneath. When the air particles are ionised by the alpha particles the charged particles produced cause a spark to be formed. That spark jumps across the 5000 V gap between the gauze and the wire. The spark can be seen, heard and counted by an observer or with a microphone. This method of detecting alpha particles is particularly useful for showing that they have a very short range in air.


[image: ]
Figure 1.11 A spark counter. (If you are conducting this experiment yourself use a current-limited (5 mA max) EHT and follow the CLEAPSS L93 risk assessment.)



The Geiger-Muller counter

Figure 1.12 shows a modern Geiger-Muller counter, which is designed to detect and count radioactive emisions automatically, without having to count sparks or scintillations one at a time.


[image: ]
Figure 1.12 A Geiger-Muller (GM) counter.



Ionising radiation enters the GM tube through the thin mica window (alpha or beta radiation), or through the window or sides of the counter (gamma radiation). The low-pressure inert gas inside the detector (helium, neon or argon) is ionised producing a cascade of charged particles that are attracted to oppositely charged electrodes. The small pulse of current produced by the moving charge is detected by the electronic counter, which registers a ‘count’. Geiger counters have a distinct advantage over spark counters and cloud chambers in that they can detect all three types of radiation.


[image: ]

TEST YOURSELF


10  The pictures to the right show the paths of alpha particles, beta particles and X-rays inside a cloud chamber:




      a)  Which cloud chamber picture(s) show the following?




          i)   alpha particle tracks

          ii)  an X-ray track

          iii) a beta particle track




      b)  Explain why cloud chamber picture C show two types of particles?




[image: ]
Figure 1.13 Cloud chamber Picture A.




[image: ]
Figure 1.14 Cloud chamber Picture B.




[image: ]
Figure 1.15 Cloud chamber Picture C.




[image: ]
Figure 1.16 Cloud chamber Picture D.




11  Explain why a spark counter can easily detect alpha particles but usually cannot detect beta particles or gamma rays.

12  A Geiger counter is used to detect the intensity of alpha particles being emitted from a radium source containing two alpha-emitting isotopes, radium-223 and radium-226. A graph of intensity (counts per minute) against range in air (cm) for this source is shown in Figure 1.17.




[image: ]
Figure 1.17 Graph of intensity versus range in air.
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ACTIVITY

The beta particle emission spectrum of bismuth-210

A student carried out an experiment measuring the kinetic energy of beta particles emitted by the radioisotope bismuth-210. Her measurements are shown below.



	Table 1.2




	Kinetic energy of beta particles, E (× 10−15 J)
	0

	16

	32

	48

	64

	80

	96

	112

	128

	144

	160

	176

	186




	Intensity of beta particles (arbitrary units)
	10.0

	11.5

	12.0

	11.5

	10.0

	8.0

	6.0

	4.4

	2.9

	1.5

	0.6

	0.2

	0.0






1  Plot a graph of beta particle intensity (y-axis) against beta particle energy (x-axis).

2  A second student measures beta particles being emitted with a second bismuth-210 source with an intensity of 11 arbitrary units. Use the graph to determine the possible kinetic energies of the emitted beta particles from the second source.

3  The maximum kinetic energy of beta particles emitted from bismuth-210 is 186 fJ (186 × 10−15J). Calculate the energies of the antineutrinos emitted at this intensity.



[image: ]



Nuclear equations

The [image: ] notation can be used to describe the nuclear reactions that take place during radioactive decay.


[image: ]
Figure 1.18 The [image: ] notation for ionising radiation (Note: values of [image: ] are usually written without the zeros).



During alpha, beta and gamma radioactive decay, two simple conservation rules come into play:


•  nucleon number, A, is always conserved

•  proton number, Z, is always conserved.



In practice this means that the total (addition) value for A before the decay is equal to the total (addition) value of A after the decay (and, similarly, the totals for Z remain the same before and after the decay). Look at the following two examples:


1  A common alpha decay is the decay of radium-226 in granite rocks, producing an alpha particle and the radioactive gas, radon-222. This nuclear decay can be written as:




[image: ]
Figure 1.19 Decay of radium.




[image: ]

TIP

Some nuclei that are unstable and decay via gamma ray emission have the letter ‘m’ added after their nucleon number, meaning ‘metastable’. A good example of this is technetium-99m, a common gamma ray emitter used in nuclear medical imaging. This is covered in next year’s book.

[image: ]




2  The same rules apply to beta decay. A good example is the decay of carbon-14, a naturally occurring radio-nuclide used in carbon dating techniques. Carbon-14 decays via beta emission to nitrogen-14, emitting an antineutrino in the process. This decay can be summarised by:




[image: ]
Figure 1.20 Decay of carbon-14.



In both these examples, both the nucleon number, A, and the proton number, Z, are conserved during the decay.


[image: ]

TIP

It is handy to have access to a database of the different nuclides. The database should give you the values of A and Z, as well as other key data, such as the half-life, abundance and its decay mechanisms. You will find such databases on the web.
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TEST YOURSELF


13  Plutonium was the first man-made element. The element is made by bombarding uranium-238 with deuterons (nuclei of deuterium, [image: ]), producing neptunium-238 and two neutrons, ([image: ]); the neptunium-238 then decays via beta decay (where the nucleus emits an electron, [image: ]) to plutonium-238.



Write nuclear equations summarising the formation of plutonium-238. Uranium has a proton number of 92.

Use a nuclide database, or a periodic table, to write nuclear equations to summarise the following radioactive decays.


14  Americium-241 is an alpha emitter commonly used in smoke detectors; its daughter nuclide is neptunium-237.

15  Strontium-90 is a beta emitter used as a fuel source in radioisotope thermoelectric generators (RTGs) on space probes and lighthouses; it decays to yttrium-90, emitting an antineutrino in the process.

16  Phosphorous-32 is a beta emitter used as a tracer in DNA research.

17  Plutonium-238 is an alpha emitter also used as the fuel source for RTGs.

18  Tritium (or hydrogen-3) is a beta emitter used in some ‘glow-in-the dark’ paints.
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The photon model of electromagnetic radiation

Around the turn of the twentieth century, physicists such as Albert Einstein and Max Planck developed a particle model of electromagnetic radiation to account for two experimental observations that were impossible to explain using classical physics.

Planck developed the concept of a fundamental unit of energy, which became known as a quantum. He proposed that atoms absorb and emit radiation in multiples of discrete amounts that are given by the Planck equation:

[image: ]

where:

f is the frequency of the radiation absorbed or emitted, and

h is a constant, now called the Planck constant.

It was Planck who called these discrete units of energy ‘quanta’ and the small ‘packets’ of electromagnetic radiation making up these quanta became known as photons. Measurements of the energy of photons has produced a value for the Planck constant of 6.63 × 10−34 J s. This theory is discussed in more detail in Chapters 3 and 4.


[image: ]

TEST YOURSELF


19  A light-emitting diode (LED) emits light photons of energy 3.6 × 10−19 J.




      a)  Calculate the frequency of this electromagnetic radiation.

      b)  Calculate the energy emitted per second (called the output power) of the LED, when it emits 0.9 × 1017 photons each second.




20  LEDs are now used extensively as the light source in torches.



The LEDs used in the torch shown in the diagram above emit blue photons of light. The wavelength of the blue light is 420 nm.


      a)  Show that the energy of a photon from this LED is about 5 × 10–19 J.



LEDs need to be connected to a certain minimum voltage, called the activation voltage, before they emit light. A blue LED needs a higher voltage than a longer wavelength red LED.


      b)  Explain why a red LED needs a lower voltage than a blue LED.




[image: ]
Figure 1.21 LED torch.
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Antiparticles

In 1928, Paul Dirac proposed the existence of the positron, the antiparticle of the electron. He suggested that the positron had the same mass as an electron, but that most of its other physical properties (such as its charge) were the opposite to that of the electron. Dirac thought that positrons were positively charged electrons.

All particles have a corresponding antiparticle. Each particle–antiparticle pair has the same mass and therefore the same rest mass-energy (the amount of energy released by converting all of the mass into energy), but they have opposite properties such as their charge. The positron is one of the few antiparticles that has its own different name; most other anti-particles are described by the word ‘anti’ in front of the particle name. The other more common antiparticles are the antiproton, the antineutron and the antineutrino. Antiparticles generally have the same symbol as their particle but have a bar drawn over the top of the symbol; for example, the proton has the symbol p and the antiproton has the symbol p−. An exception to this is the positron. It was the first antiparticle to be discovered and is given the symbol e+.


[image: ]

Rest mass-energy is the amount of energy released by converting all of the mass of a particle at rest into energy using Einstein’s famous mass-energy equation,

[image: ]

where m is the rest mass of the particle and c is the speed of light.
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Antiparticles are not common. The Universe appears to be overwhelmingly dominated by matter. Antimatter only becomes apparent in high-energy particle interactions, for example in the interaction of high-energy cosmic rays with the atmosphere, or in particle accelerator experiments such as the Large Hadron Collider (LHC) at CERN.


[image: ]

Mega electron-volts The energy of nuclear particles is usually given in MeV, mega electron-volts. One electron-volt is a very small amount of energy, equivalent to 1.6 × 10−19 J. This is the same numerical value as the charge on an electron and is defined as the amount of energy needed to accelerate an electron of charge ‘e’, (1.6 × 10−19 C) through a potential difference of 1 volt. One MeV is a million electron-volts, equivalent to 1.6 × 10−13 J. This unit comes from the definition of the volt. A volt is the amount of energy per unit charge or:

[image: ]

so

[image: ]
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Particle–antiparticle interactions

When a particle meets its corresponding antiparticle they will annihilate each other. This means that the total mass of the particle pair is converted into energy, in the form of two gamma ray photons.


[image: ]
Figure 1.22 Diagram showing annihilation.
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TIP

Other particle–antiparticle pairs with ‘non-bar’ symbols are: muon+ (μ+) and muon− (μ−); pion+ (π+) and pion− (π−); kaon+ (K+) and kaon− (K−). The photon and the pion0 (π0) are their own antiparticles. You will meet these particles again in Chapter 2.
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Two gamma photons are always produced during particle–antiparticle annihilation in order to conserve momentum. The total energy of the gamma photons is equal to the total rest energies of the particle–antiparticle pair, in order to conserve energy.


[image: ]

When a particle meets its antiparticle and their total mass is converted to energy in the form of two gamma ray photons, the particles annihilate each other.

[image: ]
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EXAMPLE

The rest energy of an electron is the same as that of a positron and is 0.51 MeV. Calculate the wavelength (in picometres, pm) of the two gamma ray photons produced when an electron and a positron annihilate each other at rest.

Answer

As the electron and the positron are initially at rest, their total momentum is zero. This means that the total momentum of the photons produced when the electron/positron annihilates must also be zero. Both the photons will have the same energy and will be moving at the same speed (the speed of light), so they must be moving in opposite directions for their momenta to cancel out to zero.

The total energy of the annihilation will be 1.02 MeV. The two photons that are produced during the annihilation must therefore have an energy equal to 0.51 MeV.

[image: ]

To calculate the wavelength of the photons:

[image: ]
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Pair production

The opposite process to annihilation is called pair production. In this process, a photon with enough energy can interact with a large nucleus and be converted directly into a particle–antiparticle pair. The rest energy of an electron (and therefore a positron) is 0.51 MeV, or 8.2 × 10−14 J. In order to create this particle–antiparticle pair, the photon must have enough energy to create both particles, in other words, (2 × 0.51) = 1.02 MeV, or 16.4 × 10−14 J. The wavelength of the photon needed to do this can be calculated by:
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TEST YOURSELF


21  A proton and an antiproton annihilate at rest producing two high-energy photons, each with an energy of 1.5 × 10−10 J. Calculate the frequency and the wavelength of the photons. Compare the wavelength of these photons to the photons produced by electron–positron annihilation. The rest mass-energy of the proton and antiproton is 938 MeV.

22  Every type of particle has its corresponding antiparticle.




      a)  Write down the name of one particle and its corresponding particle.

      b)  State one property that the particle and its antiparticle share.

      c)  State one property that is different for the particle and its antiparticle.




23  Under certain circumstances it is possible for a very high energy photon to be converted into a proton and an antiproton, each with a rest energy of 1.50 × 10−10 J.




      a)  State the name of this process.



The photon in this process must have a minimum energy in order to create a proton and an antiproton.


      b)  Calculate the minimum energy of the photon in joules, giving your answer to an appropriate number of significant figures.

      c)  A photon of even higher energy than that calculated in part (b) is also converted into a proton/antiproton pair. State what happens to the excess energy.

      d)  Explain why the photon required to produce an electron/positron pair would not be able to produce a proton/antiproton pair.

      e)  The antiprotons produced during this process have very short lifetimes. Describe what is likely to happen to the antiproton soon after it is formed.

      f)  Explain why a single photon could not produce a single proton during this process rather than a proton/antiproton pair.
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Practice questions


  1  Which line represents the correct number of protons, neutrons and electrons in an atom of one of the isotopes of lead [image: ]



	 
	protons

	neutrons

	electrons




	A
	  82

	126

	126




	B
	126

	  82

	126




	C
	208

	  82

	208




	D
	  82

	126

	  82








  2  What is the specific charge of a gold [image: ] nucleus? The mass of the gold nucleus is 3.29 × 10−25 kg; the charge on the electron is 1.6 × 10−19 C.




      A  3.63 × 107 C kg−1

      B  3.84 × 107 C kg−1

      C  3.92 × 107 C kg−1

      D   9.56 × 107 C g−1




  3  Uranium-236 may split into a caesium nucleus, a rubidium nucleus and four neutrons as shown below in the following nuclear equation. What is the value of X for the rubidium nucleus?

[image: ]




      A  92

      B  95

      C  98

      D   99




  4  What is the charge, in C, of an atom of [image: ] from which a single electron has been removed?




      A  – 9.6 × 10−19 C

      B  –1.6 × 10−19 C

      C  +1.6 × 10−19 C

      D   + 9.6 × 10−19 C




  5  In a radioactive decay a gamma photon of wavelength 8.3 × 10−13 m is emitted. What is the energy of the photon? The speed of light is 3 × 108 m s−1.




      A  5.4 × 10−46 J

      B  2.4 × 10−13 J

      C  57 J

      D   2.0 × 1043 J




  6  Thorium decays by the emission of an alpha particle as shown in the equation:

[image: ]



What are the correct values for X and Y?




	 
	X

	Y




	A
	225

	  88




	B
	  88

	225




	C
	229

	  91




	D
	227

	  86








  7  [image: ] is a radioactive isotope of carbon. It can form an ion when two electrons are removed from the atom. What is the charge on this ion in coulombs?




      A  −9.6 × 10−19 C

      B  −3.2 × 10−19 C

      C  3.2 × 10−19 C

      D   9.6 × 10−19 C




  8  The line spectrum from helium includes a yellow line with a wavelength of 587.6 nm. What is the energy of a photon with this wavelength?




      A  3.89 × 10−40 J

      B  1.17 × 10−31 J

      C  1.13 × 10−27 J

      D   3.38 × 10−19 J




  9  An alpha particle has a kinetic energy of 9.6 × 10−13 J. The mass of the alpha particle is 6.6 × 10−27 kg. What is the speed of the particle?




      A  1.2 × 107 m s−1

      B  1.7 × 107 m s−1

      C  1.5 × 1014 m s−1

      D   2.9 × 1014 m s−1




10  [image: ] decays by emitting α and β− particles in a number of stages to form [image: ]. How many β− decays are involved in this decay chain?




      A  2

      B  4

      C  6

      D  8



[image: ]


11  a)  Name the constituent of an atom which




          i)   has zero charge

(1)

          ii)  has the largest specific charge

(1)

         iii) when removed leaves a different isotope of the element.

(1)




      b)  The equation

[image: ]



represents the decay of technetium-99 by the emission of a β− particle.


          i)   Identify the particle X.

(1)

          ii)  Determine the values of A and Z.

(2)



[image: ]


12  Alpha decay is a process by which an unstable isotope of an element may decay.




      a)  State what is meant by an isotope.

(2)

      b)  Copy and complete this equation for alpha decay:

(2)

[image: ]

      c)  Explain why the alpha particle, once outside the nucleus, is unaffected by the strong nuclear force of the parent nucleus.

(2)



[image: ]


13  An atom of calcium, [image: ], is ionised by removing two electrons.




      a)  State the number of protons, neutrons and electrons in the ion formed.

(1)

      b)  Calculate the charge of the ion.

(1)

      c)  Calculate the specific charge of the ion.

(2)



[image: ]


14  a)  Describe how the strong nuclear force between two nucleons varies with the separation of the nucleons, quoting suitable values for the separation.

(3)

      b)  An unstable nucleus can decay by the emission of an alpha particle. State the nature of an alpha particle.

(1)

      c)  Copy and complete the equation below to represent the emission of an α particle by a [image: ] nucleus.

[image: ]

(2)



[image: ]


15  a)  Explain what is meant by the specific charge of a nucleus.

(1)



The incomplete table shows information for two isotopes of uranium.




	 
	Number of protons
	Number of neutrons

	Specific charge of nucleus…




	First isotope
	92

	143

	 



	Second isotope
	 
	 
	3.7 × 107








      b)  Copy the table and add the unit for specific charge in the heading of the last column of the table.

(1)

      c)  Add the number of protons in the second isotope to the second row of the table.

(1)

      d)  Calculate the specific charge of the first isotope and write this in the table.

(3)

      e)  Calculate the number of neutrons in the second isotope and put this number in the table.

(4)



Stretch and challenge


16  Figure 1.23 shows an arrangement to measure the Planck constant.


[image: ]
Figure 1.23 Circuit diagram for measuring the Planck constant.





The data obtained from this experiment is shown below.




	LED number
	Wavelength of emitted photons, λ /nm

	Frequency of emitted photons, f /Hz

	Activation voltage, VA /V




	1 violet
	413

	 
	3.01




	2 blue
	470

	 
	2.65




	3 green
	545

	 
	2.28




	4 yellow
	592

	 
	2.09




	5 red
	625

	 
	1.98








      a)  Write a method as a numbered list for this experiment.

      b)  Copy and complete the table, calculating the frequency of the emitted photons.

      c)  Plot a graph of activation voltage (y-axis) against photon frequency (x-axis).

      d)  Draw a line of best fit on the graph and calculate the gradient.

      e)  Use the equation eVA = hf, together with the gradient of the best fit line, to determine a value of the Planck constant. Show your working.




17  How does the proton number, Z, and the nucleon number, A, of a nucleus change due to:




      a)  the emission of an alpha particle

      b)  the emission of a beta particle

      c)  the fusion with a deuterium nucleus?




18  The potassium isotope [image: ]disintegrates into [image: ].




      a)  What are the likely type/s of radiation produced?

      b)  How many protons, neutrons and electrons are present in an atom of the daughter nucleus [image: ]?




19  A muon and an antimuon annihilate each other to produce two γ-rays. Research the data that you need for this question and use it to calculate the minimum energy of the photons.



[image: ]




2 Fundamental particles


[image: ]
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PRIOR KNOWLEDGE


•  Matter is made of atoms.

•  Atoms are made up of a very small central nucleus containing particles called protons and neutrons, surrounded by orbiting electrons.

•  Atoms are electrically neutral. Protons carry a positive charge and electrons carry the same magnitude, negative charge. In atoms, the number of protons equals the number of electrons, so their overall charge is zero.

•  Protons and neutrons have a mass about 1800 times larger than electrons. Most of the mass of an atom is concentrated in the nucleus due to the protons and neutrons.
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TEST YOURSELF ON PRIOR KNOWLEDGE

Data for Test Yourself questions is generally given in the questions but you can find extra information on specific nuclides using an online database such as Kaye and Laby from the National Physical Laboratory (NPL), kayelaby npl.co.uko.


1  a)  Calculate the total charge on a sodium-23 nucleus.

    b)  Calculate the approximate mass of the sodium-23 nucleus.




2  The atomic radius of an element can be estimated using the Avogadro Number, NA = 6.02 × 1023 (the number of particles in 1 mole), the density of the element and the molar mass of the element. The molar mass of carbon-12 is 12.0 × 10−3 kg mol−1, and carbon-12 (diamond allotrope) has a density of 3500 kg m−3.




    a)  Calculate the mass of one atom of carbon-12.

    b)  Calculate the volume of one atom of carbon-12.

    c)  Calculate the radius of one atom of carbon-12 (volume of a sphere is given by [image: ]).

    d)  The nuclear radius of an element is given by the following formula:

[image: ]



where r0 is a constant equal to 1.25 × 10−15 m, and A is the nucleon number (number of protons + number of neutrons). Use this information to calculate the radius of a carbon-12 nucleus.


    e)  Calculate the ratio [image: ] for carbon-12.



[image: ]



The particle garden

The discovery of the three basic sub-atomic particles: the electron (in 1897 by JJ Thomson); the proton (in 1917 by Ernest Rutherford) and the neutron (in 1932 by James Chadwick), seemed to complete the structure of the atom. However, in the 1930s, physicists started to discover a range of new sub-atomic particles, such as the positron and the muon, primarily as the result of experiments on high-energy cosmic radiation from space. The Second World War forced a break in the discovery of new particles as physicists were put to use working on new warfare technology, such as the atomic bomb and radar. After the end of the Second World War, physicists returned to their research into sub-atomic particles. The huge advance in technology made during the war years led to the discoveries of many new particles and the production of more sophisticated particle accelerators and detectors.

It became obvious that particles were being discovered in ‘families’, rather like the groups of elements on the periodic table, and new names such as leptons, hadrons and mesons were invented to classify these groups.

In 1967, the Standard Model of particle physics was first described by Steven Weinberg and Abdus Salam, and it is from this that the current picture of the structure and behaviour of matter was constructed. In 2012, the final piece of the Standard Model jigsaw, the Higgs Boson, was ‘discovered’ by a large team of physicists working on data from the Large Hadron Collider at CERN in Geneva. (CERN stands for Conseil Européen pour la Recherche Nucléaire or European Council for Nuclear Research.)


[image: ]
Figure 2.1 The Standard Model of matter showing the 12 fundamental particles and the exchange particles, together with their masses and charges.



The Standard Model

The Standard Model of matter has proved to be very powerful. It successfully describes the huge proliferation of particles discovered during the latter part of the twentieth century. The model is surprisingly simple, consisting of two families of fundamental particles and a set of forces that bind them together.


[image: ]

TIP

The masses of fundamental particles are nearly always given as mass-energy equivalents. Einstein’s energy-mass equation, E = mc2, can be rearranged to [image: ]. As c2 is a constant value then mass also has the unit eV/c2. The mass of the electron is 0.51 MeV/c2, which is equivalent to 9.11 × 10−31 kg. The heaviest fundamental particle, the top quark, has a mass of 171.2 GeV/c2 or 3.1 × 10−25 kg. Rest mass-energies can therefore be given as a mass (usually in MeV/c2) or an energy equivalent (usually in MeV).
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Fundamental particles

The word ‘fundamental’ in physics has profound meaning. Fundamental particles are particles that appear to have no structure. Fundamental particles cannot be broken down into smaller pieces and they are the basic building blocks of the Universe. When Democritus performed his thought experiment on the nature of matter on a beach in Ancient Greece, his idea was simple – the smallest building block of matter was called an atom, and for about two and a half millennia, this concept dominated science. JJ Thomson’s discovery of the electron started the hunt for sub-atomic particles, and the Standard Model appears to finish the hunt with a group of 12 fundamental particles (and their antiparticles). The 12 fundamental particles (and the four exchange particles that hold them together) of the Standard Model can be arranged in many different ways to make up any observed composite particles in the Universe, with the overwhelming proportion of the observed Universe appearing to be made of just three fundamental particles: the electron, the up quark and the down quark. Up and down quarks combine together in threes to make protons and neutrons, and these combine together to form nuclei. The addition of electrons to surround the nuclei forms atoms.


[image: ]

Antiparticles are fundamental particles with the same mass and energy as their particle counterparts, but have opposite properties such as charge. When a particle meets its antiparticle they annihilate (see Chapter 1) converting to gamma ray photons.

[image: ]
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TEST YOURSELF


1  What is the ‘Standard Model’?

2  State one similarity and one difference between a ‘particle’ and its ‘antiparticle’ (for example, an electron and a positron).

3  What is the conversion factor from MeV into joules?



These questions refer to the Standard Model shown in Figure 2.1.


4  State the six leptons and the six quarks that make up the Standard Model.

5  What is the charge on the following particles?




    a)  electron

    b)  muon-neutrino

    c)  up quark

    d)  positron

    e)  down quark

    f)  strange quark.




6  What are the four most common particles shown in Figure 2.1?

7  What is meant by a fundamental particle?

8  How many quarks are there in a proton?
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Quarks

Although you have already met the electron as a fundamental particle, you may not have come across quarks. The concept of quarks as fundamental building blocks of matter was first proposed by Murray Gell-Mann and George Zweig in 1964, as part of the original Standard Model, which initially only contained three ‘flavours’ of quarks (up, u; down, d; and strange, s). The other three flavours (charm, c; bottom, b; and top, t) were added later. (The bottom quark is also known as the beauty quark.) A basic difference between these quarks is their mass. Figure 2.2 shows the masses of each quark drawn to scale (with the area representing mass). The proton and electron masses are shown for comparison to the left.


[image: ]
Figure 2.2 The relative masses of the six quarks.




[image: ]

Quarks are fundamental particles that make up particles such as protons and neutrons. They exert the strong nuclear force on one another.

[image: ]



Most of the mass of a proton is due to the energy of the interactions between the quarks and the gluons that hold the quarks together via the strong nuclear force. These gluons constantly come into and go out of existence as they exchange between the quarks. The energy required to do this is included in the mass of the proton or the neutron. The up and down quarks are much less massive than the other quarks. The strange quark is observed in particles at high altitude due to the interaction of high-energy cosmic rays within the upper atmosphere. The charm, bottom and top quarks are only observed in particle accelerator detectors at extremely high energy.


[image: ]

Gluons are one of the four exchange particles of the Standard Model. Gluons act between quarks holding them together. Gluons have an extremely short range of action of about 10−15 m.

[image: ]



The first direct observation of quarks was carried out using deep-inelastic scattering of electrons by protons at the Stanford Linear Accelerator (SLAC) facility in 1968. Protons were observed to be made up of two up quarks and a down quark. The strange quark was observed as a result of further experiments at SLAC and the charm quark was observed in 1974. The bottom quark was discovered three years later in 1977, but it took until 1995 for a particle accelerator with enough energy, the Tevatron at Fermilab, to produce interactions involving the top quark.


[image: ]

Deep-inelastic scattering involves firing electrons at protons at very high energies (hence the word ‘deep’). Elastic scattering, for example, involves two particles such as two protons colliding with each other and rebounding off each other with the same kinetic energy – rather like two snooker balls hitting each other head-on and rebounding back. The word ‘elastic’ in this context means that no kinetic energy is lost. Inelastic scattering involves the conversion of kinetic energy into other forms. In this case the electrons penetrate into the proton and interact with the quarks (via exchange of photons); kinetic energy is converted into mass as the proton shatters, producing a shower of other particles. Using the snooker analogy, it would be as if one snooker ball entered the second ball causing it to break into other pieces as the first snooker ball scattered away from it.

[image: ]




[image: ]
Figure 2.3 Deep-inelastic scattering.
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TIP

Make sure you know about the up, u; down, d; and strange, s, quarks (and their antiquarks). You do not need to know about the charm, top or bottom quark, although they could be set as examples in the exam, where all factual knowledge would be provided in the question.
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TEST YOURSELF


  9  What are the six ‘flavours’ of quarks and what is the main difference between them?

10  The original deep-inelastic scattering experiments carried out at SLAC in 1968 involved which of the following particle interactions?




      A  protons and neutrons

      B  protons and positrons

      C  protons and electrons

      D  protons and muons




11  Why are quarks believed to be ‘fundamental particles’?

12  Arrange the following particles in order of their masses (heaviest first):
proton, electron, bottom quark, down quark, up quark.

13  Explain what is meant by ‘deep-inelastic scattering’.
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Fundamental forces

In the same way that the Standard Model describes the 12 fundamental particles, it also describes the four fundamental forces that allow the particles to interact with each other. Indeed the words force and interaction are interchangeable in this context and mean the same thing. The word interaction is used to describe these forces on a microscopic, quantum scale, because the mechanism used to explain how the forces work is different from the classical ‘Newtonian’ field theory that is used to describe how forces work in the large-scale, macroscopic world.

In the macroscopic world, charges and masses exert forces on each other due to the electric and gravitational force fields that extend out into space, away from the charge or mass. The patterns of the force field lines show the action of the forces. On the microscopic, quantum scale, classical field theory cannot explain some of the ways that particles interact with each other, and a different ‘quantum’ interaction approach is used.

The Standard Model describes particles interacting by transferring exchange particles. There are three fundamental forces described by the Standard Model, each one with its own distinct exchange particle or particles. Table 2.1 outlines the three fundamental forces of the Standard Model and gravity (which falls outside the Standard Model, but is included in Grand Unification Theories) and their exchange particles.


[image: ]

Exchange particles are particles involved with the interaction of particles via the four fundamental forces of nature on the quantum scale. Exchange particles are only created, emitted, absorbed and destroyed between the interacting particles.
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	Table 2.1 Fundamental forces and their exchange particles.




	Fundamental force
	Nature
	Exchange particle(s)



	Electromagnetic
	Acts between charged particles
	Photon



	Strong
	Acts between quarks
	Gluon



	Weak
	Responsible for radioactive decay (with the exception of alpha decay) and nuclear fusion
	W+, W−, Z0



	Gravity
	Acts between particles with mass
	Graviton




On the quantum scale, two protons can interact with each other by exchanging virtual photons via the electromagnetic interaction. The photons are exchanged in both directions but exist for only minute amounts of time – hence the word virtual. A simple model of this interaction could be constructed by two basketball players throwing a basketball back and forward to each other as shown in Figure 2.4. Momentum is exchanged between the players and the ball, and a force is produced.

This model works quite well for illustrating the repulsive force that occurs between two particles with the same charge, but it does not work very well with the attractive forces, such as the strong, weak and gravitational forces, and the electromagnetic attraction between particles with opposite charge. In this case, if you visualise the basketballs attached to elastic cords that stretch tight just before being caught by the catcher, this means that as the basketball is caught it pulls the catcher back towards the thrower as shown in Figure 2.5. To improve the model further, make the elastic cord stiffer as the distance between the catcher and thrower gets smaller, increasing the force of attraction. This makes it more realistic to the quantum world where the attractive forces decrease with increasing separation. Trying to visualise the quantum world is very difficult from our viewpoint.


[image: ]
Figure 2.4 Two basketball players ‘exchanging’ a basketball. This is analogous to two protons exchanging a photon.



The electromagnetic force

We are very used to the everyday effects of the electromagnetic force. Not only do we see and feel the effects of static charge, but the electromagnetic force is the source of the contact forces between everyday objects. On the quantum scale the electromagnetic interaction occurs between charged particles, most commonly electrons and protons.


[image: ]
Figure 2.5 A basketball on a cord provides an attractive force.




[image: ]
Figure 2.6 An electromagnetic interaction.



The electromagnetic interaction exchange particle, the photon, acts over infinite distances. However, the strength of the force decreases with an inverse-square relationship to distance, [image: ]. This means that if the distance between the

particles is doubled then the force reduces by a factor of four as shown in Figure 2.7.


[image: ]
Figure 2.7 As the distance between two oppositely charged particles doubles, then the force reduces by a factor of four.



The photons created during electromagnetic interactions are called virtual photons, because they only exist during the time of the interaction. They are created, interact and decay all within the time of the interaction.

The electromagnetic interaction is responsible for most of the behaviour of matter on an atomic and molecular scale. (In fact the other three forces are almost insignificant on this scale.)

The strong nuclear force

The strong interaction is an extremely short-range force (typically acting on the scale of 10−14 to 10−15 m – the scale of the nucleus) and it acts between quarks. The exchange particle is the gluon.

Although the strong force is very short range, it has a very high magnitude, 137 times larger than the electromagnetic force, hence the name ‘strong’. The strong force acts between quarks, so it is the force that holds nucleons such as protons and neutrons together, and it is also the force that holds nuclei together. If the strongest of the fundamental forces, the strong nuclear force, has a magnitude of 1, then the corresponding electromagnetic force would have a magnitude of [image: ].

The weak force

A version of the weak force was first described in 1933 by Enrico Fermi while he was trying to explain beta decay. The weak force is now known to be responsible for β− and β+ radioactive decay, electron capture and electron–proton collisions. There are three exchange particles involved with the weak force, the W+, W− and the Z0, but these were not experimentally verified until 1983. The weak force is about a million times weaker than the strong nuclear force (hence the name), and it acts over an even shorter range, typically 10−18 m, which is about 0.1% of the diameter of a proton.


[image: ]
Figure 2.8 Murray Gell-Mann, originator of the Standard Model, quarks and gluons.



Gravity

The force of gravity is well known to us. We feel its effect at all times. It is the fundamental force that drives the macroscopic behaviour of the Universe as it acts over infinite distances and it acts between masses. On the quantum scale, gravity is the weakest of all the four fundamental forces (typically 6 × 10−39 of the magnitude of the strong force). Although classical, macroscopic, gravitational field theory works very well, the quantum nature of gravity is not very well understood. The proposed name of the exchange particle is the graviton but, on the quantum scale, the graviton would be almost impossible to observe due to the extremely small magnitude of the force of interaction. Huge, planet-scale, detectors would be needed to capture the extremely rare effects of graviton interactions.


[image: ]

Macroscopic means ‘large scale’, as opposed to the microscopic, quantum scale. Quantum effects operate at distances less than about 100 nm, so anything above this scale is considered macroscopic, and classical (sometimes called Newtonian) physics is applied.

[image: ]
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TIP

In the examination, you will not be required to recall information regarding the gluon, Z0 or the graviton.

[image: ]
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TEST YOURSELF


14  What are the four fundamental forces? For each one, state its exchange particle.

15  Why are the fundamental forces called ‘interactions’ on the quantum scale?

16  Why are exchange particles sometimes called ‘virtual particles’?

17  Which of the following particle events is not an example of the weak interaction?
beta− decay
alpha emission
beta+ decay
electron capture



[image: ]



Feynman diagrams

Feynman diagrams are pictorial ways of representing the interactions of quantum particles. They were first introduced by Richard Feynman in 1948. Feynman realised that the interactions of particles on the quantum scale could be represented on paper by a series of arrows and wavy lines, following a set of simple rules. As an example, Figure 2.9 shows the standard Feynman diagram illustrating β− radioactive decay.

Feynman diagrams are generally read from left to right. Figure 2.9 shows a neutron decaying into a proton and a W− exchange particle, which subsequently decays into an electron and an electron antineutrino. This is an example of the weak interaction and can be written as an equation:

[image: ]

You can see immediately the advantage of the Feynman diagram over the symbol equation. The Feynman diagram summarises all the parts of the interaction, whereas the equation only tells us what goes into the interaction and what comes out. It tells us nothing about what goes on during the interaction.


[image: ]
Figure 2.9 Feynman diagram illustrating β− decay.



Feynman diagram rules


•  Particles are represented by straight lines with arrow heads drawn on them.

•  Exchange particles are represented by wavy lines.

•  Time generally moves on the x-axis from left to right (although this is not a hard and fast rule, and many Feynman diagrams have time running vertically).

•  Particles are created and annihilated at the vertices between the lines.

•  Particles made up of quarks have the quark lines draw parallel and next to each other.

•  Exchange particles generally transfer from left to right unless indicated by an arrow above the wavy line.



Feynman diagram examples

Two electrons scattering off each other (Figure 2.10)


[image: ]
Figure 2.10 Feynman diagram illustrating two electrons meeting.



Two electrons meet, exchange photons and scatter away from each other. The photon symbol γ indicates that this is an example of an electromagnetic interaction.

β+ (positron) radioactive decay (Figure 2.11)


[image: ]
Figure 2.11 Feynman diagram illustrating β+ (positron) radioactive decay.



In this case, a proton decays into a neutron and a W+ exchange particle, which subsequently decays into a positron and an electron neutrino. This is another example of the weak interaction, (like β− decay), and is summarised by the equation:

[image: ]

Electron capture (Figure 2.12)


[image: ]
Figure 2.12 Feynman diagram illustrating electron capture.



Electron capture is another example of the weak interaction. An electron is absorbed by a proton within a nucleus. The proton decays into a neutron and a W+ exchange particle, which interacts with the electron forming an electron neutrino (as the proton acts on the electron the arrow above the exchange particle moves left to right):

[image: ]

Electron–proton collision (Figure 2.13)


[image: ]
Figure 2.13 Feynman diagram illustrating electron–proton collision.



An electron and a proton collide transferring a W− exchange particle, indicating the weak interaction; the proton decays into a neutron and the electron decays into an electron neutrino (as the electron collides with the proton the arrow above the exchange particle moves right to left):

[image: ]


[image: ]

TIP

β− decay is negative so involves e−, an antineutrino and W−, whereas β+ decay is positive so involves e+, a neutrino and W+.

[image: ]



Proton–neutron bound by a gluon (Figure 2.14)


[image: ]
Figure 2.14 Feynman diagram illustrating proton–neutron binding via gluon exchange.



A gluon is exchanged between a neutron and a proton binding the two particles together (the process repeats over and over again). Notice that the Feynman diagram symbol for a gluon is a different wavy line from that of the photon or the W±/ Z exchange particles. This is an example of the strong interaction.


[image: ]

ACTIVITY

Drawing Feynman diagrams

Write decay equations and draw Feynman diagrams for the following decays.


1  A muon plus (µ+) decays into a W+ exchange particle and a muon-antineutrino [image: ]. The W+ then decays into a positron (e+) and an electron neutrino (ve).

2  A kaon zero (K0) decays into a pion minus (π−) and a W+ exchange particle, which subsequently decays into a pion plus (π+).

3  An electron neutrino and an electron antineutrino annihilate into a gamma ray photon.

4  An electron neutrino decays into an electron and a W+ exchange particle, which subsequently collides with a neutron producing a proton.

5  An electron and a positron annihilate to produce a gamma ray photons, one of which then pair produces an electron and a positron pair.



[image: ]



Classification of particles

Although the Standard Model is used to describe the nature of the matter in the observed Universe, many of the fundamental particles that are part of the model are rarely observed on their own and, even when they are, it is only at extremely high energy. Most of the fundamental particles are seen in combination with others, forming particles that can exist on their own at lower energies. Most of these composite particles were ‘discovered’ before their constituent fundamental particles and, in the years after the Second World War, names were given to these composite particles and the groups that they seemed to belong to. The particles were arranged into three groups: hadrons, leptons and exchange particles.


[image: ]
Figure 2.15 The particle garden.




[image: ]

TIP

All the leptons, exchange particles and quarks make up the particles of the Standard Model. However, the tau and tau-neutrino leptons and the charm, top and bottom quarks are not part of the examination specification. Any questions set on the examination papers involving these particles would give you all the information that you need to answer the question.

[image: ]
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TEST YOURSELF


18  Use the following list to answer parts (a) to (e).
proton  pion  muon  photon  neutron




      a)  Which particle is a lepton?

      b)  Which particles are hadrons?

      c)  Which particles are fundamental particles?

      d)  Which particle is a meson?

      e)  Which particle is an exchange particle?




19  State the difference between a baryon and a meson.

20  Which particles feel the weak interaction?

21  Use the following list of particle groups to answer parts (a) to (d).



lepton hadron meson baryon exchange particle.

Which group(s) do the following particles belong to?


      a)  neutron

      b)  kaon minus

      c)  W+

      d)  electron antineutrino



[image: ]



Leptons

Exchange particles aside, matter is arranged into two broad groups with very different properties: leptons and hadrons. Leptons are fundamental particles (and are described as part of the Standard Model). The lepton group is made up of the electron, the muon and the tau particles, their respective neutrinos and all their antiparticles (12 particles in total). Leptons do not feel the strong force, but they are subject to the weak force. All leptons are assigned a quantum number, called a lepton number, L, which distinguishes them as leptons. All the leptons (like the electron) have a lepton number L = +1, all the antileptons (like the positron) have a lepton number L = −1, and all other (non-leptonic) particles have a lepton number L = 0 (zero). In any particle interaction, the law of conservation of lepton number holds. The total lepton number before an interaction must be equal to the total lepton number after the interaction.


[image: ]

TIP

All leptons have a lepton number L = +1, but a charge Q = −1(e) or 0. All antileptons have a lepton number L = −1 and a charge Q = +1(e) or 0.

[image: ]
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TIP

In the examination, you will only be set questions involving the conservation of lepton number in terms of electron leptons [image: ] and muon leptons [image: ]. You do not need to know about tau leptons.

[image: ]



For example, during β− radioactive decay, lepton number, L, is conserved.

[image: ]

Remember – protons and neutrons are not leptons.

Muon decay

Muons are unstable particles with a mass of about 200 times the mass of an electron. Muons have unusually long lifetimes, of the order of 2.2 μs and only the neutron, proton and atomic nuclei have higher lifetimes. All muons decay via the weak interaction into three particles, one of which has to be an electron (or a positron) and the other two particles are neutrinos. The decay equations for the muon and the antimuon are:

[image: ]


[image: ]

Particle lifetime is the average time that a particle exists from its creation to its decay. Table 2.2 shows some examples.

[image: ]





	Table 2.2 Mean lifetimes for some particles.




	Particle
	Mean lifetime



	proton
	>1 × 1029 years



	electron
	>4.6 × 1026 years



	(free) neutron
	885.7 seconds



	muon
	2.2 × 10−6 seconds



	π0
	8.4 × 10−17 seconds



	π+
	2.6 × 10−8 seconds



	W+
	1 × 10−25 seconds




The Feynman diagram for the decay of the muon is given in Figure 2.16.


[image: ]
Figure 2.16 Feynman diagram showing muon decay.




[image: ]

ACTIVITY

The Pierre Auger Observatory and Project AIRES Cosmic Ray Shower Simulations

The following information is taken by kind permission from the COSMUS website and Sergio Sciutto from the AIRES software package:

http://astro.uchicago.edu/cosmus/projects/auger/

and

http://astro.uchicago.edu/cosmus/projects/aires/

‘The Pierre Auger Observatory in Malargue, Argentina, is a multinational collaboration of physicists trying to detect powerful cosmic rays from outer space. The energy of the particles here is above 1019 eV, or over a million times more powerful than the most energetic particles in any human-made accelerator. This value is about 1 J and, as such, would warm up one cubic centimetre of water by 0.2 °C. No one knows where these rays come from.

Such cosmic rays are very rare, hitting an area the size of a football pitch once every 10 000 years. This means you need an enormous “net” to catch these mysterious ultra high energy particles. The Auger project will have, when completed, about 1600 detectors.

Each detector is a tank filled with 11 000 litres of pure water and sitting about 1.5 km away from the next tank. This array on the Argentinian Pampas will cover an area of about 3000 km2, which is about the size of the state of Rhode Island or ten times the size of Paris. A second detection system sits on hills overlooking the Pampas and, on dark nights, captures a faint light or fluorescence caused by the shower particles colliding with the atmosphere’.

The cosmic rays that hit the atmosphere create huge showers of particles, particularly leptons; the paths of these particles through the atmosphere has been modelled by Sergio Sciutto’s AIRES software and you can investigate these particle showers using the software and the download movie files. A good place to start is the “Five showers” animation on the AIRES page. Investigate the interactive software and the movie files to find out more about how cosmic rays produce particle interactions in the upper atmosphere.
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TEST YOURSELF


22  What is the law of conservation of lepton number?

23  The rest-mass of an electron is 9.11 × 10−31 kg. Use this value to estimate the rest-mass of a muon.

24  Use the law of conservation of lepton number to explain why an interaction involving an electron and a positron annihilating and producing two muons is not possible.

25  Explain why an electron antineutrino is always produced during β− emission.



[image: ]



Hadrons

Hadrons are particles that are made up of quarks and are therefore subject to the strong nuclear interaction. There are two sub-classes of hadrons.

Baryons, such as the proton and the neutron (and their antiparticles), are made up of three quarks (or three antiquarks). The proton comprises uud, with a total charge of +1e and the antiproton comprises [image: ], with a total charge of −1e.

Mesons, such as the pion and the kaon (and their antiparticles), are made up of a quark–antiquark pair.


[image: ]

TIP

Remember – you need to know about the following quarks:

up (u) charge, [image: ]

down (d) charge, [image: ]

strange (s) charge, [image: ]
(and their antiquarks, with opposite signs of charge).

[image: ]




[image: ]

TIP

Make sure you know the quark structure of the following particles:


•  Proton, p, uud (and antiproton, [image: ])

•  Neutron, n, udd (and antineutron, [image: ]

•  Pion+, π+, [image: ]

•  Pion−, π−, [image: ]

•  Pion0, π0, [image: ] or [image: ]



(The π+ and π− are antiparticles of each other, π0 is its own antiparticle.)


•  Kaon+, K+, [image: ]

•  Kaon−, K−, [image: ]

•  Kaon0, K0, [image: ] (and antiparticle, [image: ], [image: ])



(The K+ and K− are antiparticles of each other.)

[image: ]



Baryons

As baryons are made up of three quarks, and there are six flavours of quark, there are many different possible baryons. Two of these baryons, the proton and the neutron, are well known and make up most of the mass of the Universe. The other baryons, containing the more massive quarks, are more exotic and are only observed at high energy inside particle detectors such as the LHC, or high up in the atmosphere as the result of interactions of cosmic rays with particles in the upper atmosphere. Each baryon has its own antibaryon – which is made up of the corresponding antiquarks. For example, the sigma baryon, Σ+, is made up of two up quarks and a strange quark, uus, and the anti-sigma baryon, [image: ], is made up of two anti-up quarks and an anti-strange quark, [image: ].

The proton is the most stable and abundant baryon. Spontaneous free proton decay has never been observed and, although some non-Standard Model theories predict that it can happen, the predicted lifetime of the proton is of the order of 1034 years. The current measurement of the age of the Universe is only 13.8 billion years (13.8 × 109 years). As the Standard Model has proved to be remarkably robust, then it seems that free protons are stable, and all other baryons will eventually decay into protons. Neutrons also appear to be stable within most nuclei (unless they are β− radioactive decay emitters), but when they are isolated on their own (free) they have a mean lifetime of 882 seconds (about 15 minutes). The vast majority of all the other baryons have vanishingly short lifetimes, between 10−10 and 10−24 seconds.

All baryons are assigned a baryon quantum number, B. All baryons have baryon number B = +1, all anti-baryons have a baryon number B = −1 and all non-baryons have B = 0. Like lepton number, baryon number is also conserved in particle interactions. The total baryon number of all particles before an interaction must equal the total baryon number after the interaction.

As baryons have integer values of baryon number, quarks must have a baryon number of [image: ] and antiquarks have a baryon number of [image: ]. Protons are baryons with a quark structure of uud, so they must have a baryon number of [image: ], and antiprotons with a quark structure of [image: ] must have a [image: ] baryon number of [image: ].


[image: ]

TIP

Remember charge is also a quantum number like baryon number and is also conserved in particle interactions.

For example, during electron capture a proton inside a nucleus can interact with one of the electrons surrounding the nucleus and it can decay into a neutron and W+ exchange particle, which then interacts with the electron producing an electron neutrino:

[image: ]

[image: ]



Feynman diagrams can be drawn involving composite particles such as the proton and the neutron (containing quarks), and they also show how the quarks change during an interaction. The quarks making up the composite particle are shown by arrowed lines drawn parallel and next to each other. The Feynman diagram for β− decay then becomes:


[image: ]
Figure 2.17 Feynman diagram for β− decay.



In this example, the down quark decays into the W− exchange particle and an up quark.

The Feynman diagrams for positron emission by protons in terms of quarks is also shown below:


[image: ]
Figure 2.18 Feynman diagram illustrating β+ (positron) radioactive decay involving quarks.




[image: ]

TEST YOURSELF


26  Explain why a proton can be a hadron and a baryon.

27  What is the quark structure of a neutron?

28  During positron emission, the quark structure of a proton changes. Describe this change.

29  Write a nuclear reaction equation for positron emission and use the equation to show that baryon number is conserved.



[image: ]



Mesons

Meson particles were first proposed by the Japanese physicist Hideki Yukawa in 1934 as a way of explaining the strong force holding protons and neutrons together to make nuclei. Yukawa suggested that the strong force was due to the proton and the neutron exchanging mesons. We now know that pions (pi-mesons) are exchanged between protons and neutrons, but that the strong interaction is actually due to the interaction between quarks that make up the protons and neutrons. Pions, being made up of quarks, also feel the strong force and are able to exist outside nucleons and so the strong interaction between the proton and the neutron is due to the pion exchange with the pions acting as a ‘force carrier’.

Mesons are made up of quark–antiquark pairs, qq_, and as with baryons, because there are six quarks and six antiquarks, there are many different possible mesons. Most mesons are high-energy particles and are only seen to exist inside the detectors of particle accelerators, but the pion and the kaon are produced when high-energy cosmic rays interact with the upper atmosphere and can be observed by high-altitude particle detectors. Mesons have a lepton number, L = 0 (they are not leptons) and a baryon number, B = 0 (they are not baryons).


[image: ]

Mesons are hadron particles made up of a quark–antiquark pair.

[image: ]
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TIP

Although mesons are hadrons, they are not baryons and hence their baryon number is 0.

[image: ]



Pions are combinations of the up, u, and down, d, quarks and their antiparticles. There are three types of pion:

[image: ]

The π+/π− mesons are antiparticles of each other and the π0 is its own antiparticle. All the pions are unstable and decay with lifetimes of the order of 10−8 s for the π+/π− mesons and 10−16 s for the π0 meson. The π+/π− mesons decay into muons and electron neutrinos via the weak interaction:

[image: ]

The Feynman diagram for π− decay is shown in Figure 2.19.


[image: ]
Figure 2.19 Feynman diagram showing pion minus decay.



The π0 meson decays into two gamma rays.

The other common meson produced by cosmic ray interactions is the kaon. Kaons contain the strange quark (or antiquark), s, which has a charge of [image: ]. The quantum number strangeness, symbol S, is a property possessed by particles containing the strange quark and was coined by Murray Gell-Mann to describe the ‘strange’ behaviour of particles that are always produced in pairs by the strong interaction but decay via the weak interaction. To explain this, Gell-Mann suggested that strangeness was conserved in the production of strange particles, but not in their decay.

There are four different kaons, (with their strangeness values, S):

[image: ]

Kaon pair production occurs via the strong interaction (where strangeness is conserved).


[image: ]

TIP

The K+ particle has a charge of +1 because of the addition of the charges on the u and [image: ] quarks, [image: ]. The same is true for the charge on the K− particle, [image: ].

[image: ]



For example, during the high-energy collision of two protons, a K+/K− pair is produced:

[image: ]

Strangeness check:

[image: ]


[image: ]

TIP

The strange quark has strangeness –1. The anti-strange quark has strangeness +1.

[image: ]



Kaons are unstable, decaying via the weak interaction with lifetimes of about 10−8 s to 10−10 s. There are several processes by which the charged kaons can decay:

[image: ]

None of the decay products of these decays contain a strange quark, so strangeness is not conserved.


[image: ]

TEST YOURSELF


30  What is the charge and baryon number of the following particles:




      a)  proton

      b)  antiproton

      c)  neutron

      d)  electron

      e)  antineutron

      f)  positron

      g)  uds baryon

      h)  [image: ] baryon

      i)  dss baryon




31  The Standard Model and the particle garden arranges matter into the following groups:




      A  leptons

      B  quarks

      C  exchange particles

      D  baryons

      E  mesons



Which groups do the following particles (represented by their symbols only) belong to?


      a)  p

      b)  n

      c)  e−

      d)  γ

      e)  μ+

      f)  π−

      g)  u

      h)  uds




32  Which of the following particles are possible baryons?




      a)  [image: ]

      b)  duu

      c)  sss

      d)  dud

      e)  [image: ]

      f)  sdu

      g)  ddd

      h)  [image: ]




33  Which of the following are impossible mesons?




      a)  ud

      b)  [image: ]

      c)  [image: ]

      d)  sd

      e)  dd

      f)  [image: ]




34  What is the baryon and lepton structure of the following atoms?




      a)  [image: ]

      d)  [image: ]

      b)  [image: ]

      e)  [image: ]

      c)  [image: ]

      f)  [image: ]



[image: ]
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ACTIVITY

The Lancaster Particle Physics Package (LPPP)

The LPPP is an online resource for studying the interactions of particles. The package consists of a series of guided computer simulations that take you through the way that particle physicists study particle interactions experimentally. The computer simulations are backed up with basic physics explanations of what is going on inside each simulation. The package contains some material studied in this book. The package can be accessed by using the following link:

www.lppp.lancs.ac.uk

Work your way through the package; you can dip in and out of it throughout the whole of the A-level course.
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Conservation laws

Throughout this chapter you have met several different quantum number conservation laws – properties or physical quantities that are the same after an interaction as they are before the interaction. Three further quantities are also always conserved in any interaction, these are:


•  charge, Q

•  momentum, p

•  mass-energy, E = mc2.



To these we add the quantum number conservation laws:


•  lepton number, L

•  baryon number, B

•  strangeness, S.




[image: ]

TIP

Remember – Einstein’s energy-mass equation, E = mc2, shows that, on the quantum scale, mass and energy are interchangeable – mass can convert to energy and energy can convert back to mass. It is better to talk about mass-energy being conserved on a quantum scale rather than the conservation of mass and the conservation of energy.

[image: ]



With the exception of strangeness, all the other quantities are always conserved in any interaction. Strangeness is conserved in strong interactions but not in weak interactions (as the strange quark changes flavour).

Some examination questions ask you to decide if a given particle interaction, usually given to you in equation form, can happen or not. Momentum and mass-energy will always be conserved, so all you have to do is to determine if charge, Q; lepton number, L; baryon number, B; and strangeness, S, are conserved. (If strangeness is not conserved this could indicate that the interaction is a weak interaction). Consider the examples shown below.


[image: ]

EXAMPLE

Is this particle interaction possible?

[image: ]

Answer

A great way to do this is to construct a table similar to the one below:



	Table 2.3




	Conservation quantity
	Before interaction

	After interaction

	Quantity conserved?



	p

	[image: ]

	Total

	e+

	n

	Total




	Q
	+1

	  0

	+1

	+1

	  0

	+1

	✓




	B
	+1

	  0

	+1

	  0

	+1

	+1

	✓




	L
	  0

	−1

	−1

	−1

	  0

	−1

	✓




	S
	  0

	  0

	  0

	  0

	  0

	  0

	✓





In this example all the quantities are conserved, so the interaction is possible.

[image: ]
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EXAMPLE

Is this interaction possible?

[image: ]

Answer

The Σ0 baryon has the following properties: Q = 0; B = +1; L = 0 and S = −1. Using the same table as in the previous example, but adding an extra product column:



	Table 2.4




	Conservation quantity
	Before interaction

	After interaction

	Quantity conserved?




	p

	e+

	Total

	e−

	Σ0

	K+

	Total




	Q
	+1

	+1

	+2

	−1

	  0

	+1

	  0

	✗




	B
	+1

	  0

	+1

	  0

	+1

	  0

	+1

	✓




	L
	  0

	−1

	−1

	+1

	  0

	  0

	+1

	✗




	S
	  0

	  0

	  0

	  0

	−1

	+1

	  0

	✓





In this case charge, Q, and lepton number, L, are not conserved, so this interaction is not possible.

[image: ]
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ACTIVITY

Use the conservation laws to decide if the following particle interactions can occur. A table of some of properties of particles is also shown.



	Table 2.5




	Particle
	Charge, Q

	Baryon number, B

	Lepton number, L

	Strangeness, S




	  p

	+1

	+1

	  0

	  0




	  n

	  0

	+1

	  0

	  0




	e−

	−1

	  0

	+1

	  0




	e+

	+1

	  0

	−1

	  0




	νe

	  0

	  0

	+1

	  0




	[image: ]

	  0

	  0

	−1

	  0




	Σ0

	  0

	+1

	  0

	−1




	Σ−

	−1

	+1

	  0

	−1




	K+

	+1

	  0

	  0

	+1






1  [image: ]

2  [image: ]

3  [image: ]

4  [image: ]

5  [image: ]

6  [image: ]



[image: ]




[image: ]

TIP

The format of the table can be modified depending on the number of particles involved – you can add extra columns or take them away.

[image: ]



What you need to know


•  For every type of particle there is a corresponding antiparticle.

•  Particles and antiparticles have: rest-mass (in MeV/c2); charge (in C) and rest-energy (in MeV).

•  The positron, the antiproton, the antineutron and the electron antineutrino are the antiparticles of the electron, the proton, the neutron and the electron neutrino respectively.

•  The four fundamental interactions are: gravity, electromagnetic, weak and strong. (The strong nuclear force is also known as the strong interaction.)

•  Exchange particles are used to explain forces between elementary particles on the quantum scale.

•  The virtual photon is the exchange particle for the electromagnetic interaction.

•  Examples of the weak interaction are β− decay, β+ decay, electron capture and electron–proton collisions.

•  The W+ and W− are the exchange particles of the weak interaction.

•  Feynman diagrams are used to represent reactions or interactions in terms of particles going in and out, and exchange particles.

•  Hadrons are particles that are subject to the strong interaction.

•  There are two classes of hadrons:




    –  baryons (proton, neutron) and antibaryons (antiproton and antineutron)

    –  mesons (pion, kaon)




•  Baryon number, B, is a quantum number that describes baryons. Baryons have B = +1; antibaryons, B = −1; non-baryons, B = 0.

•  Baryon number is always conserved in particle interactions.

•  The proton is the only stable baryon and all other baryons will eventually decay into protons.

•  Free neutrons are unstable and decay via the weak interaction forming a proton, β− particle and an electron antineutrino.

•  Pions and kaons are examples of mesons. The pion is the exchange particle of the strong nuclear force between baryons. The kaon is a particle that can decay into pions.

•  Leptons are particles that are subject to the weak interaction.

•  Leptons include: electron, muon, neutrino (electron and muon types) and their antiparticles.

•  Lepton number, L, is a quantum number used to describe leptons; leptons have L = +1; antileptons, L = −1; non-leptons, L = 0.

•  Lepton number is always conserved in particle interactions.

•  Muons are particles that decay into electrons.

•  Strange particles are particles that are produced through the strong interaction and decay through the weak interaction (e.g. kaons).

•  Strangeness (symbol S) is a quantum number to describe strange particles. Strange particles are always created in pairs by the strong interaction (to conserve strangeness).

•  Strangeness is conserved in strong interactions. In weak interactions the strangeness can change by −1, 0 or +1.

•  Quarks have: charge[image: ], baryon number, [image: ] and strangeness (+1, 0 or −1).

•  Hadrons have the following quark structures:




    –  baryons (proton, uud; neutron, udd), antiproton, [image: ])

    –  mesons:




        -  [image: ]

        -  [image: ]




•  During β− decay a d quark changes into a u quark, and during β+ decay a u quark changes into a d quark.

•  Conservation laws for charge, baryon number, lepton number and strangeness can be applied to particle interactions.




[image: ]

TEST YOURSELF


35  Match the pions to their correct quark structures:

[image: ]

36  Which of the following pion decays is not possible?




      a)  [image: ]

      b)  [image: ]

      c)  [image: ]

      d)  [image: ]

      e)  [image: ]




37  Identify the quark structure of the following strange particles from the quark list below.
P  uus
Q  uds
R  [image: ]
S  [image: ]
T  [image: ]




      a)  K+

      b)  K−

      c)  Λ0 (lamda0) baryon




38  Strange quarks, responsible for the long half-lives of strange particles during the weak interaction, were first proposed by Murray Gell-Mann and George Zweig in 1964. As baryon number had already been defined as +1 for protons and neutrons the subsequent discovery of quarks required them to have [image: ] and [image: ] baryon numbers. Table 2.6 compares some of properties of strange and down quarks and their antiquarks:



	Table 2.6




	Quark

	Baryon number

	Charge/e

	Strangeness




	s

	[image: ]

	[image: ]

	−1




	[image: ]

	[image: ]

	[image: ]

	+1




	d

	[image: ]

	[image: ]

	  0




	[image: ]

	[image: ]

	[image: ]

	  0








    a)  Quarks and antiquarks can combine to form four possible mesons. Copy and complete the table, calculating the baryon number, charge and strangeness of the four mesons.






	Table 2.7




	Quark pair

	[image: ]

	[image: ]

	[image: ]

	[image: ]




	Name
	phi
	kaon0
(anti-symmetric)
	kaon0
(symmetric)
	rho0



	Baryon number
	 
	 
	 
	 



	Charge/e
	 
	 
	 
	 



	Strangeness
	 
	 
	 
	 







    b)  The phi and rho0 mesons have the same properties in the table. Suggest a way that these two mesons could be distinguished from each other.




39  The last quark to be identified experimentally was the top, t, quark in 1995, 18 years after it was first added as a concept to the Standard Model.




    a)  Suggest why physicists were able to predict the existence of the top quark even though it took 18 years to observe it experimentally.

    b)  The top quark was observed experimentally by the Tevatron particle accelerator at Fermilab in the USA. The tevatron collided protons and antiprotons with an energy of 1.8 TeV (1.8 × 1012 eV). Although the protons and anti-protons have a high momentum, the sum of the momentums of a colliding pair of particles – a proton and an antiproton – is zero, because they are travelling in opposite directions with the same speed. The resulting collisions produced top quark–antitop quark pairs that were then observed in the particle detectors. Explain why top quark–antitop quark pairs move in opposite directions after they are produced by the collision.

    c)  The top quark (and antiquark) has an extremely short lifetime (5 × 10−25 s) and decays into a bottom quark and a W± exchange particle. This is shown in Figure 2.20.



Identify particles X and Y.


[image: ]
Figure 2.20 Feynman diagram of top–antitop quark pair production.




40  The charm quark was observed experimentally by two particle physics teams at almost the same time in 1974. One team was based at the Brookhaven National Laboratory (BNL) and the other at the Stanford Linear Accelerator (SLAC). Both teams observed a [image: ] meson. The BNL team called it the psi (ψ) meson and the SLAC team named it the J meson – since then it has been known as the J/ψ meson. The J/ψ meson has the following properties:





	Table 2.8




	Charge

	Baryon number

	Lepton number




	0

	0

	0





The J/ψ meson can decay in many ways; two of these are shown below:

[image: ]

Explain, using conservation laws, how both of these decay equations are correct. You need to consider:


•  energy

•  momentum

•  charge

•  baryon number

•  lepton number.



[image: ]




[image: ]

Practice questions

[image: ]


  1  The group of particles known as hadrons are composed of quarks. There are two sub-groups of hadrons: mesons and baryons.




      a)  What is the name of the property that defines a hadron?

(1)

      b)  State the quark structure of a meson.

(1)

      c)  State the quark structure of a baryon.

(1)

      d)  The antiproton is the antiparticle of the proton. State one way that the proton and the antiproton are similar, and one way that they are different.

(2)

      e)  What are the following values of an antiproton:




          i)   its charge

(1)

          ii)  its baryon number

(1)

          iii) its quark structure?

(1)



[image: ]


  2  In the Standard Model of Matter, particles can be leptons, hadrons or exchange particles. Here is a list of particles:



electron    proton    neutron    muon    pion


      a)  From the list state the name of one lepton and one hadron.

(2)

      b)  State one difference between leptons and hadrons.

(1)

      c)  State the difference in structure between baryons and mesons.

(1)

      d)  From the list state the name of one baryon and one meson.

(2)



[image: ]


  3  The table below shows some basic information about three hadrons.





	Table 2.9




	Sub-atomic particle
	Quark structure
	Baryon OR Meson
	Relative charge
	Baryon number
	Strangeness



	 
	[image: ]
	meson
	 
	0

	 



	 
	udd
	 
	 
	 
	0




	Σ+, sigma+
	 
	 
	+1

	 
	-1






      a)  Copy and complete the table.

(3)

      b)  All of the sub-atomic particles shown in the table have a corresponding antiparticle. State one example of a baryon and its antibaryon not shown in the table and state their quark structures.

(4)

      c)  The electron and the positron are an example of a lepton particle–antiparticle pair. State one property of positron that is the same as an electron, and one property that is different.

(2)




[image: ]
Figure 2.21 Feynman diagram showing two particles interacting.



[image: ]


  4  Figure 2.21 shows two particles interacting. An offset line has been drawn to represent the exchange particle.




      a)  State the name of the interaction shown and give the name of the exchange particle drawn on the diagram.

(2)

      b)  In this interaction, momentum and energy are conserved. Give the name of another quantity that is conserved.

(1)



Figure 2.22 shows another type of interaction. Another offset line has been drawn to represent the exchange particle.


[image: ]
Figure 2.22 Another type of interaction.




      c)  Name the particles labelled A, B and C.

(3)

      d)  State the name of this type of particle interaction.

(1)

      e)  Momentum and energy are also conserved in this particle interaction. Name two other quantities that must be conserved for this interaction to occur and show how they are conserved.

(4)

      f)  The Standard Model predicted the existence of the exchange particle involved in this interaction before it had been observed experimentally. Explain why it is important to test the prediction of a scientific model experimentally.

(3)



[image: ]


  5  The K− kaon is a meson with strangeness −1. It can decay into a muon, μ−, and a muon-antineutrino, [image: ], as shown in the equation below:



[image: ]


      a)  State and explain which particle interaction is responsible for this decay.

(1)

      b)  Energy and momentum are conserved in this decay, as are two other quantities. State the name of these two quantities.

(2)

      c)  State one property of a strange particle, such as the K− kaon, that makes it different to a non-strange particle, such as a π− pion.

(1)



The K+ kaon is also strange. It could decay via either of the following decay equations, however one of these decay equations is not possible:

[image: ]


      d)  State and explain which of these decay equations is not possible.

(2)



The K− kaon can also decay in the following way, producing a muon, a muon-neutrino and a third particle, X:

[image: ]


      e)  State which interaction is responsible for this decay.

(1)

      f)  Particle X is identified as a pion. Explain why X must be a meson.

(2)

      g)  State the charge on this particle.

(1)



[image: ]


  6  During β− decay a neutron decays into a proton and an electron antineutrino.




      a)  Write an equation describing this decay.

(1)

      b)  Using conservation laws, explain why an anti-electron-neutrino is produced rather than an electron-neutrino.

(2)

      c)  Draw a Feynman diagram for this decay.

(3)



β+ decay involves the emission of positrons. [image: ] is a positron emitter, decaying into a [image: ] nucleus, a positron and another particle, X.


      d)  State the name of the other particle, X.

(1)

      e)  State whether each decay product is a baryon or a lepton.

(3)



During β+ decay, an up quark decays to a down quark and an exchange particle, which subsequently decays into the positron and the other particle, X.


      f)  State the quark structure of a neutron and a proton.

(2)

      g)  Draw a Feynman diagram for this decay.

(3)



[image: ]


  7  Figure 2.23 illustrates the particle interaction known as electron capture.




      a)  During electron capture, charge, baryon number and lepton number are all conserved. Show how these three quantities are conserved.

(3)

      b)  The isotope potassium-40, [image: ], is an extremely unusual nuclide because it can decay by all three types of beta decay. It can decay via electron capture or positron emission or β− emission. Write an equation summarising each decay.

(6)




[image: ]
Figure 2.23 Feynman diagram showing electron capture.



[image: ]


  8  The proton is an example of a hadron. The positron is an example of lepton.




      a)  State one similarity and one difference between protons and positrons.

(2)

      b)  There are four forces that act between particles. Exchange particles can be used to explain these forces. Match the correct exchange particle to its force.

(3)






	Table 2.10




	Force
	Gravity
	Strong
	Weak
	Electromagnetic



	Exchange particle
	Graviton
	Photon
	Gluon
	W ±, Z







      c)  Describe how the force between a proton and a neutron varies with the separation distance between the two particles and quote suitable values for separation distance.

(3)

      d)  Positrons and protons can interact via three of the above forces. Identify the force that cannot exist between the proton and the positron, and explain why they cannot interact in this way.

(2)



[image: ]


  9  Pions and muons are produced when high-energy cosmic rays interact with gases high up in the Earth’s atmosphere. Write an account of how the Standard Model is used to classify pions and muons into particle groups. Your account should include the following:




    •  the names of the groups of particles that pions and muons belong to

    •  other examples of particles in these groups

    •  details of any properties that the particles have in common

    •  description of the ways that each particle can interact with other particles.

(6)



Stretch and challenge


10  The Σ+ baryon has a strangeness of −1.




      a)  State the quark composition of this particle.



The Σ+ is unstable and can decay into a meson and another baryon as shown in the equation below:

[image: ]


      b)  State the names and the quark structures of the two decay particles.

      c)  Apart from momentum and energy, which two other quantities are conserved in this decay?

      d)  Name a quantity that is not conserved in this decay.

      e)  State the name of the particle interaction shown by the equation.

      f)  Both of the decay product particles of the Σ+ baryon are unstable. Write the decay equation for the decay of the n particle.




11  Figure 2.24 shows the decay of a strange quark, s.




      a)  State which interaction is responsible for the decay of the strange quark.

      b)  Give names for particles 1, 2 and 3.




[image: ]
Figure 2.24 Feynman diagram showing the decay of a strange quark.




12  A π + meson has a rest mass of 139.6 MeV/c2 and a mean lifetime of 2.6 × 10−8 s. This meson decays into an antimuon and a muon neutrino.




      a)  What sort of particle interaction is involved with this decay?

      b)  Which exchange particle is involved in this decay?

      c)  Draw a Feynman diagram for this decay.



A particle of rest mass M decays at rest into two high-speed particles, m1 and m2, as shown in Figure 2.25.


[image: ]
Figure 2.25 Particle decay diagram.



The relativistic version of Einstein’s energy-mass equation is given by:

[image: ]


      d)  Use this relationship to show:



[image: ]


      e)  Experiments have shown that the rest mass of an antimuon is 105.7 MeV/c2, and the Standard Model requires a muon neutrino to be massless. Using this data, and the data for the pion, show that the kinetic energy of the antimuon emitted during the decay is 4.1 MeV.



[image: ]
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